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EVALUATION OF ADVANCED AUSTENITIC ALLOYS R E L A W  TO 
ALLOY DESIGN CRITERTA FOR STEAM SERVICE 

PART 1 - LEAN STAINLESS STEELS* 

R. W. Swindeman, P. J. Maziasz, E. Bolling, and J. F. King 

ABSTRACT 

"he results are summarized for a 6-year activity on advanced austenitic 
stainless steels for heat recovery systems. Commercial, near-cormnercial, and 
developmental alloys were evaluated relative to criteria for metallurgical 
stability, fabricability, weldability, and mechanical strength. Fireside and 
steamside corrosion were also considered, but no test data were collected. Lean 
stainless steel alloys that were given special attention in the study were type 316 
stainless steel, fine-grained type 347 stainless steel, 17-14CuMo stainless steel, 
Esshete 1250, Sumitorno ST3Cu@ stainless steel, and a group of alloys 
identified as HT-UPS (high-temperature, ultrafiie-precipitation strengthened) 
steels that were basically 140-16Ni-Mo steels modified by various additions of 
MC-forming elements. Tt was found that, by solution treating the MC-forming 
alloys to temperatures above 1150°C and subsequently cold or warm working, 
excellent metallurgical stability and creep strength could be achieved. Test data 
to beyond 35,000 h were collected. The ability to clad the steels for improved 
fueside corrosion resistance was demonstrated. Weldability of the alloys was 
of concern, and hot cracking was found to be a problem in the HT-UPS alloys. 
By reducing the phosphorous content and selecting either CRE 16-8-2 stainless 
steel or alloy 556 filler metal, weldments were produced that had excellent 
strength and ductility. The major issues related to the development of the 
advanced alloys were identified and ways to resolve the issues suggested. 

1. INTRODUCTION 

An assessment by Rittenhouse et al. (1985) of the materials needs related to the devel- 
opment of advanced steam cycle coal-fired power plants identified several materials selection 
issues that could be addressed by research supported by the U.S. Department of Energy 
Fossil Energy Advanced Research and Technology Development Materials Program. One 
issue was the choice of an alloy for the superheater/reheater where high-strength, corrosion- 
resistant tubing is required. The alloy design and evaluation methods for this application 

*Research sponsored by the U.S. Department of Energy, Fossil Energy AR&TD 
Materials Program [DOE/FE AA 15 10 10 0, Work Breakdown Structure Element 
ORNL-2(B)] under contract No. DE-AC05-840R21400 with Martin Marietta Energy 
Sysrems, Inc. 
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were then developed by Swindeman et al. (1985), md ;a &year pmgrmi was st 
examine the potentid of c o m e ~ i d ,  n m - c  rcidil, and developmmtd dnlloys. The alloys 
were separated into four categories: lean stainless steels containhg less &an 20% chromium, 
high-chromium iron base alloys containing 20 to 30% c h  
aluminutra-bearing alloys. Because of their strength 
emphasis was plac 

performed at the Oak 
Several university m 

have reached a stage where the infomation may 
form a fairly comprehensive picture of the strengths and weaknesses of this goup of alloys. 

urn, nickel. base alloys, and 
tentid md relasively low cost, 

on the p e d o m c e  of le 
the procurement of cmdi ate alloys and sum1af.i 

stainless steels. Two previous reports 
the results of screening tests 

e National Labratory (0 man et ala 1987, 1988). 
al subcontmcto-rs were inv 

ation provided in this report adbess9;s the evaluation of the lean stainless steels 
relative to the all 
criteria were div 
mechanical properties, fxeside corrosion, and steamside corrosion. There exists an overlap 
hetween these categories, but n attempt is made in the information that follows to retain the 
framework identified in the alloy design criteria report. 

ified in OWNL-6274 (Swin 
into five categories: metallu 

2. MA s 

Several lean stainless steels are viable candidates fm ~ ~ p e ~ ~ e ~ ~ ~ / ~ e ~ ~ a t e ~  tubing in an 
efly before going into the details of the advmcd steam cycle, and some will b6: descri 

evaluation relative to the design criteria. Cornpositrons to k discussd in this repong are listed 
in Table 1. Included in the first group of alloys are th se that are used on a commercial basis 
in the United States md identified in Sect. 1 of the American Society of echanical Engineers 
(ASME) Boiler and Ressure Vessel (BPV) Code, These are types 316 and 347 stainless 
steels. Data produced on several heats of type 3 16 stahless steel have k e n  exarnine 
include nine heats of boiler tubing exannirn 
(1978), two heats of type 316 stainless steel main steam line tubing froin the Eddystone Unit 
#I plant, and a reference heat of type 3 16 stainless steel that has a long history of testing at 
ORNL. The chemistry listed is for the ORNL heat (8 32297). The chemistry listed for type 
347 stainless steel is representative of the chemistry of several beats of t e 347 stainless steel 
tubing examined by Teranishi (1989). This fine-grain 
superior to standard 347 stainless steel and is a serious contender for tubing in an advanced 
steam cycle. 

by the National ReseaPch Institute for Metals 

material was found to be much 



, 

Table 1. Chemical compositions of several lean austenitic stainless steels (wt %) 

Ni Cr T i  r-b v tvb P B S N Cu Alloy C Si Ml 

316 SS 0.057 
347 ss 0.070 

TEWALOY A2 0.090 
17-1 ~ C U M O  0.098 
Esshete 1250 0.100 
TEMPALOY 17-14 0.120 

ST3Cu 0.110 
PCA 0.048 

HT-UTS CEO 
HT-UTS CE1 
HT-UTS CE2 
HT-UTS CE3 
HT-UTS AX5 
HT-UTS AX6 
HT-UTS AX7 
HT-UTS AX8 
HT-UTS MSl 
HT-UTS MS4 
HT-UTS MS5 
HT-UTS MS6 

0.072 

0.079 
0.086 
0.076 
0.074 
0.073 
0.074 
0.097 
0.1 00 
0.1 10 
0.097 

0.085 

HT-UTS GET1 0.078 
HT-UTS 5WT4 0.088 

0.58 
0.60 

0.50 
0.95 
0.50 
0.56 

0.19 
0.52 

0.41 
0.21 
0.26 
0.21 
0.12 
0.12 
0.1 1 
0.1 2 
0.64 
0.49 
0.57 
0.53 

0.25 
0.10 

1.86 13.50 17.2 
1.60 12.00 18.0 

1.50 14.00 18.0 
0.83 13.80 16.5 
6.00 10.00 15.5 
0.77 14.50 15.4 

0.80 09.20 18.0 
1.83 16.63 14.3 

1.80 
1.64 

1.75 
2.04 
1.96 
2.00 
2.05 
1.76 
1.91 
1.89 
1.89 

I .a9 

16.86 
16.20 
16.99 
16.20 
16.20 
16.00 
16.00 
15.90 
16.07 
46.00 
15.99 
15.88 

14.2 
13.1 
16.1 
14.5 
13.9 
14.3 
14.2 
13.9 
14.1 
14.2 
14.1 
14.0 

1.79 16.85 14.3 
1.79 15.04 13.7 

0.02 

0.1 6 
0.21 

0.23 

0.31 

0.24 
0.21 
8-31 
0.27 
0.27 
0.28 

0.24 
0.1 1 
0.22 
0.1 6 
0.1 9 

0.21 
0.1 0 

0.1 a 

0.70 

0.23 
0.45 0.07 
1.00 0.25 
0.43 

0.39 
0.02 0.02 

0.10 6.57 
0.12 0.52 
9,11 0,58 
0.12 0.56 
0.15 0.52 
0.15 0.51 
0.15 0.53 
0.08 0.15 
0.09 0.5 
0.08 0.49 
0.20 0.48 
0.09 0.99 

0.10 0.52 
0.17 0.44 

2.34 0.024 0.019 0.030 0.10 

1.50 0.003 
1.96 0.014 0.005 0.025 3.34 
1.00 0.025 0.006 0.014 
2.42 0.018 0.001 2.97 

0.021 0.001 0.086 2.88 
1.95 0.014 0.001 0.002 0.008 0.01 

2.45 
2.30 
2.28 
2.41 
2.46 
2.48 

2.48 
2.52 
2.52 
2.53 
2.54 

2.48 

0.071 
0.076 
8.869 
0.071 
0.024 
0.041 
0.073 
0.043 
0.043 
0.037 
0.044 
0.043 

0.005 
0.005 
0.007 
0.005 
0.005 
0.005 
0.005 
0.005 
0.001 
0.001 
0.001 
0.001 

0.007 
0.008 
0.008 
0.008 
0.01 5 
0.01 5 
0.01 4 
0.01 5 
0.006 
0.006 
0.006 
0.006 

0.01 5 
0.01 6 
9,131 7 
0.01 2 
0.021 
0.020 
0.024 
0.022 
0.01 6 
0.022 
0.01 1 
0.01 7 

2.26 0.039 0.006 0.025 0.011 
2.19 0.016 0.004 0.002 0.008 

w 

0.04 

1.96 

1.50 
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A second group of alloys in Table 1 includes near-conimrcial alloys. Alloys in the 
near-commercial group include Esshete 225 , 17-14C~M0 S ~ ~ ~ S S  SttA, md 'TSEWALOY 

base and will not 
essentially the same as 17-14CuMo stahless steel, and the two dloys will oftem Lw treat 
the same. The n cormnmercial alloys have k e n  used OD a ssnxwhat restricted basis within 
the United States, but some have exprienc 
BPV Code cases. A third group of alloys me new matexjlals that are very much in the 
research stage. Alloys include Supraitom STXu@ stainless steel, E A  stainless steel 
developed for fusion energy applications (Mmiasz and McElargw 1987), 
within an alloy family identifi as HT-UTS (high-temperature, ultra~ne-precipitaricata 
strengthened) steels by Mazirilsz (1989). The PCA alloys were found to offer no attractive 
advantages over the near-commercial alloys for fossil applications, and its properties will not 
be ~Sscussed in this report. Some of the HT-UTS steels fall within a ~ ~ ~ P o ~ ~ ~ Q ~ ~  range 
patented by Maziasz, Braski, and Rowcliffe (1989) 
potential of these IIT-UTS all~ys. The che 
regarded as typical and do not provide the range 
Alloys evaluated experimentally in this work inc 
stainless steel, and the HT-UTS group. ' K e  fabrication prscalures, heat treatments, an 
other important processing variables are prsvid 
and in the appendices. 

d TEMPALOY 17-14C~MdB shnless S ~ W L  TE 
considered in this re . IFEPVIIPALOY 17-l4CuMs stainless steel is 

~ They may appear in 

s the comercia1 

the specific alloy designation. 
stainless steel, 17-14CuMo 

ate sections included below 

3. METAL,LURGICAL STABETTY"Y 

The alloy design criteria in ORNL-6274 specified that stability would $e assured by the 
suppression of intermetazllic aid other emhrittling phzses by e addition of elements that 
promote austenitic stabilization. Means of accomplishing this objective have been reviewed 
by Maziasz and McHargue (1987) and Maziasz (1989) md will not $e discuss 
detail. Addressing the specific alloy design criteria listed in ORNL-6274, the findings b l o w  
are pertinent. 

To meet thisCriterion for a temperature of 65a"C, the alloys need to have equivalent 
chromium levels less than 18% and equivalent nickel levels greater than 10%. In their 
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reviews, Harries (198 1) and Marshall (1984) plotted the iron-nickel-chromium ternary phase 
diagram for several temperatures and included the 300 series stainless steels. They used the 
following formulas for the nickel and chromium equivalents: 

Ni,,(A) = Ni + Co + 0SMn + 30C + 0.3Cu +25N , (1) 

Cr,(A) = Cr + 2Si + 1.5Mo + 5V + 5SA1+ 1.75Nb + 1.5Ti + 0.75W , (2) 

where the weight percent of each of the indicated elements is used in the formulae. Some of 
the data provided in Table 1 were used in combination with the equations above to determine 
the locations of several alloys within the ternary diagram shown in Fig. 1. Virtually all alloys 

ORNL-DWG 90-8145 
Cr 

Fe 

1.316SS, 34755 
Esshete 1250 

2.17-14CuMoSS 

3. HT-UPS alloys 

Ni 20 40 60 80 

Ni (a) 

Fig. 1. Location of several alloys in the iron-nickel-chromium 
ternary phase diagram at 650°C. 
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fell into the austenite plus sigma field which wcws at 650°C when the Crq(A) is near 18%. 
However, the use of Eqs. (1) and (2) to locate alloys in the ternary diagram does not take into 
consideration the fact that carbide precipitates will deplete the matrix of dements that stabilize 
austenite (such as carbon and nitrogen) or promote si 
an incomplete picture is obtained in the sense that other intermetallic phase fields, such as chi 
arid Laves, could be present and are not included in the ternary diagm . Nevertheless, all of 
the developmental alloys listed in Table 1 were judged to be sufficiently close to the austenite 
field at 650°C to meetcriterion LA. 

a (such as molybdenum). Further, 

Several empirical. equations have been devel that use the terms "nickel equivalent" 
and "chromium equivalent.'' Fquations (1) and (2) were provided above in connection with 
the ternary phase diagram. Similar terns are used in connection with fabsicability, welda- 
bility, and long-term metallurgical stability, and these terns were reviewed by Ellis et al. 
(1988) and Domian and k B e a u  (1989). In SpecifyingCriterion I-W, the equations used for 
Ni,(B) and Cr,(B) were based on the DeLong equations used by Ellis et al. (1988) and were 
written as 

) = Ni -k 0.5Mw -+ 30(C+N) , 

Cr,(B) = Cr -+ Mo + 1.5Si + 8.5Nb . 

(3) 

(4) 

On the basis of these two equations, all comercial an 
Table 1 were balanced on the high C]reS(B) side, with the exception of TEMPAI 
17-14GuMo stainless steel, as may be seen in Table 2. Of the developmental alloys, only 
ST3Cu was balanced on the high Cr,(B) side. In a later s tion of this report, the problems 
with weldability introduced by high Niq(B) are discussed. Reference was made in 
O W - 6 2 7 4  to other indices for estimating the tendency toward s i p a  formation. These 
indices include Phacomp yatt et al. 19M), Sigma Safe (Machlin and Shao 197K), 
CALPHAD (Kaufman an r 1974), and Nibal (McGaugh et al. 1985). These and other 
indices were considered by Doinian and LeReaii (1989) in examining the workability of the 
HT-UPS alloys. They found the ma als to be heavily balanced toward austenite. Because 
of its simplicity and relevance to the stone Unit #1 advanced stem cycle pla 

-commercial alloys listed in 
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Table 2. Calculated phase stability parameters and UTS for several steels 

Alloy Nieq(A) Crw(A) Nieq(B) Creq(B) Nibal UTS =IC UTS rneas Nieq(C) Cre,(C) Ratio 

316 SS 
347 ss 

'TEMPALOY A2 

Esshete 1250 
17-14CuM0 

TEMPALOY 17-1 4 

ST3Cu 
PCA 

HT-UTS CE1 
MT-UTS CE3 
HT-UTS AX5 
HT-UTS MS6 

HT-UTS CETl 
HT-UTS BWT4 

16.90 
15.60 

18.10 
18.80 
16.75 
20.1 0 

15.90 
19.20 

20.00 
20.50 
20.00 
20.20 

20.40 
18.80 

21.90 17.00 20.45 
20.00 15.80 19.30 

21.90 18.40 20.40 
22.80 17.90 20.10 
21.00 16.90 17.75 
21.20 19.40 18.90 

19.10 15.20 18.50 
19.00 19.20 17.00 

20.10 20.00 15.80 
22.00 20.00 17.30 
21.10 20.10 16.60 
24.30 20.20 17.40 

21.30 20.40 17.00 
19.80 18.80 16.10 

0.88 595 570 15.9 21.3 1.34 
1.22 610 750 14.5 20.3 1.40 

2.25 620 16.9 21.7 1.29 
2.15 665 540 19.9 22.4 1.11 
4.36 660 590 14.5 19.6 1.35 
5.32 675 560 20.8 21.1 1.02 

1.65 635 630 16.0 19.7 1.19 
7.68 580 545 18.4 18.7 1.01 

10.20 625 565 18.9 17.4 0.93 
8.10 640 565 20.8 19.2 0.92 
9.13 635 18.8 18.6 0.99 
8.21 670 18.8 19.0 1.01 

8.91 620 605 19.3 18.6 0.96 
8.48 610 490 17.6 17.5 0.99 

(Masuyama et al. 1987), the Nibal number deserves attention here. From Eqs. (2) and (3), 
the Nibal number is calculated from the expression 

Nibal = Ni,(B) - 1.36Crq(B) + 11.6 e ( 5 )  

Criterion I-B called for a Nibal number greater than 4. Esshete 1250, EMPALOY 17- 
14C'uMo, PCA, and all of the HT-UPS compositions meet thisCriterion. Data are provided in 
Table 2. 

I-C. Local chemical chanpes associated with the depletion of austenite stab iliziniz elements 
- will not produce si-ma. La ves. and chi Dhases. 

The phases present in several of the alloys listed in Table 1 have been identified and 
repcrted in the literature. Some information has been provided in Table 3, and time- 
temperature-pm@itation (TTP) diagrams have been plotted in Fig. 2 for type 316 stainless 
steel (Maziasz and McHargue 1987) and in Fig. 3 for type 347 stainless steel (from Minamj 
et d. 1986), Esshete 1250 (from Murray et al. 1967), 17-14CuMo stainless steel (from 
Kimura and Minami 1986), and two HT-UPS stainless steels (from Todd and Ren 1989). 
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Alloy M23C6 M= M& Si ma Laves @hi Other '"' 
diagram? 

-~ ~ 

316 SS Y N Y Y Y Y 
347 ss Y Y Y M Y 

Y 
Y 

T E M P A L O Y M  Y Y 
17-1 4CUMO Y Y N Y N C u  Y 
Esshete 1250 Y Y N Y N N Y 

ST3Cu Y Y 
PCA Y Y 

cu 

HT-UTS CEO Y Y Y N Y 
HT-UTS CE1 Y Y Y N Y N Y 
HT-UTS CE2 Y Y Y N Y 
HT-UTS CE3 Y Y Y N Y , CU 
MT-UTS AX5 Y Y Y N Y Y Y 
HT-IITS AX8 Y Y Y N Y 

ORNL-DWG 90- 
DATA, WElSS AND STICKLER 

I---- EXTRAPOLATIONS B Y  MAZIASZ 
e DATA, MAPIASZ 
o DATA. STOPER 

1 I I I 1 100 

1000 t-- 

M23C6 

TINE 3 h 

Pig. 2. Typical time-tePnaerature-precipitation diagra 
316 stainless steel (after Maziasz and McWar 
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ORNL-DWG 90-8147 ORNL-DWG 90-8148 
........... ....., ............ .-., .. .  - 

___) ........... *....A . .  - I" 

10 100 1000 10000 100000 1 10 l o o  i o o o  joooo iooooa  

1 10 100 i o 0 0  ioaoo iooooo 

(c)  Time (h) 

M23C6 pe5ent \ 

1 10 100 1000 10000 1GOOOO 

(4 Time (h) 

. 3. Timne-temperature-precipitatioar diagrams for several 
alloys: ( a )  type 347 stainless steel (Minami et ai. 1985); ( b )  Essh 
stainless steel (Murray et al. 1967); ( e )  l7-14CuMo stain1 
and Minami 1986); and ( d )  NIT-UPS alloys (Todd and Re 

First, minor compositional differences, thermal-mechanical condition, md time- 
temperature-stress conditions influence the kinetics and location of sigma, Laves, and chi 
phases. Figures 2 and 3 do not provide this type of information. Not all interrnetallic phases 
are present at the same time, OCCLU in the same location within the microstructure, or produce 
the same embrittfement. Sigma and Laves are undesirable, however, and the Nibal number 
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required to produce sigma phase e ~ ~ ~ l e ~ e n t  in type 3 14 stainless steel has kern found to be 
2.5 or less (McGaugh et al. 19851, Sigma phase has also k e n  observ in type 347 stainless 
steel, as shown in Fig. 3(ce), and in Esshete 1250, as shown in Fig. 3(b). The Nibd number 
for Esshete 1250 is high, near 4.4. No sigma has k e n  reported in 17-14CuMo or ST3Cu 
stainless steels, which have Nibal nu rs below 2.5, but the extent to which these alloys 
have been studied is uncertain. Laves has k e n  found in type 314 stainless steel, as may be 
seen in Fig. 2. Laves has also been observed in 17-l4GuMo stainless steel, as indicated in 
Fig. 3(c). The HI'-UPS alloys that have k e n  examined revealed Laves phase, as shown in 
Fig. 3(4 .  The amount of Laves phase observed by Maziasz (1989) was less in the 
alloys, relative to 17- l4CuMo stainless st 1, and the &rticle s ix  was smaller in the T-lT-UPS 
alloys. A cornpakson of the microstructures developed under creep conditions for these two 
materials is shown in Fig. 4. Here, the large, blocky Laves phase particles in the grain 
boundaries of 17-l4CuMo stainless steel may bt: seen in contrast to the finer, less dsnse 
dispersion of Laves phase in one of the HT-UPS alloys (CEO) tested far a long timie at the 
same temperature. In type 345 stainless steel, the kaves-phase was observed to precipitate 
about the same time as sigma phase at 700°C but eventually dissolved leaving only sigma as 
an intermetallic phase. This trend is shown in Fig. 3(a). Todd and n (1989) found chi 
phase in one of two HT-UPS alloys which dmey examined, but the amount was relatively 
small and has not been indicated in Fig. 3 ( 4 .  Finally, a gamma prime phase and a copper- 
rich precipitate have been observed in 1'3-14CuMo stai less steel, the co per-bearing HT- 
UPS alloys, and ST3Cu stainless steel. These phases are initially coherent and may 
contribute significantly to strengthening in some regimes of time and temperature, The copper 
phase is indicated in the TIT diagram for 17-14CuMo stainless steel shown in Fig. 3(c). 

Results gathered to date suggest that all of the alloys identified in Fzbk 1 will have detectable 
amounts of intermetallic phases at some combination of time and temperature, so, in a strict 
sense,Griterion I-C cannot be niet for any of the alloys. The degree to which intermetallic 
phases embrittle the alloys depends on the mount of precipitation and the testing temperature, 
and some data in this regard are presented in a later section of this report, With the exception 
of type 3 16 stainless steel, quantitative information is scarce concerning the amount of 
intermetallic phase precipitation. Ellis et al. (1988) have reviewed the kinetics of die sigma 
formation and included calculatioris of the amount of sigma in type 316 stainless steel. They 
used the results to specify a restricted composition range for use in procurement of main steam 
line piping in an advanced steam cycle plant. Marshall (1984) descfibd unpublislaed research 
by Lai on the kinetics of Laves-phase formation in type 3 14 stainless steel. The assumption 
was that Laves phase forms after the completion of M23C16 precipitation, whish therefore 



ORNL-PHOTO 4429-87R 

Fig. 4. Comparison of Laves phase that formed during creep testing of 
17-14CuMo stainless steel and a HT-UPS aiioy (CEO) at 700°C. 
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controls the kinetics. The amount of precipitation as a function of time has yet to be modeled. 
Qualitatively, information available suggests that the weight percent of intermetallic phases 
will vamy with small differences in chemical co sition and themal-mahmical ueatniem. 
In one rare piece of work, Asbury and Willoughby (1972) measured the volume fraction of 
sigma phase in Essbete 1250 as a function of log of time and found that at 700°C and 
10,000 h the amount of sigma precipitated ranged from approximately 3 to 12% as a function 
of heat treatment. Minami et al. (1986) measured approximately 5% sigma phase in type 347 
stainless steel after 50,008 h at 700°C. 

Attempts have been made by many to c late solid solution strengthening with 
composition. Examples of correlations of composition with short- and longtime properties 
may be seen in the work of ??kkering (1 979), b i n e  et al. (1969), Grover and Wickens 
(1982), and Spaeder and kfilippi (1974), to name just a few. The conelation of ultimate 
tensile strength OJTS) with chemistry has been given by Irvine et al. (1969) as 

UTS = 15.4(29 + 35C i- 55N + 2.4Si i- 0.1 1Ni i- 1.2Mo i- SNb I- 3TI 

+- 1.2A1+ 0.146 -I- 0.82 t-112) , (71 

where UTS is in MPa, Phe elements are in weight percent, 6 is percent ferrite, and t is twin 

spacing in millimeters. The "advanced" alloys lis in Table 1 contain important solution- 
hardening elements such as molybdenu , niobium, and titanium. Vanadium is not included 
in Eq. (7), but should increase strength as well. The calculated ultimate tensile strengths for 
the alloys in Table 1 are provided in Table 2, where they niay be comp to experimental 
data reported for alloys in the annealed con tion. Where data for more than one annealing 
temperature were reported the value chosen was that closest to 1108°C. In almost all cases, 
the agreement between the calculated and observed ultimate strengths was p r ,  indicating that 
factors other than the weighted solid solution strengthening elements in Q. (7) 
in controlling the ultimate strength. The MC-formin elements, of course, are i 
precipitation strengthening and resistance to sensitization rather than soludon strengthening. 

temperatures in the range of interest to advanced steam cycle ~ ~ ~ ~ ~ ~ a ~ ~ o n s  (550 to 750°C). The 
types of carbides that have been observed are provided in Table 3 and included in the TI? 
diagrams in Figs. 2 and 3. The high-temperaare creep strength is largely controlled by the 
size, spacing, and stability of these precipitates, both within the gains (matrix strengthening) 

All of the alloys identified in Table 1 developed carbide precipitates during exposure at 
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and in the grain boundaries (grain boundary strengthening). No distinction is made in the 
TIT diagrams concerning the location of the precipitates. Precipitates include three types of 
carbides: M&6, MC, and M6C. A phosphide ( M P )  phase designed into some of the 
HT-UTS alloys by Maziasz, Braski, and Rowcliffe (1989) is also indicated in Fig. 3(6). As 
discussed by Maziasz and McHargue (1987), the precipitation, dissolution, and changes of 
the elemental composition of these precipitates is a very complex phenomenon, and it is well 
beyond the scope of this report to provide a comprehensive picture for even one of the alloys 
identified in Table 1. TheCriterion that the alloys be strengthened by precipitates was origi- 
nally intended to allow this mechanism to be designed into the alloys, rather than excluded. 
Although none of the commercial or near-commrcial alloys identified in Table 1 q u i r e s  such 
treatments, aging to improve strength has been investigated in connection with several of the 
alloys, including 17-14CuMo stainless steel (Chapman and brentz 1960) and Esshete 1250 
(Murray et al. 1967). The thermal-mechanical treatments that optimize the strength and 
ductility, however, were expected to vary significantly from one alloy to the next. 

The M23C6 precipitate was expected to increase the short-time flow stress of solution- 
treated alloys, providing that these alloys have not been heavily cold worked. It quickly 
forms on grain boundaries at the temperatures of interest to the advanced steam cycle, and it 
may or may not form within the matrix, depending on a number of complicating factors. The 
TTP diagrams plotted in Fig. 3 show M23c6 to be present in Esshete 1250, 17-14CuMo 
stainless steel, and the HT-UTS steels in only a few hours at temperatures above 650°C. The 
formation of the MC carbide generally requires more time to develop. Figure 3 suggests that 
Esshete 1250 and 17-14CuMo stainless steel could require more than 10 h around 750°C to 
fonn detectable amounts of the fine MC precipitates. In contrast, the HT-UPS alloys develop 
MC precipitates in times less than 1 h. Cold wok accelerates and improves the distribution of 
MC in all three alloys, as it provides nucleation sites energicdly favorable for the formation 
(Carolan et al. 1989, Todd and Ren 1989). Aging treatments to these three alloys were 
generally at temperatures in the range 700 to 8WC for times to 24 h (Chapman and ILOrentz 
1960, Murray et al. 1967). These treatments are favorable in regard to tubing production 
schedules. The MC, however, produces most of the long-time strengthening. 

In the course of research on the HT-UPS alloys, a wide variety of thermal-mechanical 
treatments were examined by Carolan et d. (1987). They found that solution treating in the 
temperature range 1150 to 12WC followed by 2 to 5% cold work and aging at temperatures 
in the range 800 to 850°C produced excellent yield and creep strengths. Additional studies 
were performed at ORNL, on several of these alloys, and some results are summarized in 
Figs. 5 and 6. The room-temperature yield and ultimate strengths of the AX5 alloy were 
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" 
Mill Ann 6506/24h 7006124h 7306124h 760C124h 

(b) Condition 

Fig. 5. Effect of short-time 
tensile properties of cold-rolled HT-UPS alloy 
AX5 at 25°C: (a )  strength and (b)  ductility. 



ORNL-DWG 90-8153 
500 p7i-l 

a m  

ORNL-DWG 90-8154 

ORNL-DWG 90-8155 
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ORNL-DWG 90-8156 
5al 

a n n l l  rnn/lO 5%/1 5%/10 10%/1 l O % / l O  

Fig. 6. Effect of cold rolling on the yield and ultimate strengths of 
HT-UPS alloys GE1 and CE3 aged 1 and 10 h at 700 and 800°C and tested 
at the aging temperature: (aa) alloy CE1 at 700°C; (b)  alloy CE3 at 700°C; 
( c )  alloy CE1 at 80Q"C; and (d) alloy CE3 at 800°C. 

sigiiificantly increased by short-time aging at temperatures in the range 650 to 750°C for 24 h, 
as may be seen in Fig. 5. This steel received a 1200°C anneal followed by 10% reduction in 
thickness prior to aging, whereupon the yield and ultimate strengths increased by more than 
100 m a .  Small reductions in ductility accompanied the aging. More extensive aging was 
perfomd on the CE1 and CE3 alloys in connection with the studies to construct the "P 
diajparn in Fig. 3 ( 4 .  Here, sheets of the two alloys were annealed at 1250°C and 
subsequently rolled to 0,5, and 10% reduction in thickness. Tensile samples were machined 
and aged in vacuum for 1, 10,1OoO, and 10,OOO h. Tensile tests were performed at the aging 
I 
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temperature. Data are provide in Appendix B, and some of the rcsults for the 700 and 8 
aging have been plotted in Fig. 6. It was apparent in comparing the 
Fig. 5 with the elevated-temperature 
strengths were not increas 
increases in the yield and ultimate strengths between 1 and 10 h were less than 1 
in some instances decreases were notic . The amount of cold work was related more eo the 
strength at 700 and 800°C than aging. However, the CEl alloy annealed at 125022 was 
obsewd at 700°C to have a yield strength below 78 MPa and an ultimate strength Mow 
280 W a .  Comparing these values with the strength of CEI a€ter the 1-h age indicated that 
significant strengthening occurred in the first hour of aging. This I-rend was consistent with 
the observation of rapid MC formation in the HT-UPS alloys. Thus, aging to improve the: 
room-temperature strength of the HT-UPS alloys was practical, while aging to improve high- 
temperature yield and ultimate strength was unnecess 

subsequent creep strength has been studied in considerable detail in the €IT-UPS s e ~ e s  of 
alloys. An example may be seen in the comparison f creep curves for the BWT4 alloy daat 
was creep tested in the as-extruded condition, cold forged, 5% cold sumk, and 10% cold sunk 
conditions at 700°C and 170 MPa, Curves we shown in Fig. 7. The creep rupture life was 

n-tempemture data in 

by raging as significantly as the ~ ~ ~ - t e ~ ~ ~ ~ ~ t ~ e  strengths. The 
in Fig. 6 that the high-temperature short-Bime 

The effect that modest levels of cold work have on the precipitation of MC and the 

c 
I 
L 
m 

.- 
* 

a 
CJ 
2 
V 

A 5% cold sunk 

J 
0.2 

Time (h)  

Fig. 7. Effect of cold forgin 
on the creep curve of HT-IPS alloy BWT at 
700°C and 170 MPa. 
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extended from 1315 h in the as-extruded condition to more than 10,OOO h after small levels of 
cold work were introduced. Additional data are provided in Appendix C. AU evidence 
collected to date suggests that Criterion I-D can be met for the near-comercial and 
developmental alloys in Table 1. 

I-E. -e to Ostwa Id *nine will not short -time strew h and duct ility below 
minim 

It was expected that some of the candidate alloys listed in Table 1 would be amenable to 
thermal-mechanical treatments to optimize their short- and long-time strength. By cold or 
wann working, for example, the yield strengths of the NC-forming alloys could be raised to 
levels where advantage could be taken of their extraordinary creep rupture strength at lower 
temperatures where the minimum yield or tensile strength would ordinarily limit the allowable 
design stress intensity. This was suggested by Murray et al. (1967) for Eshette 1250, 
Chapman and Lorentz (1960) for 17-14eUMo stainless steel, and is being considered for the 
HT-UPS alloys (Maziasz 1989). The purpose of Criterion I-E was to ensure that coarsening 
of precipitates would not result in a significant softening of an alloy whose strength depended 
on preservice or in-service age-hardening. Aging of lean austenitic stainless steels has been a 
subject of intense research for decades, and much is known about types 3 16 and 347 stainless 
steels (Marshall 1984). As a rule, the low-temperature yield and ultimate strengths of 
solution-treated type 316 stainless steel increases with time and ductility decreases (Sikka 
1982). The high-temperature ultimate strength often diminished but the ductility improved, 
recognizing that sigma and other intermetallic phases could cause a reduction in creep rupture 
ductility. In contrast to bainitic and martensitic alloys, the yield and ultimate strengths of aged 
or crept stainless steels usually exceed the minimum values for the material procurement 
specification, although ductility and toughness may diminish to very low values as a result of 
the formation of both carbide and intermetallic phases (Marshall 1984). Research on Esshete 
1250 by Asbury and Willoughby (1972) found that the flow stress at 3% strain and low strain 
rates was greatly diminished by aging for times to 110,OOO h at temperatures in the range 650 
to 700°C. Loss of strength was due to the formation of sigma phase which depleted the 
matrix of molybdenum. Aging at temperatures in the 600 to 650°C range increased the yield 
strength of type 347 stainless steel (Teranishi et al. 1989) and ST3Cu stainless steel 
(Sumitorno 1988), but at higher temperatures smaller changes in the yield strength were 
observed, and in some cases a loss in ultimate strength was noted. The amount of niobium 
precipitated from the type 347 stainless steel matrix was correlated with time and temperature 
on the basis of the Larson-Miller parameter. Solution-treated 17-14CuMo stainless steel 
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generally showed increases in the yield so-ength with aging, as obsei-vd by Carolan et ala 
(1987, 1989) for 17-14CuMo stainless steel and the HT-UPS d%oys. A tensile test performed 
on a 17- l4CuMo stainless steel specimen machined fkom expsed ~ ~ y s t ~ ~ ~  Unit #1 
superheater tubing exhibited a very high 
ultimate strength (>825 MPa). Aging studies were pe 
on two of the HT-UPS alloys (CE1 and CE3) cold rolled to 0,5, and 10% r d  
thickness. Aging temperatures were 400,7 
10,OOO h. Tensile tests were perform 
in Appendix B. Results showed that solution-treated material gained strength with aging to 
10,OOO h in the range 600 to SWC, but cold-roll 
Yield and ultimate strength data have been plotted in Fig 8 for specimens tested after aging at 
600 and 700°C for 1 and 10,OOO h. The alloys experienced an increase in the yield strength 
between 1- and 10, -h aging for nearly every condition. At 
was relatively constant between 1 and 10,000 h, while at 780°C the ultimate strength 
decreased between 1 and 10,OOO h for all levels of cold rolling. 

been undertaken by many investigators. T 
examined (Marshall 19S4). Coarsening o 

examined by Shin& et al. (19'73). They found that the M23C6 was more pron 
coarsening than the MC at temperatures aroun 650°C and times to 10,008 h, a: 
able to correlate much of the precipitate coarsening data on the basis sf the Larssn-Miller 
parameter. Todd and Ren (1989) examined two of the H'T-UPS alloys, an their data for the 
MC particle size versus log time are provided in Fig. 9. The MC precipitates were found to 
develop quickly and s t a b i h  at a size less than 10 nm for very long times (>3000 h) and at 
temperatures well above the anticipated service tempemmres for the 
This particle size was significantly smaller an that obsewd By Shi 
Ti-Nb modified stainless steels. Todd and n (1989) have developed a solute exhaustion 
model to describe the kinetics of growth of the MC precipitation, but this 
without predicting further growth and coarsening. ies by Maziasz of specimens sf the 
HT-UPS alloys tested to times beyond 20,000 h at 
beyond that shown in Fig. 9, and an example of the fine MC precipitate structure that is 
preserved until rupture (18,OOO h at 700°C and 170 MPa) is shown in Fig. 10. Thus it would 
appear the Ostwald ripening of the MC precipitates at temperatures in the range 650 to 7 
may not degrade the short-time or long-time strength properties of the MC-forming HT-ITTS 
alloys. This does not imply that aging has no significant effect on the creep properties, 

-tempmtuPe yield strength (r600 m a )  and 
by Maziasz as 

"C, and times were 1,10, 1000, and 
ture, and these data are provided 

alloys lost strength at XKI and 8 0 0 " ~ .  

"C the ultimate strength 

The examination of the precipitate size as a function of time, tcnigerature, and stress has 
3 14 stainless steel has k e n  extensively 

MC in lean stainless steels was 

lJPS alloys (90OoC). 
et al. (1973) in 

revealed very little particle growth 
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Fig. 8. Effect of cold rolling (0, 5, or 10% work) and aging 
(1 or 10,000 h) on the yield and ultimate strengths of HT-UPS 
alloys: (a )  alloy CE1 aged and tested at 600°C; ( b )  alloy CE3 aged 
and tested at 600°C; (c) alloy CEI aged and tested at 700°C; and 
( d )  alloy CE3 aged and tested at 700°C. 
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however. As mentioned above, the tensile and creep response depend geatly on the initial 
solution temperature, w m  or cold working level, and short-~mc aging. Much on this 
subject has been discussed by Maziasz (1988) and was covered in a previous report by 
Swindeman et al. (1987). The trends are shown for two of the HT-UPS alloys in Fig. 11, in 
which creep curves have been pl 
170 MPa. Solution treating at 1 112°C followed by aging at 858°C produced a very short life 
relative to solution treating at 1208"C, as shown in Fig. 1 l(a). Aging at 850°C of material 
subjected to the high-temperature solution treatment and subsequent cold work produced only 
modest decreases in rupture life, as indicated in Fig. 1 l(b). An interesting result was obtained 
at 600°C in one of the €IT-UPS alloys, however. Alloy AX5 was tested at several stresses 
and also aged for several times prior to stressing at 350 
any aging lasted considerably longer than specimens a 66 k prim to stressing. rl'hus9 it 
would appear that the presence of a stress enhanc 

for the CE2 and CE3 alloys tested at 7 

a. The specimen tested without 

the strengthening ess in the alloy, 
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perhaps by promoting the development of the fine MC precipitate. The creep curves for this 
series of tests are compxd in Fig. 12. Many comparisons of aging effects are 

ssible, but it is beyond the scope of this report to discuss them in detail. 

e ~ ~ $ ~ ~ ~ i t ~ ~ i ~ ~  process has on the ~ o w - t e ~ ~ ~ t ~ r ~  strength and ductility, These effects will 
1x1 regard to meetingCriterion I-E, however, it is necessary to consider the effects that 

in a Pates seetion s f  this report. 

stainless steel and 
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Fig. 12. Effect of aging at 680°C on the creep curves 
for 10% cold-rolled HT-UPS alloy AX5 tested at 600°C and 
350 MPa. 



alloy 67 1 for times to 50,000 h in the temperature range 600 to 625"C, athough the alloy 67 1 
cladding was embrittled. Brelininary work on the dloy 67 1 cladding applied to the BWT4 

been applied to several of the alloys listed in Table 1, and evaluations have largely centered on 
corrosion resistance. In contrast, little i s  known about the metallurgical stability and 
mechanical response of the coatings and the substrates. Some explomtoxy tests have been 
performed by O W L  on chotnized test specimens of 17-14CuMo stainless steel an 
the HT-UPS alloys, namely AX6. Here, 6.3-mm-diam 
both the as-chromized and chromized-plus-solution 
Appendix C, and results from some tests have been plotted in F . 13. It i s  clear that 
chromizing greatly reduced the creep rupture life and ductility for both steels. The 
17-14CuMo stainless steel appeared to be niore adversely affected than the AX6 alloy. The 
chromized layer quickly f o m d  sigma phase, which cracked at a low 

specimens were creep testd in 
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Fig. 13. Effect of chromizing heat treatment on the creep cwws at 
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alloy AX6. 
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intergranular cracks continued to propagate into the substrate, as shown in the photomicro- 
graph provided in Fig. 14(& The cracking produced early tertiary creep and a significant 
reduction in creep life. The AX6 alloy was more creep ductile, and cracks in the coating were 
blunted when they reached the substrate, as shown in  Fig. 14(6). The result was greater 
creep ductility and longer life in the the AX6 alloy. Unfortunately, the long time at high 
temperature followed by a slow cool in the chromizing bed was detrimental to the creep 
strength of both alloys, possibly by preventing the nucleation of the fine MC precipitate. 
Unless a way can be found to warm or cold work the solution-treated and chromized alloy, it 
appears that Criterion I-G cannot be met for the dloys that have been investigated. 

1-H. The alloy will have a tolerance for &t 15% cold wo rk introduced during boile r 
fabrication, 

Cold-worked stainless steels have been avoided in high-temperature applications by 
much of the boiler and pressure vessel industry. Smdl levels of cold work in type 304 
stainless steel were known to produce low ductility creep rupture failures (Gold et al. 1975), 
while high levels of cold work in type 316 stainless steel were known to promote 
recrystallization during service at temperatures as low as 700°C (Moen and Farwick 1978). 
However, the MC-forming alloys in Table 1 benefit greatly from cold work, since the 
dislocations produced by cold or warm work promote and stabilize the formation of the fine 
MC dispersion. The hardening and stability have been described in some detail by Maziasz 
(1983). Although less than 5% cold work is needed to promote MC formation, larger levels 
of cold work do not appear to be deleterious to creep rupture strength at temperatures below 
700°C. However, in the tensile test cold work reduces the uniform strain and total elongation 
and in the creep test it lowers the creep strain at which tertiary creep starts. Considerable 
research has gone into the study of cold-working effects in type 3 16 stainless steel, the PCA 
alloy, and some of the HT-UPS alloys in connection with structural alloys for nuclear and 
fission applications (Maziasz and McHargue 1987, and Maziasz 1988). For boiler application 
Kinoshita et al. (1973) examined cold-working effects at the 10 and 30% levels and found no 
loss in rupture strength of Ti- and Wbearing alloys at 650°C for times to 10,OOO h. At 
700”C, however, strength was lost at long times in the 30% cold-worked material. Similarly, 
Teranishi et al. (1989) examined cold-working effects in type 347 stainless steel. They 
observed good stability in material cold worked 5 and 10% but a loss in strength of material 
worked 20 and 30%. All evidence suggests that the near-commercial and developmental 
alloys in Table 1 should tolerate cold work at levels to 10%. Insufficient data are available to 
confirm compliance to the tolerance for 15% cold work specified in Criterion I-W. 
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4. FABRICATION AND JOINING 

The general criteria that governed the fahication and joining requirements for the 
advanced steam cycle alloys were that the candidate alloys be comparable to the stainless steels 
currently being used for supeJheater/reheater tubing and that production methods be typical of 
good fabrication practices in the boiler industry. Clearly, the near-commen5al alloys listed in 
Table 1 have been produced as tubing; and some steels, such as Esshete 1250 and 
17-14CuMo stainless steel, have had many years of boiler expasure at conditions almost as 
severe as what might be expected in the advanced steam cycle plant under consideration here. 
Of the developmental alloys, the S'l["JCu stainless steel has been produced as tubing 
(Sumitomo 1988) and is currently undergoing evaluation. Less is known about the HT-UTS 
allays; hence, they will receive most of the attention in this section of the report. 

Ii-A. The allovs will be &le of meehne ASTM A 213 for the production of sea des3 
lubing, 

A literature review was undertaken by Domian and LeBeau (1989) to evaluate the 
behavior of the HT-UPS alloys regarding melting practice, workability, and phase stability. 
They identified several possible tube-rnaking routes, all of which required hot working of cast 
and wrought structures in the temperature range loo10 to 12WC, followed by cold working. 
The hot workability was assessed on the basis of the ratio of a nickel equivalent to a 
chromium equivalent that was proposed by Myllykosi (1983). These equivalencies are 
different from those previously given but involve several of the same alloying elements: 

Ni,(C) = Ni + 0.31Mn + 22C + 14.2N + Cu , (8) 

Cr,(C) = Cr + 1.37Mo + 1.5% + 2Nb -I- 373, (9) 

where all elements are in weight percent. The optimum workability of the cast structure is 
achieved with the ratio Cr,(C):Ni,(C) around 1.5. h w e r  values of the ratio represent 
potential cmcking problems due to impurity element embrittlement on austenite grain 
boundaries, while higher values of the ratio portend cracking problems at austenite-ferrite 
hntr;rfaces. Data for the hot workability index of the alloys in Table 1 are provided in Table 2. 
%mian and LeBeau (1989) reached several conclusions regarding the workability of the HT- 
UPS alloys. They found them to be fully austenitic and prone. to hot cracking in both working 
and welding processes. They suggested that the melting practice be selected to produce a low 
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residual element content (Pb, As, Bi, S ,  Sb, and Sn). They suggested that rare earths be 
added to improve resistance to hot mckin - They expected the alloys to have the same cold 
workability as type 316 stainless steel, with no tendency t o w ~ d  ~ e n s ~ t e  formation due to 
cold work. 

The 14 heats of HT-UTS alloys listed in Table 1 were produced by various fabrication 
routes. The first group (CEO through CE3) was produced at Combustion Engineering 
Metallurgical Laboratory by argon induct~~n melting and electroslag remelting 25-kg ingots. 
The ingots were heated to 1200°C for 0.5 h and hot rolled with approximately 10% reduction 
in thickness per p k s  and 1200°C anneals between passes. The finished hot-rolled plate was 
13 mm thick. All heats exhibited centerline delaminations in the roll 
location corresponding to the top of the ingot and moving toward the 
40% of starting CEO and CE2 alloy ingots was lost. The CE1 and 
useful material. Pho micrographs of the as-fabricated CE alloy microstmctu~s are provided 

group of alloys (AX5 through AX8) was p uced by the AMAX 

machined, and rolling was 
Company. The alloys were argon induction melted, 
homogenized at 1250°C. The surfaces of the ingots 
performed at 1 lQO”C, with 10% reduction of thickness per pass and 12WC annealing 
between passes. The final rollings were cold with a p p ~ x i ~ a t e ~ ~  10% reductio 
to produce final thicknesses of 13 rnm. High yields were obtained, with nearly all of the 
cropped and machined ingot being usable. Fhoto 
microstructures are provided in Appendix A. 

The third group of alloys (MS series) was p 
melted 10-kg slab ingots. These were homogenized at 12WC, chopped, machined, arid hot 

with 10% reductions of thickness per pass. etween passes the alloys were 
annealed at 1150°C. Two final plate products were produced - 13 and 6.5 

yields were obtained with nearly 80% of the caopp 
Photomicrographs of the as-fabricated MS alloy microstmetims are provi 

to fabricate tubing. This process most closely conformed to comercia1 boiler tube 
manuFacturing practices and was performed by Combusthn Engineering Metallurgical 
Laboratory. The CETl alloy listed in Table 1 was produced The production sequence 
involved argon induction melting and centrifugally casting a tu 
29 mm in wall thickness, and 3 m in length. The tube hollow was then homogenized at 
1175°C for 1 h, water quenched, machined to 120-rnm outside diameter by 19-rnm thickness, 

u r d  as 2O-kg ingots, and 

mogmphs of the as-fabricated AX alloy 

uced at ORNL as vacuum indrictbra 

ingots k ing  produced to plate. 
in Appendix A. 

The fourth melting and forming practice involved centrifugal casting and cold pilgering 

hollow 330 m in diameter, 
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and cold pilgered in a two-pass operation with an intermediate anneal at 1175°C. The final 
anneal was at 1125°C. The tubing was rotary straightened and ultrasonically inspected. 
Approximately 5 m of sound tubing was produced with dimensions of 63 mm in diameter 
and 6.9 mm in thickness. A problem was encountered in regard to the centrifugal casting of 
the, titanium-bearing alloy. This involved the oxidadon of titanium on the inside diameter of 
the casting, which produced the patches of oxides shown in Fig. 15. Machining of the inside 

YP10247 

Fig. 15. Photograph of islands of Ti02 that formed on the 
inside diameter of centrifugally cast tubes of HT-UPS alloy GET. 
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diameter of the tubing removed much of the oxide; but, to m t  the target tubing dimension 
with the available tooling, it was necessary to leave regions which inch 
islands. These were carri 
rejection of at least 50% of the t ~ ~ i n g  on the basis 
wall thickness. A photograph of the CETl tubing 
stnicture is shown in Appendix A. 

The production of the BWT4 d o y  listed in Table 1 was d c h W  in detail by IxBeau 
(1988). The alloy was vacuum induction melted and decrtroslag remelted at Tel 

uce a 1270-kg, 33Q-m-diam ingot. A ~ p ~ x ~ a t e l ~  one-half of the ingot was forged 
to a 150-mm-diam billet, surface conditioned, dri , and extruded by Ahech Specialty Steel 
Corporation using standard practices for austenitic stainless steels. Two tubes were 
produced, each 4 rn in length, 63 m in diameter, and 13 mm in wall thickness. These were 
deglassed, bump straightened, and inspected. One of the two tubes exhibited a severe split on 
the outside diameter extending approximately 0.6 rn from one end. herwise, 110 difficulties 
were encountered in the melting, hot forging, or extrusion of the alloy. The photograph in 
Fig. 16 includes a piece of the extruded IBWT.4 tubing, and Appcndi A includes a photo- 
micrograph of the microstructure. 

excessive oxidation of 
titanium, it appears that all alloys listed in Table 1 can meet Criterion &A. 

significant oxide 
through the subsequent ation processes md caused the 

nctrathg more than 10% of the 
n Fig. 16, and the micro- 

Assuming that melting practices would be selec 

ratios from 0.15 to 0.35, 

Information developed in meeting Criterion H-A assures that Criterion XI-B can be met- 

Criterion TI-C would not be applicable to type 316 stainless steel, which is typically 
annealed around 1065°C. The other alloys list in 'Table 1 contain MC-forming elements and 
are typically solution treated at 1108°C or higher. Generally s aking? the niobium-bearing 
alloys should be solution treated above 1158"@, wi temperature increasing with niobium 
content (Keown and Pickering 1972, and Termishi et al. 1989). The "mill-anneal 
condition ensures that the alloy has been solution &eat& and i s  not so heavily cold worked 
that it would fail to meet ductility and c 
modest amounts of cold work are often introduced as part of the surface finishing and 
straightening processes. It is this uns 
cult to correlate composition with chemistry as rnight be expected when using the correlation 

uirements. In actual fact, warm work and 

ifid work introduced at the mill which makes it diffi- 
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Fig. 16. Photographs of advanced alloy tubing left to right: coextruded alloy BWT clad 
with alloy 671; extruded BWT; cold-pilgered CET; cold-pilgered modified alloy 800. 
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of Irvine et al. (1969) given in Eq. (7). Because of the importance of w m  or cold work to 

the character of the MC precipitation, sramall variations in the fabricatio histay may produce 
large differences in the subsequent creep rupture strength. Although the yield and tensile 
strength data reported for the alloys in Table 1 are represented as comespon 
treated material, they often reflect this cold work. As an example, the mill- 
17-14CuMo stainless steel was found to have a r ~ ~ - t ~ ~ p e r a t ~ r ~  yield strength near 
250 MPa. Other heats examined by Chapman and La 
the range 250 to 300 ma, The laborat anneal of 17- 14CuMo stainless steel, however, 
produced a yield strength of only 186 MPa, weU below the s cified minimum strength of 
20'7 MPa The B W 4  alloy exhibited an even lower room-temperatwe yield strength 
(1 7 1 MPa) and would require postextarsion w o r h g  to meet a 207-MPa minimum yield 
strength. To exanline the influence of fabrkatbn sc 
the as-extruded, cold-forged, 5% cold-sunk, and 10% cold-sunk conditions. Curves for 
creep tests are presented in Fig. 7, and it was concluded in the previous section of this report 
that the strengthening associated with the working was due to the ~ e ~ e ~ ~ ~ ~ e n t  of the MC 
precipitate. To promote the fine MC precipitation it m d d  be necessary to specify a ninimurn 
room-temperature yield strength in excess of 300 MPa. This would require a minimum cold 
working strain of 5%. Additional studies are under way on the extruded tubing to establish 
optimum cold-working schedules. 

minimum specified yield strength is probably 207 MPa; to meet t 
schedules may require an unspecified level of work, The ST3Gu d l  , however, has a 
minimum yield strength in the vicinity of 240 MPa, atid most heats around 300 MPa 
(Sumitomo 1989). How this stren h level is achieved is un own. It should also be 
recognized that much of the stress 
tures below 700°C w 
intensities may be ha 

appears that Criterion 11-C can be met for all near-cammexid and devel 

) exhibited yieield strengths in 

WT4 tubing was tested in 

The near-commercial alloys in Table 1 do not 

ture testing of the near-ccmmercial allays at tempera- 
domed at stresses in excess of the yield. Thus, the design stress 

material that was hot or cold worked. 
Providing that cold working of the p ucts to levels of 5% strain i s  ~ c c ~ ~ t a  

Several of the alloys listed in Table 1 have been c1 and summary 
provided in Table 4. Flateley et al. (1987) and Asbury and B 
experience with Esshetc 1250 tubing coextnaded with type 3 10 stainless steel and alloy 67 1 
cladding. Tamura et al. (1987) have clad 14- 14CuMo stainless steel with type 3 10 stainless 
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Table 4. List of claddings for lean stainless steel tubing 

Boiler 
Cladding Met hod exposure Reference Base metal 

Esshete 1250 
Esshete 1250 
TEMPALOY 17-1 ~ C U M O  
17-1 ~ C U M O  
HT-UPS BWT 
HT-UPS BWT 
TEMPALOY A I  

310 SS Coextrusion Y S  Flatley et at. 1987 
5 0 C r- 50 N i Coextrusion Yes Asbury and Brooks 1987 
NAC Cr35A Coextrusion Yes Tamura et ai. 1987 
310 SS Coextrusion Yes Tamura et al. 1985 
Alloy 671 Coextrusion No LeBeau 1988 
Alloy 690 Coextrusion NO LeBeau and Domian 1990 
NAC Cr35A Flatley et ai. 1987 

steel and a nickel base alloy (CR35A8). Many hours of exposure have been accumulated 
regarding the performance of the claddings to coal combustion environments, but few data are 
available concerning the fabricability and mechanical performance. 

used in extruding alloy 671 on the BWT4 alloy. Here, a machined billet, 133 mm in 
diameter, was encased in a mild steel can, which was subsequently filled with 50-mesh alloy 
671 powder. The can was preheated, evacuated, sealed, and hot isostatically pressed (HIP) 
by Crucible Compaction Metals Company. The steel container was then machined from the 
billet, and the drilled billet subsequently extruded to tubing by Altech Specialty Steel 
Corporation. The clad tubing was processed in much the same way as the unclad tubing, and 
a photograph of the product is provided in Fig. 16. In one area of the tubing a lack of 
boniding was observed, but overall the clad BWT tubing presented no problems in fabrication. 
The microstructure of the cladding-base metal interface is shown in Fig. 17(a). Some 
evidence of the precipitation of carbides on the clad-base metal interface was observed. 
Possibly, this was a result of the long time and high temperature accumulated in the pressing 
operation. In subsequent work by LeBeau, the HIP process was omitted and the billet 
extruded with both alloy 67 1 and alloy 690 powder compacted to 70% theoretical density. 
The: extrusion work was performed by AMAX Corporation and the cold finishing by 
Babcock and Wilcox. The alloy 67 1 cladding extruded with no problems but cracking 
occurred during the cold finishing. The alloy 69OBWT combination was successfully 
processed to cold-finished clad tubing and is currently undergoing evaluation. 

was sawed from the BWT billet and rolled to 13-mm plate. Alloy 690 filler wire was then 
deposited on the plate using the gas tungsten arc (GTA) process. The clad plate was then hot 
rolled to produce the excellent bonding shown in Fig. 17(6). 

Two of the HT-UPS alloys have been clad. LeBeau (1988) described the techniques 

Weld overlay was examined as a possible cladding method by LeBeau. Here, a piece 
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It appears from the information provided above that the alloys listed in Table 1 may be 
clad with high-nickel high-chromium alloys, but the perfomance of specific claddings under 
the conditions imposed by advanced steam cycle operations has yet to be determined. There is 
some evidence from the work of Flately et al. (1987) that the 67 1 cladding will embrittle in 
senrice while CR35A will retain good ductility. There is reason at this time to believe that 
Criterion II-D can be met for most alloys in Table 1. 

I[-E,. The alloys will bemenable to c hromizinrr or similar surface treatments, 

Chromized coatings have been produced on several alloys listed in Table 1. Tamura 
et d. (1987) chromized 17-14CuM0, and Turner (1987) chromized 17-14CuMo stainless 
steel and three of the HT-UTS alloys (CEO, CE3, and 14x6). A typical chromium profile 
produced in a chromized sample is provided in Fig. 18. Here, a peak of 35% was produced 
20 pm from the surface, while the average over the fist  100 pm approached 25%. This level 
of chromium would be more than adequate to protect the lean stainless steels Erom excessive 
steamside corrosion. It was mentioned in the previous section, however, that the chromizing 
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Fig. 18. Typical Cr, Ni, and Fe contents vs depth 
from surface for a chromized HT-UPS alloy. 
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treatment degrades the strength of the austenitic steels, In c m ~ s t  to the ferritic alloys which 
can be heat treated after chromizing, the come 
Me-forming alloys do not ~ r ~ ~ ~ o t ~  t 

simultaneous chromizing/aluminizing process. Here, the aluminum combines with the nickel 
of the austenite 

matrix to ferrite, The chronium diffusion is more rapid in the feni ch means that lower 
temperatures and shorter times are needed to produce coatings. T 
Naylor to produce' a 400-pm-thick coating on the AX7 dloy after 
mechanical properties of the coating have yet to 

Although several of the near-commercial 
have been successfully chromized or c zdaluminizd, the processes have not been 
demonstrated on the inside diameter of significant lengths of tubing. Fu 
of the austenitic alloys are difficult to restore relative to the success achieved with ferritic 
alloys. Therefore, it appem that Criterion n[-E cannot be met in the near term for those alloys 
which have been evaluated, 

~ o ~ a t i a ~  of the s t r e n ~ t h e ~ ~ g  p 
An alternative to the chromizing that has been examined by Nay1 

a beta-NiAl phase, and the loss of nickel promotes ~s~~~ 

ntal alloys identified in Table 1 

er, the properties 

The American Welding Society (1989) defmes we lity as "the capacity of material 
to be welded under the imposed fabrication conditions into a specific suitable designed 
structure and to perfom satisfactorily in the inte seatt Welds have been produced in all 
of the alloys identified in Table 1, but only the c id and ncar-smmercid dloys have 
been evaluated under conditions of the intended use. However, some of the alloys axe more 
susceptible to welding problem than others, Type 3 16 stainless steel, for example, may bF 
welded without great difficulty, but is subject to low ductility creep rixpture failures in the 
weld metal and heat-affected zone OLQZ). The controlled residual element (CBE) 'filler metal 
was developed by King et al. (1976) to ameliorate this p 
grained type 347 stainless steel was examined by Teranishi et d. (1989) who produced both 
gas tungsten arc (GTA) and shielded metal arc: (SMA) welds in heavily restrain 
SMA welds (AWS A5.4E3.47 filler) were sound, with very little cracking. The GTA welds 
exhibited cracks whose lengths summed 3% and 7% of the 
welds, respectively. Sumitoma (1988) observ cracking in Varesmint tests on ST3Cu 
stainless steel. Both the weld metal and HKZ were susceptible, but they fou 
have less cracking than standard type 347 stainless steel tested under similar conditions. 

Iem. The weldability of a fine- 

length for the GTA and SMA 
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Lister et al. (1967) welded Esshete 1250 by the SMA process and examined the influence of 
minor differences in electrode chemistry. They did not repopr any cracking problems, 
possibly because of the favorable Crq(C):Nieq(C) for Esshete 1250. 

with special emphasis on 17-14CuMo stainless steel and the HT-UPS alloys. One of their 
criteria made use of the nickel and chrome equivalencies defined in E$s. (8) and (9). These 
indices were used by KujanpG et a). (1987) to examine the tendency toward hot cracking in 
austenitic stainless steels. W e n  the ratio Creq(C):N&(C) fell below 1.5 there was a tendzncy 
toward HAZ cracking. On the basis of thiscriterion, all of the alloys listed in Table 1 would 
be susceptible. The situation was found to be aggravated by the phosphorous plus sulfur 
content, hence the phosphorous content of some HT-UPS alloys was of particular concern. 
Further, they pointed out that niobium exacerbates the hot cracking problem, and it may be 
seen that alloys such as type 347 stainless steel and the near-commercial alloys have potential 
problems. 

evaluate the weldability of 17-14CuMo stainless steel and the HT-UPS alloys. These 
experiments included, but were not limited to, Varestraint testing (Lundin et al. 1985), 
Sigmajig testing (Goodwin 1987), and Gleeble hot ductility testing. Correlations between the 
various types of tests were made, and it was concluded that the alloys had a hot cracking 
sensitivity equivalent to fully austenitic type 316 stainless steel and commercial type 347 
stainless steel. It was determined that the alloys could not be welded with matching filler 
metal. 

A review of the potential weldability problems was undertaken by Lundin et at. (1989), 

A number of experiments were p e d o d  at ORNL and by Lundin et al. (1989) to 

Butt welds were produced at ORNL in 17-14@uMo stainless steel and several of the 
NT-UPS alloys. The base metals, filler metals, and weld processes are identified in Table 5. 
A tcml of 12 alloys were welded, plus the alloy-671-clad BWT tubing. In the case of the 
BWT tubing, butt welds were made in the as-extruded condition; after 5, IO, and 12% cold 
sinking; and after creep testing for 2600 h at 7W"C and 140 m a .  Five different filler metals 
were used - alloy 82 with the GTA process, 17-14CuMo stainless steel wire with the GTA 
process, 17-14CuMo stainless steel electrodes with the SMA process, CRE 168-2 wire with 
the GTA process, and allay 556 wire with the GTA process. In all cases efforts were made to 
restrain the plates or tubes. The 13-mm plates were fillet welded to 19-mm-thick type 3 16 
stainless steel strongbacks, while the as-extruded BWT tubing and cold-pilgered CET1 tubing 
were fillet welded to 10-mm-thick plates that were clamped in the restraining rig shown in 
Fig. 19. The 5 ,  10, and 12% sunk tubes were delivered as split tubing. The halves were 
longitudinally welded to form circular tubes and then butt welded. For the case of clad 



. Summary of weld in lean 17-14Cu oss and PIT-UPS alloys 

Base metal Filler metal Processa Configuration Type Restraint Side bend ~ e ~ a i ~ o g ~ a p ~ y  Tensile Strsss rupture Hot cracks 
CE2 
CE1 
CE1 
AX5 
AX6 
AX4 
AX8 
CUMCS 
AX6 
BwT4 
BwT2 
CETl 
BWT 
BwTl5% CS 
BWI1O% CS 
BWI12% cs 
cE3 
AX5 
AX7 
BWTlcrept 

IN82 

17-14C~M0 
17-14CuMO 
17-14CuMo 
17-1 4CUMO 
17-14CUMO 
CREI 8-8-2 
CREl6-8-2 
C RE 16-8-2 
CREl6-8-2 
I N69O 
CRE16-8-2 
CREI 6-8-2 
CRE? 6-8-2 
Haynes 556 
Haynes 556 
Haynes 556 
G R E I  6-8-2 

GTA 
GTA 
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SMA 
SMA 
SiMA 
SMA 
sM.4 
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GTA 
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"GTA = gas tungsten arc; SMA = submerged metal arc. 



Fig. 19. Photograph of the restraint fixture used in producing gas tungsten 
arc weid in HT-UPS tubing. 
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tubing, the base metal was welded with CIPE 16-8-2 stainless steel and the cladding with alloy 
92. After welding, side bend and metallography evaluations were perfomed to evaluate the 
extent of hot cracking. All of the AX series allays exhibi fusion line or WAZ hot cracking 
when welded with 17-14CuMo stainless steel. The high phosphorous lax7 heat was the 
worst and tiid not pass the visual inspection in the side bend test. Typical microstnactures are 
shown in Fig. 20. No hot cracks were found in the AX6, Ax$, CET1, and BWT alloys that 
were welded with CRE 16-8-2 stainless steel filler metal. No hot cracks were found in welds 
made with alloy 82. The AX5 and CE3 allays welded with alloy 556 showed a few, barely 
detectable hot cracks that were less than 180 p n  in t the Ax7 alloy was cracked to 
depths of 100 pm in the HAZ. Metallography for successful welds is provided in 
Fig. 2 1, and additional information i s  provided in All alloys exhibited extensive 
liquation, and in the successful welds it was clear that the hot cracking was avoided by virtue 

uidity of the weld metal that was able to penetrate the open p i n  boundary regions. 
summq,  there are concerns about t 

identified in Table 1. Extreme care will be n in specifying the welding processes, filler 
metals, and process variables, Only by testing in actual boiler operating conditions can 
conformance to Criterion a-F be ensured. 

weldability of nearly all of the alloys 

There appear to be no reasons why Criterion XI-G cannot be met. 

5. MECHANICAL PROPERTIES 

In specifying the alloy design criteria that address mechanical properties goals, it was 
intended that the strength of the tubing be sufficient to permit tubing of sizes n 
superheaters md rebeaters to operate at conditions where the fireside metal te 
reach 700°C and the design steam pressure reach 35 MPa (5880 psi) . To use 
convenient diameters and wall thicknesses u 
design stress of MBa (9 ksi) would be satisfactory. This ~ ~ o w a ~ l e  design swess intensity 
is approximately twice the allowable stress for my commcially available austenitic stainless 
steel listed in Sect. I on Power Boilers of the ASlMlE Boiler an Pressure Vessel Code. One 
might legitimately question the n e 4  for such rn L I I I I ~ ~ ~ ~ Q U S  target in view of the fact that the 
near-commercial alloys listed in Table 1 are intended for use in the advanced steam cycle and 
will probably function quite 
in the desire for an impmved design margin. A stronger alloy provides m r e  opportunity 10 

er these conditions, it was estimated that a 

hat lower design swess intensities. The answer lies 
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Y20854 

Y 208052 

Y20853 

Y20851 

Fig. 20. Photomicrographs of typical hot cracks produced in the heat- 
affected zone of butt welds in 13-mm-thick plates of four HT-UPS alloys 
using the shielded metal arc process with 17-l4CuMo stainless steel filler 
metal: 
( e )  alloy AX7 with 0.076% P, and ( d )  alloy AX8 with 0.043% P. 

(a)  alloy AX5 with 0.024% P, ( b )  alloy AX6 with 0.041% P, 
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Y21019 

Y21614 Y216f47 

Fig. 21. Photomicrographs of sound welds in seve 
(a )  using different filler metals with the GTA ~~~~~$~~ 

metal and alloy AX6 with 0 
with 0.016% P, ( e )  alloy 5 filler m!tal and 
and ( d )  alloy 556 filler 

1% p, (b) CRE filler 
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optimize fabrication cost versus performance. It is assumed that a higher strength requirement 
will exclude the two commercial alloys in Table 1 (types 316 and 347 stainless steels) and 
require a careful examination of the performance of the near-commercid alloys, as well. In 
examining relative performance of the alloys listed in Table 1, however, the possibility of 
improving any of the alloys has not been excluded, with the concomitant problems of 
qualifying a new grade of steel within the necessary modified specifications for chemistry or 
thermal-mechanical processing. Nevertheless, most of the emphasis in this section of the 
report will be placed on the HT-UPS alloys, and comparisons will often be made with type 
316 stainless steel. 

ID-A. The d m  allowablB will be based o n the stre n v  f .  -150 oft he 
ASME Boiler and Pressure Vessel Code. Sect. 1, 

. .  

Only a Code body can set design stress intensity values, and a well-defined procedure 
must be followed before any action can be taken by the Code to approve a new material or 
grade of an existing material. Of utmost impmince is the need for a Code stamp on the 
vessel or piping system in order to meet legal requirements set by the state in which the 
component is to be used. Currently, there is no specific need in the United States for a high- 
strength boiler tubing alloy to be used in an advanced steam cycle system. Assuming that the 
need may exist some day, one can work toward producing materials data that could be used 
by the Code to establish allowable design stresses. The guidance set forth in paragmph A-150 
of Sect. I on Power Boilers is that the allowable design stress intensity for non-age- 
hardenable austenitic stainless steels will be derrermined by: 

1. 1/4 of the specified minimum tensile strength at raom temperature; 
2. 1/4 of the tensile strength at temperature; 
3. 2/3 of the specified minimum yield strength at room temperature; 
4. 2/3 of the yield strength at temperature; 
5. 67% of the average stress to produce rupture at the end of 10,OOO h; 
6. 80% of the minimum stress to produce rupture at the end of 100,OOO h; and 
7. 100% of the stress to produce a creep rate of O.O1%/1OOO h. 

For some austenitic alloys, such as types 304 and 316 stainless steels, item (4) above has 
been waived, and it is permissable to use 90% of the minimum elevated-temperature yield 
strength. Clearly, more than one heat must be tested and long duration test data are needed. 
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In addition to these requirements, evidence must be provided that the dloy does not SQ 

embrittle in longtime service that catastrophic failure could result. 
Substantial data bases exist for type 316 stainless steel; m improved version of type 

34'7 stainless steel, which will be identified here as FG347 stainless steel; and some of the 
near-commercial alloys listed in Table 1. The Nationd Research Institute for Metals (NRIM) 
in 1978 published data sheets for nine heats of type 316 stainless steel boiler tubes that have 
become a standard against which other heats and alloys em 
stress rupture data were provided. The temperatures ranged from 
rupture times extended h y o n  50,000 h, thus qili~ng a minimini of extrapolation to 
establish design stress allowables with a high degee of confidcnce. 

A plot of the NlUM yield and ultimate strength data versus temperature bas k e n  
providd in Fig. 22, which also iiicludes a trend line based 

Jhth tensile- and 
to 750°C a d  stress 

a simple PolYnQmial fit through 
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Fig. 22. Yield and tensile strengths vs tern 
for nine heats of type 316 stainless steel tubing tested 
by the National Research Institute for kletals. 
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the data. Since the tubes experienced similar processing histories, a fairly narrow scatter 
would cover the data, although on a percentage basis it is clear that the yield strength data 
varied more than the ultimate strengths. The trend of the NRIM data is compared with 
representative tensile data for FG347 stainless steel, ST3Cu stainless steel, and TEMPAZQY 
17- 14cUMo stainless steel in Fig. 23. The ST3Cu and TEMPALOY 17- 84cuhao stainless 
steels exhibited higher yield strengths, but all four alloys had similar ultimate tensile strengths 
in the temperature range 200 to 600°C. This is the temperature range where one-fourth of the 
ultimate strength often limits the allowable stresses, hence there is little to choose from among 
these four alloys. 

Since 17-14CuMo stainless steel was one of the alloys examined experimentally, it is 
treated in more detail here. Plots of available tensile yield and ultimate strength data versus 
temperature are provided in Fig. 24. Materials included in the 'IElMPALOY 17-14CuM0, 
several heats and heat treatments examined by Armco (1950), and three conditions for the heat 
are included in the ORNL research. The yield strengths shown in Fig. 24(a) varied 
substantially, with the 1125°C annealed material being the weakest, the 5% cold work material 
being the strongest, and the materials aged at 732 and 800°C for 5 h and tested by Armco 
showing good strengths in the range 500 to 70°C. The different heats and heats treatments 
exhibited about the same scatter in the ultimate strength pig. 24(&)] as the nine heats of boiler 
tubing tested by NRIM (Fig. 22). Again, about the same ultimate strengths were observed in 
the 200 to 600°C temperature range. 

Because the quantities of HT-UPS alloys were small and the primary application for the 
alloys was in the temperature range where creep rupture strength would control the design 
allowables, the tensile testing of most of the developmental alloys was limited to 25 and 
700°C. It was also known from very early in the research work that the HT-UPS alloys in the 
"labrdtory-annealed" condition offered no compelling advantage over the near-comiercial 
alloys identified in Table 1. To conserve material, most of the tensile testing and creep testing 
was focused on material in the hot- or cold-worked condition, which will be defined here as 
the "mill-annealed" condition. Even for the mill annealed, however, some distinctions were 
necessary. Products that received a low-temperature (<115o"C) treatment and small levels of 
cold work (< 2%) were more typical of laboratory-annealed alloys in regard to creep 
response. Figure 25 plots the ultimate tensile strength and ductility of the HT-UPS alloys 
versus the yield strength at 25 and 700°C. Distinctions are made between the nill, mill plus 
aged, and annealed conditions. In Fig. 25(a) it may be seen that at fvst the room-temperature 
ultimate strength increased slowly with rising yield but then more rapidly when the yield 
strength exceeded 500 MPa. The room-temperature ductility data plotted in Fig. 25(b) 
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Fig. 24. Comparison of the strengths for several 
heats and conditions of 17- l4CuMo stainless steel: 
(a)  yield strength vs temperature and (b)  ultimate 
strength vs temperature. 
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revealed excellent reduction of area values at all levels of the yield strength, but elongations 
decreased below 30% when the yield exc MPa. SimilaP. mmds were tAwxvd in 
test data prduc 
250 W a .  Results from a series of tests over the temperatme range 25 to 7 W C  are shown in 
Fig. 26 for four alloys. The CEI alloy was tested in the labmtoq-annealed condition (1 h at 
1120°C). The yield and ultimate strengths shown in Fig. 2 
commercial and near-commercial alloys discuss 

at 708"C, with the cowespondingly lower yield strengh for- 7 

we low rehtive the 
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Fig. 26. Cornparision of the yield and tensile strengths vs temperature 
HT-UPS alloys: (a )  hot-rolled CE1, (b )  as-extruded BWT, (c )  annealed 
rotary straightened CET1, and (d )  cold-rolled MS5. 

the as-extruded BWT tubing shown in Fig. 26@) revealed strength values in the range 25 to 
600°C that were equivalent to or lower than those observed in the CE 1 alloy. The CET1 
tubing received some work during the rotary straightening process that increased the yield and 
ultimate strengths to trends sidlar to those observed in the eamercial and near-commercial 
alloys. This similarity may be seen by comparing Fig. 26(c) to the curves in Figs. 23 to 25. 
The MSS heat was aged after cold rolling and produced very high yield and ultimate strengths. 
Data for this alloy are plotted in Fig. 26(6) and show that the yield strengths approached the 
ultimate strengths above 650°C. 
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The range of yield md ultimate strengths examined in the HT-WS alloys far exceeded 
the range for types 316 md 347 stainless steel tubing a d  piping paoduc 
States. Typical yield sm glXess steel, for example, are 
3110 MPa and type 347 stainless steel varies f o m  220 to 35 MPa (Smith 1969). Only the 
HT-UPS products in annealed con fion exhibited sthengths that consistently fell within these 
ranges. l’ke mill-meal 

fabrication requirements for the HT-UPS alloys would represent a significant de 
usual boiler tube manufacturing standards. 

alloys with the NPdM data base on type 316 stainless steel on a similar time scale, the Pupture 
strengths at lo00 and 10,ooO h were in l a t d  from the NRIM Eends and u s 4  to consm1ct 
a curve for log stress versus the Larson-Miller parameter (LMP): 

alloys were generally stmmger. If the higher yiel 
needed to meet the rupture strertEgthCiiterion stress at 7wc, then the 

For purposes of cotnparison of available data on near-commercial and developmenbl 

where T i s  temperature in Kelvin and t~ i s  rupture life in hours. 
in Fig. 27, where they may 

e resulting data are plotted 
a r d  with the total NWlM data base, arid again in 

ORNL-DWG 90-185 
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10 
18000 20000 22000 24008 26000 

Larson Milles para 

Fig. 27. Log stress vs the L,arson-Milles 
parameter for t e siipture life of nine heats of 
type 316 stainless steel tubing tested by NRIM 
(1976) .  
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Fig. 28(a). The design stress intensity target identified in O N - 6 2 7 4  (60 IvPa at 700°C) 

occurs where the LMP is 24330, and a promising alloy should exhibit an average rupture 
strength that exceeds the target strength by a factor of 1.5. This factor requires that the 
average strength at 700°C and 100,OOO h should meet or exceed 90 MPa. 
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Fig. 28. Comparison of log stress vs the Larson-Miller parameter 
for rupture in the time range 1000 to 10,000 h four tubing alloys: (a)  type 
316 stainless steel (NRIM 19761, ( b )  fine-grained type 347 stainless steel 
(Teranishi et al. 1989), ( c )  Esshete 1250 (Murray et al. 19671, and 
(d )  ST3Cu stainless steel (Sumitomo 1988). 
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Teranishi et 21. (1989) reported creep rate and stress rupture data for nine ha ts  of a 
347 stainless steel tested. in the temperature range to 808°C for times to 
xamind cold working md boiler exposure effects on the tensile and stress 

e 347 stainless steel at 650°C. The 
rupture life. The performance of the alloy was excellent, and the allowable stress intensity 
was estimated to be at least 25% higher than stan 
intended application for the alloy was in an advar ce s t m  at 566°C and 
31 MPa, but the rupture strength at 700°C and 1 was estimated to k in excess of 
60 MPa. A log stress versus LMP c w e  based on the intenpolation of their data at loo0 and 

h is providkd in Fig. 28(b). By cold working the tubing (5  and lo%), the rupture 
strength was improved; and, by use of the LMP, the strength at 7WC and 100,oOO k was 
estimated to be near 90 MPa. The 9Q-MPa value meets the average strength needed to 
produce the 6O-MPa design stress. 

included 17 heats and 4 product forms (tubing, b 
the temperature range 600 to 850°C and times to 
conelations were examined, including the EMP, and estimates af the average rupture strength 
for temperatures to 708°C were made. Again, the average strengths at lo00 and 10,OOO h 
were interpolated from curves provided by Mumy et al. (1967) and used to cons 
stress versus Lh4P plot shown in Fig. 28(c). This plot reveals the excellent strength 
possessed by Esshete 1250 at lower temperatures. With suitable themal-mechanical 
treatment, it may be possible to achieve the target design stress levels 

The creep rupture data base for Esshete 125 reviewed by Mumy et al. (1967) and 
ng, arid f o r ~ ~ ~ g ~ .  Data extended over 
h. Various time-temperature 

The data base for ST3Cu stainless steel reported by Sumitonas (1988) included seven 
heats tested over the temperature range 
analyzed their data using a LMP with an optimized constant of 20.83, rather than 20 as used 
to construct Fig. 27. The strengths at loo0 and 10,ooO h were interpolated from the reported 
stress rupture curves and used t~ construct the log stress versus LMP curve shown in 
Fig. 28(d). Here, the parameter constant was 20. The average strength when the LMP was 
24330 was estimated to be near 70 MPa. Sumitorno estimated a value near 65 ma, hence 
further optimization of ST3Cu stainless steel. would be needed to m e t  the strength Criterion 
set forth in ORNL-6274. 

At times in this report, TEMPALQY 17-14GuMo stainless steel has been treated 

separately from the standard version of 17-l4CuMo stainless steel. In regard to creep rupture 
strength, it is convenient to include the alloy With the historical data base and the experimental 
work performed at QRNI,. A lason-Miller plot of all creep rupture data is provid 
Fig. 29 in which the test data prduced at ORNI, are distinguished from the literature data. 

bo 750°C and times to l0,OOO h. Sumitorno 
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Larson Miller Parameter 

Fig. 29. Comparison of stress YS the Larson-Miller 
parameter for rupture of 17-14CuMo stainless steel with 
the trend lines for type 316 stainless steel and ST3Cu 
stainless steel. 

The data produced by ORNL indicated lower strength for this material. A single test on a 
specimen annealed at 1200°C exhibited slightly longer life, and two specimens of the same 
heat cold rolled to 5% reduction in thickness fell on the upper side of the trend. These test 
data are included in Appendix (1. For comparison, the curves for type 316 stainless steel and 
STXu stainless steel are included in Fig. 29. Both alloys were weaker than 17-14CuMo 
stainless steel, although the ST3Cu alloy came very close to matching the strength of the 
material tested at O W .  Inspection of the data trend revealed that the strength range for 
17- 14CuMo stainless steel when the LMP was 24338 was fiom 70 to 105 MPa. The average 
was new 90 MPa, which meets the strength Criterion in ORNL-6274. Thus it appears that 
17-14CuMo stainless steel deserves consideration when selecting an alloy for the advanced 
steam cycle. 
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The creep rupture response of the HT-UPS alloys was devided into ~ W Q  categories 
annealed and mill annealed. Annealed was meant to imply that the material. was heated to at 
least 11 1 o"C, held for at least 0.5 h, and air c w l d .  Mill annealed for pu O S ~ S  of evaluating 
the creep rupture response implied that the material was anne ed at 1150°C or higher and 
received some degree of w m  or cold work after the anneal. (keep rupture tests were 
performed on several of the I-IT-UPS alloys in both of the conditions. Testing covered all 14 
alloys, a variety of heat treatments, temperatures in the range 
beyond 35,000 h. Data are re 
described in this report. Briefly reviewing the findings in regard to stress aupture, dara for the 
HT-UPS alloys have been plotted as log s 

to 850°C and times to 
ed in Appendix C, but results are too extensive to be fully 

ss versus L W  in Fig. 38. A significant 
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. Comparison of log stress vs the ~~~~Q~~ iller ~ a ~ ~ ~ $ ~ e ~  
316 stainless steel: (b) an- for HT-UPS a l l ~ y s  with the trend for ty 

nealed material and (b )  mill-annealed m 

difference in the strength is apparent in comparing Fig. W(n)  for fully annealed materials with 
Fig. 3Q(b) for the mill anneal -materials. The downw 
extrapolated to stress around 60 m a  when the LMP was 24330. Hence, the strength of the 
annealed ITIT-UPS alloys was sirnil to some of the neap-cornmereid alloys discuss 

indicated that strengths in the range 100 to 1 
easily meet the mpture strengthCriterion in 

trend for the annealed materials 

ed condition produced some extraordinary strengths. Exmpelation of data 
could be achieved. Such values would 
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Much of the scatter in the log stress versus LMP curves for the annealed alloys may be 
attributed to the limitations of the LMP in correlating the time-temperature behavior of alloys 
that undergo strengthening due to the precipitation of carbides during service. In particular, at 
temperatures below 7OO"C, rupture data were often produced at stresses that exceeded the 
yield strength, as mentioned earlier in this report, and the strain associated with this 
deformation promotes the precipitation of carbides, especially MC, which cause strengthening 
that would not be present at stresses closer to the design levels. Fortunately, below 700°C, 

the allowable design stress may be controlled by the tensile strength, which provides an extra 
margin of safety when such alloys are used. 

The considerations in determining the design stress allowables for high temperatures 
require knowledge of the creep rate and preferably the whole creep curve. Except for type 
316 stainless steel, very few data were available for the alloys listed in Table 1. Teranishi 
et al. (1989) reported creep rate data for one heat of the fine-grained 347 stainless steel that 
indicated that the stress for the O.Ol%/lOOO h was greater than 67% of the average stress to 
produce creep in 100,OOO h. A sinular approach was used by Sumitomo in working with data 
for ST3Cu stainless steel (1988). Murray et al. (1967) reported an analysis for Esshete 1250 
that included the times to specific creep strains in the range 0.1 to 1 %. Again, it appeared that 
67% of the rupture strength at 1100,OOO h, rather than the stress for the 0.01%/1OOO h creep 
rate, was the controllingcriterion in setting allowable stresses in the creep range. 

Chapman and Lorentz (1960) included creep rate data in their analysis of 17-14CuMo 
stainless steel, and additional information was produced by Armco (19SO). Some information 
on actual creep curves and relaxation rates was also available. The experiments at ORNL on 
17- 14CuMo stainless steel included the measurement of the entire creep curve, hence the times 
to various creep strains and the minimum creep rates (rncr) were determined for nearly every 
test. Some of this information has been included in Appendix C. The shape of the creep 
curve for 17-14CuMo stainless steel was discussed by Swindeman and Bolling (1990). They 
observed very little primary creep. Further, the time to 1% creep was a high fraction of the 
rupture life. This trend implied that the rupture Me, rather than the rncr or the time to 1% 
creep, would control the allowable design stresses at high temperatures. Some data for the 
heat of 17- 14CuMo stainless steel are provided in Fig. 3 1. These are plots of the stress 
against the value of the LMP for the minimum creep rate [Fig. 31(a)l and the time to 1% creep 
[Fig. 4 l(&)]. To calculate the LMP for these indices, the time to I % creep or the reciprocal 
mer data were inserted into Eq. (10). The wide scatter in the data plotted in Fig. 3 1 was an 
indication that the LMP was not a very good correlating parameter fur either damage 
measurement. The time to 1% creep strain was better behaved than the m u ,  however, and the 
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trend indicated that the stress to produce 1% creep was only slightly less than that to produce 
rupture. Since the Code uses 100% of the average stress for 1% creep in 100,ooO h and only 
67% of the stress to produce rupture in a similar time, it appeared that the stress associated 
with the rupture life would be controlling. 

A very large body of infarmation has been amassed on the creep behavior of the HT- 
UPS alloys, but the subject will be only briefly discussed here. Some typical curves for the 
CE3 alloy are shown in Fig. 32 for low stress tests at 700°C extending to beyond 30,000 h. 
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Fig. 32. Low stress creep curves for HT-UPS alloy 
CE3 at 780°C. 

The lack of significant primary creep and the general linearity of the curves suggested that 
very few microstructural modifications occur in the alloy over long periods of time at low 
stresses and high temperatures. This observation was consistent with the analytical work 
performed by Todd and Ren (1989), Maziasz (1989), and Carolan et al. (1989) on the HT- 
UPS alloys. However, it was also clear that the strains prior to the initiation of tertiary creep 
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are very small, typically 1% for the mill-anneal. 
stainless steel, such trends indicated the strep; 
O.O1%/1W h or stress for 1% creep in 208 
Curves for the log stress versus the LMP in inhum c m p  rate and time to 1% creep data are, 
shown in Fig. 33 for both the annealeel and mill-annealed IIT-UPS alloys. Here it may be 
seen that the txends for the mill-annealed material pigs. 33(b) and 33(6)] were somewhat 

paptially due to a larger number of tests that were pxfon~ied on the rd-arnne 
low stresses, The trends for the annealed materids were so pmrly defined that it was difficult 
to draw any meaningful conclusions. me trends for tke anil~annea~eaj, materials clear~y 
indicated that the strengths derived from the defamation data. would be compxable to those 
derived from the rupture data plotted in Fig. 38. Again: with theCfiterbn that the design 
stress be based on 1QO% of ihe average strength derived from deformation and only 67% of 
the average strength derived from rupture testing, it was clear that mpture strength would be 
the controlling strength. It is also clear from Figs. 38 and 33 rhat the HT-UPS alloys have 
more than adequate strength potential to meet the target desigai stress. 

which to deternine design stress allowmbks, Rather? the data were intended to guide in the 
~ e l ~ t i ~ n  of suitable fabrication and heat-treating schedules that would ensure h a t  the target 
design stress could be reached. To a great extent, the estimation of the design mess depends 
on &he selection of the metlids by which the data are extrapolated, and many elegant 
procedures have k e n  developed to accomplish this task. It is well beyond the scope of this 
report to delve into this sophisticated technology area. Some work on modeling of the mcr 
data was reported by Black et al. (19891, but the major effort Inas yet to be undertaken. 
Before this is done, testing must be completed on tubing products fabricated to achieve tensile 
strength properties that fall near the upper limit of the 300 series stainless steel tubing. Most 
likely, thc optimum tubing condition would c ~ ~ e s g ~ s n d  to a morn-temperature yield strength 
in the rangc 350 to 450 W a .  

In summary, further 
developmental alloys identi 
design stress of 60 MPa at 700°C can be achieved in fabricated boiler tubing alloys, The 
17- 14CuM0, ST3Cu, and HT-IPS alloys show excellent potential. 

ccsn&tion. ,4s for the case of 17- 14CuMo 
turn, rather than strcss for a m a  of 

odd be the governing propel-ty. 

better defined than the trends for the annealed mateerid [Figs. 33(a) and 33(c)]. 1s was 

The data produced on the HT-UPS wcre not intended to be an engincexing data base on 

mization and analysis of the near-commercial and 
in Table 1 are requkd before it can $e certain that the target 
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after lOO.Oa, h under pressurized tube ruuture co nditions, 

. .. 

Many indices have been proposed which correlate creep rupture ductilities measured 
under contant-load, isothermal, uniaxial stress conditions with performance under more 
realistic loading conditions. Twenty-one of these indices were reviewed by Manjoine (1973, 
and the triaxiality factor (TF) proposed by Davis and Connelly (1959) emerged as a useful 



index for evaluating ductility requirements for pmssuri 
e ratio of the normal stress to the shear mess on the 

for simple tension: 

img. Here the TI“ is defined as 
plane, normalized to unity 

where the principal stresses are o1, 02, arad n3. The stmiin measured in the stress rupture 
experiment is thm plo against the TF to estimate ductility. Mmjoine provided data for 
type 304 stahless steel, but very little infomatioon is available for the alloys listed in Table: 1 ,  
with the exception of type. 3 16 stainless steel. 

performance of type 316 stainless steel was reviewed by Marshall (1984), who 
data revealing a very wide variation a-eep rupture ductilities froan heat to heat. The 

elongation and reduction of area data report NRIM (1978) also revealed a wi 
ductilities (1 to 40%) after l ~ n g  times at 788°C. This trend i s  shown in Figs. 34Qo) md 34(b). 
Experience with low ductility failures of type 316 stainless steel piping in the Eddystone 
Unit #I plant was discussed by Masuyaina et al- (1987) and Ellis et d. (1988). They found 
that the steels that were balmcd toward the higher Crq(B) were re prone to low ductility 
failures than those with higher N&(B). Compositions that minimized hot cracking tendencies 
in welding tended to promote low ductility cracking in sewice. ‘The issue is yet to be 
resolved, but it smms as if the internmetallic embrittling p ases a e  more likely in the higher 
chromium alloys. 

Of the steels listed in Tablie 1, Tcranishi et aL (I9 9) provided data that reveal 
excellent uniaxial ductilities (10 to 40% elongations) in fine-g~aineb type 347 stainless steel 
specimens which ruptured in times to 10,000 h md temperatures in the range 4 
They also performed pressu~ad  tube stress-rupture tests, but did not report ductilities. 
Munay et al. (1967) provided elongation data for Esshete 1250 that showed values exceeding 
10% strain for times in the range 100 to 30, 
Pressurized mix stress mpture testing of Esshete 1250 was r e p  
(19671, but no data on ductilities were provided. Similarly, testing of t u k s  of 17-14Gi1Mo 
stainless steel was u n d e d e n  by Chapman md brentz  (196Q). They 
in the ruptured tubes, but provided no numcsical data. The uniaxial creep m-upmre elongations 
were in the rmge 3 to 21% and reductions of area were from 6 to 40%. Higher elongations 
were observed in TEMPKQY 17-14CuMo stainless steel by Tarmum et al. (19813). 
Infomiation of the creep rupture ductility of type 17-l4CuMo stainless steel, including the 

h and temperatures from 
by Mantle and G e m i l l  
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Fig. 34. Elongation and reduction of area vs log rupture life for 
two tubing alloys: (a) and ( b )  for type 316 stainless steel at 7OO0C, 
(c) and (d)  for 17-14CuMo stainless steel at temperatures in the range 
600 to 815°C. 

ORNL work, is summarized in Figs. 34(c) and 34(d). Ductility in this alloy was marginal, 
with both elongation and reduction of area data often falling below 10%. This may be due to 
the tendency for this alloy to form Laves phase. 

Elongation and reduction of area data for the HT-UPS alloys are plotted in Figs. %(a) 
and 35(h). For the most part, excellent ductilities were observed €or times to beyond 
10,800 h at all temperatures. A few test data corresponding to the more heavily cold-rolled 
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MS alloy series fell 
of only 5% and a reduction of area approaching 10% in 18,745 h. Knowing the longtime 
ductility for the I-TT-UPS alloys, an estimate 

data, using the IF definn 

low IO%, and one specimen of the AX8 d o y  exhibited an elongation 

from the curves developed by Manjoine (1975) from type 304 stainless steel 
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uniaxial ductility for a creep rate near O.O1%/1OOO h would be near 0.7. Assuming that the 
trend for elongdtion versus log time in Fig. 34(4 extrapolates to 4% in 100,OOO h, the 
expected ductility in a pressurized tube would be around 3%. This exceeds the specified 2% 
strain. 

Some concerns remain in regard to rupture ductilities under pressurized stress 
conditions because of the unusual failure mode exhibited by the HT-UPS alloys. As may be 
seen in the creep curves shown earlier, the alloys often experienced little or no creep for long 
times. Over a short time span tertiary creep occurred and the specimens necked down and 
failed by a plastic instability mechanism. This necking and instability appeared to be brought 
a b u t  by a combination of factors. First, oxide cracks developed on grain boundaries, as 
shown in Fig. 36(a), and worked inward both on the grain boundaries and through the grains. 
Possibly, the increase in stress associated with the local reduction in load-bearing area 
promoted recrystallization on grain boundaries and within the matrix. The MC was then 
dissolved into the dislocation-free recrystalized regions, as shown in Fig. 37 for a specimen 
that failed in 18,OOO h. Both transgranular and intergranular cmcks grew and produced the 
relatively high reduction of anxi creep rupture failure as shown in Fig. 36(6). 

To better examine the stability of the HT-UPS alloys under high-temperature creep, 
four creep crack growth tests were performed on 17-14UMMo stainless steel and the AX5 
alloy at 7WC, and some results are provided in Table 6. The specimens were of a compact 
tension ((3) design with thickness of 12.7 mm and width of 25.4 mm. They were chevron 
notched, precracked by fatigue, side grooved 20% of the thickness, and tested in a dead-load 
lever-arm creep machine. Crack growth was monitored by a dc potential drop (PD) 
technique. Current leads and voltage pickup leads for the tests were located at positions 
described by McGowan and Nanstad (1984). The first 17-14CuMo stainless steel specimen 
failed on loading to 4.26 kN. The stress intensity factor, K, calculated from the equation in 
ASTM E 399-83 Appendix A4, waqestimated to be less than 44 MPa-mln. The second 
17-14CuMo stainless steel specimen was loaded to 2.66 kN (K = 25 MPd-mln) and lasted 
122 h. Posttest examination revealed that the crack grew from an a/w of O h  to 0.7, where- 
upon a gross overload failure occurred. The vdue of K, calculated from the load and 
dimensions obtained from the rupture surface, was near 42 MPa-mW. Examination of the 
rupture surface of the specimen revealed intergranular creep propagation to the point of 
overload, then transgranular tearing. The potential drop and load line displacement data were 
examined on the basis of equations for e* and Ct proposed by Saxena and Han (1 987) and C, 
propsed by Jaske and Begley (1978), but the results were inconclusive because of 
uncertainties in the interpretation of the data. For example, the rupture surface revealed creep 
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YE-14156 

Fig. 37. Transmission electron micrograph of HT-UPS 
alloy AX8 that ruptured after 18,745 h at 700°C and 170 MPa. 
Recrystallization along the grain boundary was evident. 
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_I_._ 
Test Sp&~c im~n Material Time (h) Load (kN) K (MPa C0mrnWIt 

25490 OX4 CuMoSS 0 4.26 4 4  K ~stimated from fracture surface 

25600 CCG2 CuhAoSS 0 2.66 25 
1 2 2  2.66 4 2  K wstitriatod from fracture surface 

25494 c@G7 AX5 mill 0 2.66 25 K es?imated from fracture surface 
423  3.1 9 
590 3.72 
758 4.26 
930 4.79 

1099  5.32 
1373  5.32 74  d from fracture surface 

25606 K X 3  AX5ann 0 2.1 2 1 7  K estimated from sectioning 
1844 2.66 
2490 2.65 22 K estimated from sectioning 

crack growth near 2.5 mm, while the potentid &op measwements indicated only 0.8 nun. In 
the same time period the load line displacement was ncx 0.18 mm. Usc of the PD and load 
line data without any comctioms to resolve the inconsistencies produced C* data that deviated 
by an order of magnitude from the trend observed by Maniott and Stubbins (1988) on center- 
cracked-tension (CCT) specimens machin from the same heat of B?-l4CuMo stainless steel. 

A creep crack growth specimen of the AX5 d41oy was loa& at 7 W C  to 2.66 kN, 
which produced a s w i n g  stress intensity factor near 25 MPa-mI/*. After 423 h, with tro 
apparent load Bine displacement, the load was increased to 3.19 W. '4gain, nothing happerred 
in a week, so the load was increased to 3.72 kN. Eventually, after increments to 4.26 arid 
4.79 9clN and 1099 h in t a t ,  significant load line displacement was obse ed when the load 
was increased to 5.32 kN. The specimen failed after an additional 274 h. Examinafion of the 
rupture sunface revealed a ductile tearing failure mcde starting near the fatigue crack tip md 
progressing to the front where overload failurc: mcupred. an dw distance of appmxinnatcly 
0.1. The stress intensity was eshniatd to be ilea 74 MPa-rnl@ when the overload esn&tion 
was reached. Assuming little or n rack gi-owah at the lower loads, the crack grew from a 
value for dw near 0.6 at 1099 h at 1373 h as the stress intensity increased from 50 to 
74 MPa-rnln. The evidence suggested that the AX5 alloy had approximately 80% higher 
resistance to creep crack growth than 17-14CuMs stainless steel at 700°C. A longer dme best 
was performed on an annealed AX5 specimen at 700°C. Here, the starting stress intensity 
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was equal to, or greater than, 17 MPa-mlD. After 1844 h the load was increased to produce 
an estimated K near 22 MPa-mla. Very little load line displacement was observed for an 
additional 646 h. The specimen was removed from testing and cross sectioned. A photo- 
micrograph of the crack tip region is provided in Fig. 38. This revealed a blunt crack with 
some oxide penetration along grain boundaries at angles to the crack growth direction but no 
evidence of creep crack growth or cavitation at the crack tip. 

Y209857 

Fig. 38. Photmicrograph of the crack tip of HT-UPS 
alloy AX5 that sustained 1844 h at K = 17 MPa-ml’Z and 
646 h at K = 22 MPa-ml/z with no apparent crack growth. 
Plasticity-induced crack blunting and oxide penetration 
along grain boundaries are evident. 

In summary, the alloys identified in Table 1 appear to Rave d q u a t e  ductility to meet 
Criterion III-B. However, the low creep ductifiiaies reported in some heats of type 316 
stainless steel and 17-14CuMo stainless steel suggest that these alloys may be marginal. 
There is some evidence that the creep crack growth resistance of the HT-UPS alloys is 
unusually high, and further work to explore this attribute would be of value. 
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111-C. Overtemperature excursions of 50°C for 'up to 1% of life willAncIt degrade lonF-time 

mture heat recovery systems generally experience ovcrtemperature 
transients with various degrees of severity. Very little testing has lxen performed to assess the 
ability of alloys to resist such transients without undergoing damage. One significant 
symposium was held by A S W  (1954) that collected work on cyclic heating and stressing of 
materials, and the trends revealed in the papers on austenitic stainless steels indicated that the 
linear damage summation props by Robinson (1952) was satisfactory in conelaring data. 
Here, the creep damage fraction, dci, during my transient to temperature Ti is calculated by 

where 6t; is the time at Ti, and tpi is the time to rupture at that temperature and stress. When 
the sum of all damage fractions reaches unity, failwe occurs: 

C&, z8.0 . 

Of the alloys listed in 'fable 1, only type 3 16 stainless stcel has been extensively cxmincd, 
and a sumary of work performed in connection with the failures in the Eddystone Unit #I  
main steam line piping has k n  provided by Maszayan-na et all. (1987). They found 
Robinson's rule to be a reason 
perfsmd tcmperamre cycling creep tests on both type 3 16 stainless steel md Esshete 1250 at 
600°C, but found no significant acceleration of damage, Criterion 111-C assumes the validity 
of linear damage, but allows a significant extent of damage cawed by transient$ to be 
accumulated. Exmining the general trend of the LMP cmves plotted earlier and taking 90% 
of the stress for any L W  value, the redanced IMP value and the original I M P  value for chat 
stress may be used to estimate the percentage of life comsponding to a 10% loss of strength. 
For the ?XI'-UPS alloys, this procdurc estimated an allowable 5 % loss in life at stresses in 
the range of the LMP cuwe. In other words, if the damage fraction simmmation for tests 
involving temperature changes exceeds 0.5, Criterion 111-@ can $e satisfied for a given alloy. 

A few tests were unc1ePt;aken on scm~e of the HT-UPS alloys to examine damage under 
tempcramre change conditions, but the lack of a complete data base to estimate tr; presented a 
handicap. Data are summark..  in Table 7. lnc l~d  are results from one experiment on the 
AX7 and four experiments on the BWY alloy. Several different temperanires were examined 
and stresses were in the range 170 to 244) MPa. The life for any condition was estimated from 

e estimate of remaining life. Toft and Broom (1963) 
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Table 7. Damage summations for variable temperature tests 

- 

Test Specimen Temp (C) Stress (MPa) Time (h) Summation damage (min) Summation damage (max) 

2561 1 

26028 

26053 

26087 

26607 

AX7-12 650 

760 

BWT-27 700 
730 

BWT-27 650 
760 

BWT-31 650 
700  
730 
760 
730 
700 

CS5-03 700 
730 
700 

200 

200 

170 
170 

200 
200 

170 
170 
170 
170 
170  
170 

240 
240 
240 

20,000 

174 

10,000 
3,685 

I o , a w  
537 

10,050 
480 
51 3 

193 
984 

835 
145 
61 1 

1 ,a02 

0.17 

0.85 

0.50 
0.98 

0.08 
2.18 

0.02 
0.04 
0.10 
1.46 
1.51 
1.56 

0.28 
0.52 
0.72 

0.1 7 

0.85 

0.28 
0.55 

0.04 
1.06 

0.01 
0.02 
0.1 0 
0.84 
0.86 
0.89 

0.1 6 
0.31 
0.62 

the LMP in which the parametric constant was selected to be 20. Since the log stress versus 
the LMP data for the BWT alloy exhibited scatter, maximum and minimum values were se- 

lected for estimating maximum and minimum tri values in Eq. (1 1). The damage summations 
in the five experiments ranged from 0.55 for the worst case to 2.18 for the best case. Thus, 
in no case was there an indication that the HT-UPS alloys would not Meet Criterion In-G. 
However, it may be that thermal cycling could punch out dislocations around the large 
precipitates. These dislocations could produce enhanced creep rates OT promote local 
recrystallization; to ensure that such a creep enhancement mechanism would not occur, more 
testing under thermal cycling is needed. 

Stress-tempewe cvcl i rg  will not &grade the long&ne bv mo re than IO%, 

Reflecting the concerns in the boiler industry about material degradation under cyclic 
loads, Criterion HI-D addresses the need for an understanding of damage accumulation under 
both temperature and load cycling. Toft and Bxoom (1963) examined the behavior of type 
3 16 stainless steel and Esshete 1250 under combined load and temperature changes and found 
only small effects. However, fatigue and creep-fatigue interaction phenomena are known io 
produce significant damage in austenitic stainless steels at high temperatures, and much is 
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being done to reduce the likelihood of cycle-induced failures. Currently, the most often used 
rules for evaluating damage under cotnbind stress- (or strain-) te mature cycling are those 
in the high-temperature extension of the ASME BVP Cde ,  Sect. VUI, namely, Code Case 
N-47. Here, continuous cycling design fatigue curves were cons'tnncted from uniaxial, strain- 
range controlled, low-cycle fatigue (LCF) tests, It was then rmomended that the fatigue 
damage for any arbitrary cycling histogram be calculat from Minor's mle. Various types of 
creep damage are then introduced in the cycle and the creep darnage fraction calculated from 
Robinson's rule. The fatigue damage fractbn, dfi, for any cycle at strain range, A%> i s  given 

bY 
dfl = mfi, (14) 

where Nfi is the number of cycles to failure at A q .  Again, damage is summed over all cycles, 
but, for creep fatigue interactions, the creep damage and fatigue damage fractions are again 
sumtlaed and the total damage, B, restricted to a number q u a l  to or less than 1. Thus: 

For austenitic stainless steels, D is sometimes chosen to 
Of the alloys identified in Table 1, only t 

base to estimate the D value by the analysis me elo@ for Code Case N-47. A review 
of the data base for type 3 16 stainless steel wa 
Teranishi et al. (1989) examined the fatigue behavior of fine-grained type 347 stainless steel at 

750°C and 1 % strain range. They did not interpret their data on the ba 
reported the cyclic lives with and without creep damage being intrdu 
fourid to be 80 and 450 cycles, respectively, 

and Skelton and Beckett (1987) disc 
"C and 1 % strain range, they found the fatigue life was near 2 

continuous cycling conditions and, depending on the heat treatment, 
a 0.5-h creep relaxation period was introduced between cycles, 

A few exploratory fatigue and creepfatigue tests have been performed on 17-14GuMo 
stainless steel and on one of the HT-UPS alloys (AX$). Mm-iott and Stubbins (1988) tested 
17-l4CuMo stainless steel at 700°C and two strain rates- At 1% strain range, the life of 
17-14CuMo stainless steel was a ut $08 cycles for tbc 4 x 1 0 %  strain rate and near 100 

16 stainless steel has a sufficient data 

by Mashdl (1984). However, 

of 1%- (151, but 
e 'llese lives were 

-pm grain size material. D~WSQII et al. 
e creepfatigue behavior of Esshete 1250. 
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cycles for the 1.4 x IO-s/s strain rate. These lives were longer than those reported by 
Teranishi et al. (1987) for fie-grained type 347 stainless steel at 7WC, but they indicated 
poorer creep-fatigue resistance than Esshete 1250 at 650°C. One test was performed at ORNL 
on the same heat of 17-14CuMo stainless steel at 650°C and 1% strain range. A 0.5-h 
relaxation hold was introduced at the tensile strain limit of each cycle. The specimen lasted 
176 cycles. The relaxation curve at half-life and the creep rupture data for 650°C were used to 
calculate the creep damage in the cycle as ~ p ~ i f i e d  in Eq. (12), and a value of 2.2 x 10-Vcycle 
was produced. Assuming that the continuous cycling life would be around loo0 cycles and 
that the half-life damage fraction was applicable throughout the life, the damage D was 
determined from Eq. (15) to be around 0.21 and not far from the 0.3 value used in Code Case 
N-47 for austenitic stainless steels. By calculation, most of the damage was found to be 
fatigue damage, yet the failure mode was predominantly intergranular. Similar relaxation hold 
experiments were performed on the AX8 alloy and type 316 stainless steel (1% strain range 
with a 0.5-h hold at the tensile strain limit). The cyc ic lives were 677 and 530 cycles, 
respectively. Calculation of the damage during the relaxation cycle was handicapped by the 
lack of creep rupture data for the AX8 alloy at 650°C. Damage calculations based on the trend 
for other cold-rolled HT-UPS alloys, however, produced a damage per cycle near 
2.6 x l0-5/cycle which was almost an order of magnitude lower than for 17-14CuMo stainless 
steel. The value of D, assuming a continuous cycling life of lo00 cycles, was found to be 
near 0.7. The damage mode for the AX8 alloy was prinlarily transgranular cracking that was 
promoted by oxide wedges similar to those shown in Fig. 36(u). The damage calculated for 
type 316 stainless steel was near 1.35 x 1O-Ycycle and the value for D near 1.25. The failure 
mode was primarily intergranular cracking. Thus, only the type 316 stainless steel accumu- 
lated significant creep damage, based on the use of Eq. (12); yet, on a relative strength basis, 
the relaxation response was not much different for the three alloys. Plots of the relaxation 
data for the alloys near their half-lives are provided in Fig. 39(u). Here it may be seen that the 
AX8 alloy was very strong, but the stress relaxation increment in 0.5 h was about the same as 
that for 17-14CuMo stainless steel and type 316 stainless steel (about 80 MPa). The creep 
rupture strength of the HT-UPS alloys was very high relative to the rapid relaxation, how- 
ever, and this fact led to the small creep damage accumulation, as may be seen in Fig. 39(h). 

Data for all alloys, including type 3 16 stainless steel, are too meager to determine if 
Criterion HX-D can be met. Further studies on cyclic operation and the way in which damage 
is summed are needed. The current mep-fatigue interaction diagram recommended for use in 
high-temperature nuclear service implies, by virtue of the faGt that D is limited to 
small amount of fatigue damage can greatly reduce long-time: creep strength (and vice versa). 
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III-E. Notched-to-smooth bar creep I U D ~  stre nrrth ratios will exceed un itv at temperatures 
jn the rang&@ to 76O"C, 

Williams and Willoughby (1963) found that type 3 16 stainless steel and Esshete 1250 
were notch strengthened at temperatures in the range 600 to 700°C. It was found that the 
presence of the stress concentration associated with the notch produced local warm work that 
promoted the precipitation of MC in Esshete 1250, thereby improving the strength. No data 
for the other alloys, except type 316 stainless steel, are available; however, it seems likely 
that those alloys that produce copius amounts of intermetallic phase could be susceptible to 
notch ernbrittlement. Possibly, 17-14cUMo stainless steel could be in this category, as well 
as some heats of type 3 16 stainless steel. The HT-UTS alloys, with their exceptional ductility 
and resistance to creep crack growth, are likely to be notch strengthened. 

111-F. C h m y  V i mmct energy at room temtxrature will exceed 20 J at t he end of life. 

Marshail (1984) has reviewed the work of Silcka (1982) and others who addressed the 
influence of aging on the impact energy and fracture toughness of 300 series stainless steels. 
The impact energy (Charpy V, Charpy keyhole, or Izod) has been observed to diminish to 
20% of the starting value as a result of long-time aging. Values for the Chrpy  V-notch may 
approach 60 J at long times for initially tough alloys and less than 40 J for low-toughness 
alloys. Teranishi et al. (1989) aged the fine-grained 347 stainless steel €or times to 10,OOO h 
at temperatures in the range 650 to 800°C and found the Charpy energies to be around 55% of 
the starting value at 0°C. Minami et al. (1986), on the other hand, aged type 347 stainless 
steel for times to 50,000 h and found that the impact toughness was reduced to 20% of the 
starting value. They did not specify the type of test, but reported values as low as 50 J. 
Murray reported that Esshete 1250 s u f f e d  less emtrrittlement due to aging than type 3 16 
stainless steels. The I d  impact energy at room temperature diminished to 50% of the 
unexposed energy after 10,OOO h at 700°C and 40% after 10,OOO h at 800°C. Clark et al. 

) found that the room-temperature Charpy V-notch toughness for 14-14CuMo stainless 
steel was in the range 40 to 60 J after aging approximately 4300 h (6 months) at temperatures 
in the range 650 to 81x)'C. In the worst case, the toughness diminished to 33% of the starting 
value. Sumitomo (1988) exposed ST3Cu for 3OOO h at temperatures in the fydnge Mx) to 
750°C and found the remaining C h q y  V-notch toughness to be approximately 55% of the 
starting value at We. These data reported in the literituse are summarized in Table 8. Tensile 
and Charpy V-notch impact tests were perfOrn?ed on several of the WT-UPS alloys aged 
approximately 10,OOO h at 700°C. "he tensile data arc provided in the appendices and Charpy 
V-notch data are summarized in Table 8. Several of the alloys did not meet the 20-5 impact 
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Table 8. Typical impact dat ed alloys 

Te in par at u re Ti me Toughness 
Al loy  Condition 'Type test ("Cj (h) (4 Reference 

Esshete 1250 Mi l l  
17-146uMo Mi l l  
316 S S  Mil l  
17-14CuMo Mil l  
17-14CuMo Mil l  
AX7 Mil l  
AX8 Mi l l  
5w-r Ext~uded 
17-14CuMo SMA weld 
17-1dCulula SMA weld 
17-14CuNa GTA weld 

lzod 600-880 10,000 

Charpy V 700  10,006 
Charpy V 7 0 0  10,ooa 

Charpy v 650-815 4,300 

Charpy V 700 10,OOQ 
Charpy V 7 0 0  1 Q,OQO 
@harpy V 7 0 0  10,qQQ 
Charpy V 790 5 , O Q O  

Charpy V 7 0 8  19,000 
Charpy V 7 8 0  1 o,ooa 

Chaipy V 700 10,000 

40-1 15 
40-60 
28.9, 28.8 
56.70 
19.4, 27.3 
9.6, 10.4 
18.4, 18.4 
95.8, 96.5 
35.9, 28.4 
32.9, 35.9 
18.9 

Murray et al. 1967 
Clark el al. 1960 

energy end-of--life criterion. These imclubed AX7 (10 9) and AX8 (13 J). 17-l4CuMo 
stainless steel produced values near 13,27, and 57 J, while the toughness for type 316 
stainless steel was close to 29 J. The best HT-UPS alloy was the ESW material with an 
impact energy near 96 9. C h q y  V n ~ t c h  irnpacn; data €01- the starting HT-WS mateids were 
not obtained, so a comparison with the other alloys discussed a 
basis of the Ipercentage of retention of toughness. 

In s u m a r y ,  all of the alloys listed in Table 1 wiU lose teughness as a result of 
exposme to high-temperature xwice. Indications we that some of the alloys (AX7 and AX8) 
may be so embrittlsd at. room temperature elPat they will not meet the 20-J impact energy 
identified as a desirable CriteP-icm. Discrepancies exist in rcgard to the aging embrittlemen& of 
17-l4CuMo stainless steel arid 347 stainless s t d  that may reflect heat to heat variations. 
Further studies of loss of touglnrness in a service envi~-onment will be needed. 

111-G. Impact properties of weld metal will meet the rwuirements of the iaSM1i 13PV Code. 

Austenitic alloy welhents  that contain significant amounts of €enits; could suffer 
embrittlement if the ferrite were to transform to sigma ox- a' du~?ng service. '1%~ alloys listed 
in Table 1 are not expected 10 contain much fenire in welds, hence it should be possible to 

meet this Criterion In-G. Nevertheless, sigma and Laves could develop in the weldrr-rent, just 
as it could in the base metals. Impact and fracture toiighness data for the alloys are of interest, 
Again, Marshdl (1984) provided a review of the toughness of weldments in 3 
stainless steels, while Williams and Willougliby (1963) exanin Esshete 1250. Little 
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information has been reported about the impact toughness of welds in the fine-grained 347 
stainless steel, 17-14CuMo stainless steel, or ST3Cu. A few Charpy V-notch tests were 
performed at ORNL on weldments of 17-14CuMo stainless steel aged 10,OOO h at 7WC, and 
results are reported in Table 8. The SMA weld exhibited room temperature knpact energies in 
the range 28 to 72 J. The GTA weld produced an impact value near 19 J. No information has 
been produced on the aging embrittlement of C'RE 16-8-2 stainless steel and alloy 556 filler 
metals. However, it is known from the work of McCoy and King (1985) that base metals 
such as alloy 617 and alloy 556 will exhibit Charpy V impact values less than 20 J after long- 
time aging at 7 W C  and higher. There is reason to expect that similar embrittlement would 
occur in filler metals of similar composition. 

In summary, more infmation is needed on the toughness of aged filler metal for all 
alloys listed in Table 1. In particular, the CRE 16-8-2 stainless steel and alloy 556 filler 
metals should be investigated to determine their tendency toward embrittlement. 

III-H. The creeD rupture strength of weldments will exceed 90% of the base metal strength. 

Data for the strength of weldments has k n  reported for nearly all of the alloys in 
Table 1. Generally, thecriterion of 90% s f  the base rmtd strength has been met. The data 
base for weldments in type 3 16 stainless steel is vast, a d  the Code has developed weld 
strength reduction factors that may be used for this loy when weldment integrity is of 
concern. Over most of the useful range for type 316 stainless steel these stress reduction 
factors indicate weldment strengths in excess of !XI% of base metal. Teranishi et al. (1989) 
tested weldments of the fine-grained type 347 stainless steel over the temperature range 650 to 
750°C and to times beyond 10,OOO h. They found that the rupture lives for weldments fell 
within the scatter band for base metal. Lister et al. (1967) examined the creep rupture 
response of Esshete 1250 at 600 and 650°C for times beyond 10,OOO h. They found that 
weldments had comparable strength to base met 65032, but rupture lives consistently fell 
near the lower limit of the base metal strength "C. The weldrnents appeared to have 
only 85% of the average base metal strength at this temperature. Surnitomo (19138) used 
17-14CuMo stainless steel to produce GTA welds h ST3Cm stainless steel tubing. They 
performed creep rupture tests in the range 500 to 750°C and found that the weldments had 
strengths that fell within the scatter band for base metal for times to l0,OOO h. Masuyania et 
al. (1988) reported creep rupture data for transverse weld in 17-14CuMo stainless steel at 700 

and 750°C and €or times to 10,OOO h. Specimens were postweld heat treated for 5 h at 730°C 
prior to testing, and the rupture lives scattered about the curves dmwn for base metal. They 
extrdpolated the trend at 700°C and found the rupture strength to be near 100 MPa. 
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in the section of this report ssiag fabrkafion, the results of the tests 
for weldability of the H?'-IJYS alloys hdicatd that their high nickel balance would preclude 
autogenous welding, and in Table 5 the alternate filer metals and processes are identifled. 
These included alloy 82 (a nickel base alloy), 17-14CuMo stainless steel, CRE 14-8-2 strain- 
less steel, alloy 690 (a nickel base alloy cladding), and alloy 556 (a Fe-Ni-Cr-Co alloy). 

ments at 25 and 7W@, creep tests on transverse weldments at 700°C and 178 MPa, a few 
tensile tests and impact tests on aged weldments, a few creep tests at temperatures in the range 

to 8 8 0 " ~  to examine tiiTle-~em~erature-str@ss effects, two arrial-lod creep tests on full- 
sizg piping at 7WC, and two longitudinal. weldment crcq tests. 

The tensile data are repopted in Appendix B, and men s are s u m m a ~ z d  in Fig. 40. 
The ultimate tensile strengths (WS) at 25 and 3WC are shown in the fonn of bar charts in 
Figs. 40(rm) and 4O(c), respectively, while the reduction of area (M) data for the two 

ratures are displayed as bar charts in Fig. 4Q(b) and 40(6). The data are difficult to 
interpret because af the large number of material variables, but Fig. @(a) revealed that all 
weldnients produced similar ultimate tensile strengths at 25T,  except for B WT2, which was a 
relatively weak base metal. All weldments exce the minixmum UTS spccificd for 38OH 
series stainless steels (51s MPa). At 780"C, alloys welded with C E  16-8-2 stainless steel 
filler metal were weak relative to alloys welded with 17- I4CuMo stainless steel arid alloy 556. 

All weldments exhibited acceptable lJTS values. In spite of €usion line cracking in the high- 
phosphorous-containiI-ng alloys (CEl, CE3, and AX7), the RA values at 2S"C exceeded 40%, 
and most failures occurred in the base metal. At 7WC, however, the EL4 values were 
strclngly influenced by the base metal composWow, filler metal composition, and metallurgical 
condition of h e  base metal. The cold-roll 
ductilities when welded with 17-l4CuMo stainless stmi. Better ductilities were observed 
when C W  14-8-2 stainless steel and alloy 556 were used, and RA values exceeding 50% 
were achieved. The alloy 82 weld was found to be weak, and the GTA 17-14CuMo stainless 
steel weld was found to be kritde. Data for specimens welded with these filler metals are 
provided in Appendix D. 

Creep rupture data produced on tsansverse w e l h e n t  specimens are provided in 
Appendix r> and summarized in Fig. 41 on the basis of log stress versus the LMP 
pig. 41(a)] and R.4 versus log time to rupture [Fig. 41(b)]. Here it may bc seen that the C W  
16-8-2 exhibited the lowest strength but thc best ductility. A!loy 556 exhibited both good 
strength and g o d  ductility. The 17-14CuMo stainless steel weldmcnts exhibited the poorest 
ductility. Examining the trend of the data, i t  appeared that the weldment strength was 

of tensile tests on transverse weld- 

A X 5 ,  AX6, AX7, and AX8 exhibited low 
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sufficient to meet Criterion Ill-H. To further examine the weldment behavior, however, a few 
larger weldments were tested. 

The photographs of the creep ruptures in full-section welded tubes are shown in 
Figa 42. The as-extruded BWT alloy tube was welded with CRE 16-8-2 stainless steel, as 
shown in Fig. 19, and loaded in a 444-kN creep testing machine. A butt weld was at the 
center, fillet welds were at the ends of the gage length, and butt welds to type 316 stainless 
steel were made at the ends. The specimen was stressed to 140 MPa at 7 "0 and failed in 

h. The failure appearance may be seen in Fig. 42(a). The CRE 16-8-2 stainless steel 
weld provided extra strength to the tube, causing the tube to fail in a region. remote from the 
weld, The second test was performed on clad iubing. In addition to the butt weld at the 
center, simulated "repair" welds were placed in longitudinal and transverse locations. The 
specimen was smssed to 217 NLPa (assuming no strength contribution from the cladding) and 
failcd in 478 h. See Fig. 42(b). Again, the welds produced strengthening, and failures 
occurred remote to the welds. Both tubes failed in half the lives expected from small speci- 
men test data; hence, additional studies are needed to determine the cause for the differences. 

Two longitudinal weldment tests were performed at 650°C. Type 316 stainless steel 
and the AX8 alloy were selected, since the fonner is considered to have reasonable weldability 
and the latter was known to contain hot cracks of the type shown in Fig. 28. It was of interest 
to examine the possible growth of hot cracks under creep conditions. Butt welds were made 
in 13-mm-thick plates of AX8 and type 316 stainless steel. Specimens were machined 
approximately 44 rnm wide, 2.5 mm thick, and 95 mrn in length. These were tested in a 
222-kN creep testing machine, and the crack initiation and growth were visually monitored 
during testing at 6WC, where it was expected that crack growth would be of more concern 
than at 700°C. The type 316 stainless steel was stressed to 170 MFa and failed in 525 h. 
Cmcks developed in the HAZ and propagated through the weld metal and base metal to 
produce the type of failure shown in Fig. 43(& This is a common mode of failure in type 
3 16 stainless steel at temperatures in the range 550 to 650°C. The AX8 alloy was stressed to 
240 MPa, but after little or no creep in IO00 h, the stress was increased to 290 m a .  After an 
addhional loo0 h and with less than 1% creep strain accumulated, the stress was increased to 
348 m a .  Cracks were soon seen in the CRF, 16-8-2 stainless steel weld metal. ('They may 
have existed at the time the stress was increased.) These cracks propagated across the weld 
region, which constituted approximately 25% of the cross-sectional area, and the subsequent 
inmase in the stress in the AX8 alloy ligament exceeded its ultimate strength. A ductile 
overload failure occurred, as shown in Fig. 43(b). 
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YP-853 YP-9918 

. 42. Rupture a 
a) BWT tubing 

140 MPa and ( b )  BWT tubing clad with allo 
-2 stainless steel with alloy 92 corrosion o w  

the base metal after 478 h at 217 MPa. 
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Y216637 

Y216636 

Fig. 43. Comparison of cracking patterns in 
longitudinal weldments tested at 650 C: (a) type 316 
stainless steel welded with CRE 16-8-2 that failed 
after 525 h at 170 MPa from cracks that initiated in 
the HAZ; and (b )  AX8 alloy welded with 16-8-2 
stainless steel that survived 1000 h at 240 MPa and 
1000 h at 290 MPa, and failed after 22 R at 340 MPa 
from cracks that initiated near the center passes of 
filler metal. 
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To examine the possibility that hot cracks could initiate crack growth under fatigue 
loading, two tests were perfomed 011 C I E  16-8-2 weldmenas in the B W  alloy at 650°C and 
1 % swain range. The testing section contained base metal, W ,  and weld metal, so the 
possibilities of strain concentration in any one region was a possibiliey. A coniinlaous cycling 
test failed after 556 cycles with the crack propagating though the wdd metal. A test with a 
0.541 hold at the test strain limit failed after 254 cycles, again with the crack propagating 
through the weld metal. The hold time fatigte life of the BWT ~~~~~~~~~~ pi.cpved t0 be superior 
to the 17-14CuMo stainless steel base metal and nearly as g d  as the type 316 stainless steel 

and AX8 alloy base metal. These explorat0p-y rests were positive indications that welds in the 
B W ~  alloy could wifistand significant strain fatigue loadings. 

In summasy, it appears that some of the HT-UPS alloys may lx welded successfuily 
with C W  16-8-2 stainless steel weld metal, or perhaps alloy 556. 'Lest data to 10,008 h 
indicate that brittle failures as a rcesuXt of the $IIQWS~ of hot cracks would be unlikely. On the 
other hand, the alloys tend to have low Gharpy V impact t o u g h s  and \vorrld have to be 
mated in a manner similar to nickel base alloys witl-a sirriilar properties. More testing of 
full-scale weldments and pressiarized tuks with wektmcnts and thermal cycling is neded to 

assure that dissimilar weld failures of the type reviewed by Ro 
occur. Fmhcr, additional work on weldments in 17- 14CuM0 stainless steel, ST'3d'u stainless 
steel, and Esshete 1250 would be of value. 

ts et ale (1985) would not 

Fireside corrosion is probably the most severe problem to be addressed in the selection 
of materials for hcat recovery in an advanced steam cycle p%alve~;r.d.-coal-fired boiler. 
Corrosion is largely due to the formation of liquid trisdfate deposits on the tubing that sup- 
press the formation of protective oxides. In applications where the coal may have lower ash 
contcnt, i t  is possible that copncpsion would not be so limiting. In specifying criteria for 
fireside corrosion, it  was assumed hat a cod suck as Illinois No. 6 would be used. The 
corrodents produced by the combustion of this material am severen The subject has k e n  
considered in the early work of Clark et al. (1960>p and much has k e n  examined in the 
ensuing 30 years. Current studies are under way by Nakabayashi et al. (1%6), Wolowodiuk 
et al. (1989), and Plumley and Roczniltk (1989, to name few. Alloys include several of 
those listed in 'Table I, and these itre k ing  tested both in the Iabratory and as probes in 
boilers. Among the lean stainless steels are type 347 stainless steel, Esshete 1250, and 
17- 14CuMo stainless steel. Higher chromium alloys, aluminunn-karing alloys, and nickel 
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base alloys are also being evaluated, but they ape not the subject of this report. A full inter- 
pretive report is being written by Blough (19%) that will address the problems and solution of 
problems in regard to the use of lean stahless steel. Alloys listed in Table 1 that will be 
investigated by BPough as part of this work include 17- l4CuMo stainless steel, type 347 
stainless steel, and the BWI' alloy. Claddings for these alloys include alloy 67 1, dloy 690, 
and alloy 692. No new data are available at this time, so the criteria specified in ORNL-6274 
will be covered briefly. 

JV-A. Allovs will be a menable to cladd i n s  and coati= 

It has been shown in earlier sections of this report that d o y s  listed in Table 1 can be 
clad with a variety of corrosion-resistant alloys. The long-time performance of some 
claddings has been demonstrated in boilers that operate at steam temperatures as high as 
570°C by Flately et al. (1987). Chromized coatings may be too thin to be of value. This 
subject will be addressed by Blough (1990). 

IV-B. Allovs\n '11 be amenable to protectio n by metallic raml ' c  shields, 

Shields have been used in the mdystone Unit #I, so their use with 17- 14CuMo 
stainless steel has been demonstrated. Shields have been used on type 347 stainless steel 
tubes installed in conventional power plant boilers for tapany years, so there appears to be no 
problem with type 347 stainless steel in boilers that operate at lower temperatures. The ability 
to fillet weld on bare and clad BWT tubing has been demonstrated in this report, SQ it may be 
possible to shield a candidate HT-UPS alloy. More study of shield attachments under cyclic 
conditions is needed. 

IV-C. Corrosion in beneficia4 coa 1 will not exceed 10% of the wall thicknes during the 
&sim lifetime. 

Typically, tube thinning in the Eddystone Unit #1 plant reaches 30% of the wall 
thickness (see Fig. 44). This is one reason that a high-strength dloy is desired for tubing. 
When cladding is used, it must be thick enough to protect the lean stainless steel base metal 
throughout the design lifetime. Most laboratory testing is of short duration, and in-boiler 
probe testing is expensive. Models are now under development by Blough (1990) that will 
use laboratory data, probe data, and power plant experience to predict pexformance of alloys 
as a function of time, temperature, and coal chemistry. 
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PIP10019 

Typical loss of tubing this 
o stainless steel superheater 

long-time exposure in an advanced stea 
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IV-D. Allow will be corrosion resistant in a limestone-scavanged environment. 

Testing of the lean stainless steels in fluidized bed combustors has not been undertaken 

Ln summary, much has yet to be accomplished in the area of addressing the fireside 
as part of this research effort. 

corrosion problems, especially with respect to the HT-UPS alloys. Probe testing in boilers 
would be of considerable value. 

7. STEAMSIDE CORROSION 

Because of concern about exfoliation of oxides that form on the steam side of the tubing 
and the possible damage that particulates could inflict on the turbine at the pressures and 
temperatures of the advanced steam cycle (Rehn 198 l), a relatively stringent requirement was 
placed on the steamside corrosion resistance. TheCriterion was that the corrosion resistance 
be equivalent to alloy 800. To meet such a target, cladding, chromizing, aluminizing, 
chromating, or some similar treatment may be necessary. Cold working is known to improve 
oxidation resistance, as well. Clearly, if steamside oxidation equivalent to alloy 800 is 
required, then alloy 86oH could be used for tubing. Research on this material is under way, 
and much progress has been made in developing strong, fabricable modifications to alloy 800. 

However, the topic is beyond the scope of this report. There remains concern that the low 
chromium in 17-14CuMo stainless steel and the HT-UPS alloys will be insufficient to prevent 
Severe oxidation on the steamside. Earlier, Swindeman et al. (1987) reponed severe oxidation 
in some of the HT-UPS alloys. However, no accurences of such oxidation has been 
observed in long-time, low-smss testing. A HT-UPS CE3 alloy specimen was removed after 
21,000 h of testing under variable stresses (50 to 150 MPa) at 700'C and had the appearance 
shown in Fig. 45. Oxides had exfoliated from the surface, and penetration of oxides to a 
depth of 200 pm was observed. Work is currently under way by &Van at ORNL to examine 
the oxidation of the IIT-UPS alloys as a function of cold work. Early data suggest that 
significant improvements can be made to the oxidation resistance by modest amounts of cold 
work near the surface. 

8. SUMMARY 

When this research was begun in 1985 there was considerable interest in an advanced 
steam cycle pulverized-coal power plant. A large, high-efficiency plant reduces overall coal 
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. 45. Appearance of a specimen of HT-IJ 
at 700°C and cyclic stresses in the range SO to 15 

y CE3 after 21,000 h 

consumption and is attractive from a vie 
criteria set forth in ORNL-6274 (~ i t t en~o~ i se  et al. 1985) were developed w u n d  this concept. 
This was especially true in regard to those criteria addressing corrosion resistance. It was the 
original intent that this activity evaluate several classes of alloys and develop an information 
base by 1990 that could assist in the selection of a m a t e d  that could be further developed on 
a conunercial scale. While this work was under way, research in Japan produceel the F6347 
stainless steel, S n C u  stainless steel, and several higher chromium alloys not consid 
this report. It is fairly clear that there are a number sf excellent alloys that are available for 
commercialization. 

oint of reducing CO2 emission. The alloy design 

stainless steels have g fabricability. The research on the )IT-UPS d b y s  
suggests that clean steelmaking practices should be followed; and vacuum melting, 
elecwoslag remelting, and 1 le refining would ucing undesirable residual 
elements. The alloys show their best stsen th properties after a high-temperature solution 
treatment and subsequent warm or cold w ~ ~ k ~ ~ ~  to raise the yield seen th to values above 
250 ma. This could be acwmplished in a rot 

of brittle intermetallic phases, it has been n 

tube straightener, If any problems exist in 
cability area, they relate to welding. To minimize the tende cy towad the formation 

ivalent in the lean 
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stainless steels. The consequence of this chemistry adjustment is the tendency toward hot 
cracking during welding. The HT-UPS alloys seem to be the most susceptible, although the 
other alloys have not been examined in the same detail. The solution, if there is a solution, 
requires the use of a filler metal that can lessen the cracking at the fusion line. When this is 
done, side bend, tensile tests, and creep tests of weldments on most of the lean stainless steels 
considered in this report suggest that acceptable weldability is obtained. The exceptions are 
the HT-UPS alloys containing more than 0.04% phosphorous. Indeed, phosphorous should 
be kept to a minimum. In both longitudinal and transverse creep rupture tests, the HT-UPS 
alloys welded with CRE 16-8-2 stainess steel exhibited less heat-affected zone cracking than 
standard type 316 stainless steel. This trend is encouraging. 

All of the lean stainless steels evaluated here owe their strength to the foranation of the 
MC phase. The work p e r f o d  to identify carbide precipitates and constfllct time- 
temperature-precipitation diagrams is too extensive to be treated in this report, but it can be 
said that the thermal-mechanical treatment can be optimized to produce a very stable and fine 
MC precipitate. For the case of the HT-UPS alloys, this involves a solution treatment above 
1150°C followed by enough cold or wann work to introduce an equivalent of 5% strain. The 
HT-UPS alloys, however, are found to be remarkably stable for long times and high tempera- 
tures. In spite of the high nickel equivalencies, all of the lean stainless steels produced inter- 
metallic phases. The sigma phase occurs in F6347 stainless steel and Esshete 1250, while 
Lwes phase forms in 17-14CuMo stainless steel and the HT-UPS alloys. The 17-14CuMo 
stainless steel appears to be the most embrittled under creep conditions, while the HT-UPS 
alloys show the best creep rupture ductilities. 'The mom-temperature impact energy of all the 
MC-forming alloys is reduced. The reduction of impact energy is most likely due to the in- 
crease in matrix strengthening by the MC precipitate along with the formation of brittle car- 

than seen in some nickel-base alloys and other 300 series stainless steels, although some of 
the HT-UPS alloys were judged to be unacceptable. 

The allowable design stress for the MC-forming lean stainless steels is controlled by the 
short-time (tensile) properties up to fairly high temperatures. Techniques to increase the yield 
strength include controlling thermal-mechanical processing to (1) precipitate copper in S'I'3Cu 
stainless steel, (2) refine grain size in FG347 stainless steel, (3) age harden 17-14CuMo 
stainless steel, or (3) simply cold work the HT-UPS alloys. For service to 6OO"C, any of the 
allays will serve quite well, while at 450'C Esshete 1250 is attractive. At 7WC, all 
indicators favor the cold-worked HT-UPS alloys if creep strength is the governing Criterion. 

s and intermetallic compounds on the grain boundaries. The impact energies are no lower 



Exploratory studies r e v 4  that 
resistance and g d  creepfatigue resistance. 

stainless steel, 1’7-14CuMo stainless steel, and Esshete 125 
alloys at-e satisfactory. The FG ay be suitable for service to 650°C However, the lean 
stainless steels need protection 
burned. Although chromizing W Q ~ S  well on ferritic alloys, it may not bc suitable for the lean 
stainless steels due to the fornation of a rehaivePy thin but brittle surface layer on a coarse- 

for the lean stainless steels, g is not a problem, but more operational experience i s  
needed. 

-UPS alloys have excellent creep m c k  growth 

The reseuch on oxidation md corrosion resistance has beeas. extensive for FG347’ 
For sewice to 

chlorine-containing coals are 

soft substrate. Consi 

Since 1985, intcrcst has shifted away from large pulve6zd-coal plants toward small 
gas-fined turbines, fluidized- combustors (both atmospheric and pressurized), md a. 
gasification combined-cycle cs:icept. New alloy design criteria could be devel 
applications. However, the need for high-performance alloys in heat recovery systems 
remains. It is expected that the research efforts ow the lean stainless steels will be phased aut 
within the next year, while e efforts on higher chromium alloys and ahminuan-be 
alloys will continue. 

9. CONCLUSIONS 

1. Lean stainless steels containing MC-fornhg elements b: essd to produce 
strengthening micros 
ernbrittling influence of interne 
elements that promote sigma and Laves phase If”ie1ds. 

austenitic stainless steels. For optimum p 

w m  work to pmrnote the precipitation of fine MC carbi 

phosphorous, sulfur, an 
such as the HT-UPS alloys, are subject to hot cracking and 
joining. 

4. With optimized heat trea 
that Will achieve a design stress close to 

cmres that we stable for times exceeding 35,000 h at 7 
c phases can be minimized by rducing the content of 

2. High-strength, high-qu ity superheater tubing can 
es, the 137”-UPS all 

at a temperature above 1150°C and subjected to small amounts of cold ox 

3. To minimize weldability problems, the HT-UPS aPloys should have low 
ual elements. Alloys with high nickel 

ire special filler metals for 

perheater tubing 
near-comercid 
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lean stainless steels that are close to meeting the strength requirements include 17-14CuMo 
stainless steel, fine-grained type 347 stainless steel, ST3Cu stainless steel, Esshete 1250, and 
some of the HT-UPS steels. 

5. The practicality of protecting lean stainless steels from corrosion in high ash content 

6. The HT-UPS alloys possess the best strength and ductility, but techniques to 
coal by high-chromium-bearing cladding seems likely. 

pduce clad tubing with controlled cold or w m  work must be demonstrated. 
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Y206016 Y205131 

Y206015 Y205129 

Fig. A.l. Photomicrographs of the microstructures of the hot-rolled CE 
(a)  CEO, (6) CE1, (c) CE2, and ( d )  CE3. series of HT-UPS alloys: 



la, 
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Y213855 Y213854 

Y213853 Y213856 

Fig. A.3. Photomicrographs of the microstructures of the cold-rolled 
13-mm plates of the MS series of MT-UPS alloys: ( a )  MS1, (b)  MS4, 
( c )  MS4, and ( d )  MS6. 
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Y213 Y21385Q 

Y21385 

Fig. A.4. Phatomicrographs of the ~ i c ~ ~ ~ ~ ~ ~ ~ ~  res of the cold-rolled 
6.3-mm plates of the MS series PIT-U alloys: (a) MS1, ( b )  MS4, (c) MS5, 
and ( d )  MS6. 
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Y216714 

Y216713 

Fig. A S .  Photomicrographs of the microstructures 
of (a) the BWT as-extruded tubing and (b )  cold-pilgered 
and annealed CET tubing. 
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Table B1. Tensile data for MS alloys 

Temp Rate Yield Ultimate UE Fracture Elong. RA 
Test Specimen Condition (“C) (llmin) (MPa) (MPa) (%) (MPa) (%) (%) 

26698 
24699 
26700 
26701 
26702 
26703 
26704 
26705 
26706 
26707 
26708 
26709 
267 10 
2671 1 
26712 
26673 

CEO41 
CEO-05 
CEO-08 
CE1-11 
CE1-13 
CE1-15 
CE1-17 
CEl-18 
CE2-01 
CE2-04 
CE2-07 
CE2-08 
CE2-09 
CE3-09 
CE3-13 
CW-28 

1115 
Mill 
1115 
1200 
1115 
Mill 
Mill 
1200 
Mill 
1115 
1200 
1115 
Mill 
1115 
Mill 
Mill 

700 
25 
25 

700 
25 
25 

700 
25 

700 
700 
700 
25 
25 
25 
25 

700 

0.05 
0.05 
0.05 
0.00.5 
0.005 
0.005 
0.005 
0.005 
0.005 
0.005 
0.005 
0.005 
0.005 
0.005 
0.005 
0.05 

157 358 16.5 225 44.10 60.96 
395 615 24.7 419 48.20 75.85 
228 580 31.1 392 56.10 74.97 
123 359 25.4 187 26.30 45.76 
213 565 29.2 342 55.60 74.98 
231 561 34.5 362 58.00 76.51 
155 330 16.2 191 43.80 67.44 
175 551 54.9 366 72.30 75.06 
246 350 10.6 211 42.00 64.47 
149 323 19.0 161 51.90 67.34 
120 345 24.8 211 38.20 42.96 
225 585 36.9 387 47.70 75.41 
402 628 27.0 436 61.00 75.27 
222 567 32.6 365 55.10 73.98 
392 592 26.4 368 47.10 77.11 
292 414 15.4 276 66.60 38.20 

Table B2. Tensile data for MS alloys 

~ _ _ _ - - ~  
Temp Rate Yield Ultimate UE Fracture Elong. RA 

Test Specimen Condition (“C) (lhin) (MPa) (MPa) (%) (MPa) {%) (40) 

26890 
2689 1 
26892 
26893 
26894 
26895 
26896 
26897 
26898 
26899 
26900 
25616 
26901 
26902 

Ax5-05 
Ax5 -06 
m - 3 3  
Ax5-35 
AX5-36 
m - 3 7  
AX541 
AX6-05 
AX6-06 
AX7-05 
Ax7-06 
AX7-08 
AX8-05 
AX8-06 

Mill 25 
Mill 700 
760124 h 25 
700l24 h 25 
730124 h 25 
Mill 25 
650J24 h 25 
Mill 25 
Mill 700 
Mill 25 
Mill 700 
650l20.000h 25 
Mill 25 
Mill 700 

0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 

511 614 24.03 
352 434 
462 547 10.70 
577 729 15.00 
524 709 16.0 
421 538 16.00 
5 13 679 20.00 
457 609 30.25 
314 432 14.00 
467 607 24.02 
319 431 13.97 
523 698 14.19 
45 1 601 28.93 
313 419 14.73 

445 44.00 71.62 
269 25.40 62.40 
325 26.00 65.00 
503 21.80 60.00 
503 23.70 63.60 
364 29.70 69.20 
519 27.50 60.70 
432 51.00 72.84 
279 30.70 62.08 
431 37.58 73.42 
299 30.00 56.36 
688 17.12 19.00 
446 48.60 73.42 
264 31.70 53.60 
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Table B3. Te 

Temp Rate Yield Ultimate UE Fracture Elag .  RA 
Test Specimen Condition ("C) (llmin) (MPa) @Pa) (%) (MPa) (40) (%) 

MS1 a-01 
MSla-02 
MS 1 a-03 
MSlb-01 
MSlb-03 
MS lb-06 
M.S4a-01 
MS4a-02 
MS4a-03 
MS4b-01 
MS4b-03 
MS5a-01 
MS5a-02 
MS5a-03 
MSSa-05 
MS5a-06 
MS5a-07 
MS5a-08 
MS5a-09 
MS5a-10 
MS5a-11 
MS5a-12 
MS5b-01 
MS5b-02 
MS6a-01 
MS6a-02 
MS6a-03 
MS6b-01 
MS6b-03 

Mill 
Mill 
Mill 
Mill 
72516 h 
Mill 
Mill 
Mill 
Mill 
Mill 
72516 h 
Mill 
Mill 
Mill 
72516 h 
72516 h 
72516 h 
72516 h 
72516 h 
72516 h 
72516 h 
72516 h 
Mill 
72516 h 
Mill 
Mill 
Mill 
Mill 
72516 h 

25 0.05 
600 0.05 
700 0.05 
25 0.05 
25 0.05 
25 0.05 
25 0.05 

600 0.05 
700 0.05 
25 0.05 
25 0.05 
25 0.05 
600 0.05 
700 0.05 
25 0.05 

100 0.05 
200 0.05 
300 0.05 
400 0.05 
500 0.05 
600 0.05 
700 0.05 
25 0.05 
25 0.05 
25 0.05 

600 0.05 
700 0.05 
25 0.05 
3 0.05 

508 
366 
362 
675 
700 
686 
515 

400 
690 
719 
525 
394 
376 

542 
562 
533 
474 
456 
442 
421 
730 
735 
476 

353 
007 

38 1 

587 

358 

708 

650 
541 
446 
752 

785 
653 
530 
45 8 

83 8 
674 
567 
479 
750 
680 
900 
55 8 
63 5 
601 
552 
453 
79 1 

656 
55 1 
475 
753 
791 

a12 

758 

a35 

23.03 
21.47 
09.29 
1 1.43 
12.17 

20.55 
17.36 
07.35 
09.79 
13.39 
21.27 
20.04 
11.22 
19.28 
16.53 
1 1.96 
12.3 1 
19.20 

10.17 
02.14 
12.77 
13.07 
24.44 

13.12 
09.17 
09.45 

13.85 

13.18 

18.81 

478 
227 
302 
553 
599 
525 
492 

295 
52.5 
636 
520 

354 
630 
559 
552 
545 
54 1 
499 
439 

553 
664 
41 1 
454 

534 
63 6 

485 

48 1 

288 

385 

44.90 67.73 
51.67 62.40 
31.10 52.94 

19.30 52.26 
25.00 
30.00 62.59 
27.30 49.30 
34.00 59.29 
21.24 55.55 
21.21 57.12 
33.20 63.85 
31.60 43.99 
32.60 50.60 
33.70 57.14 

25.30 50.03 

19.00 50.38 

28.20 53.38 

24.20 53.38 
28.10 40.40 
20.00 38.53 
22.30 38.67 
30.00 59.Q3 
23.93 55.55 
21.54 54.49 
49.60 63.71 
31.60 50.71 

17.52 68.19 
38.20 53.56 

15.73 59.38 

Table B4. Tensil data for MS znliloys 

Temp Rate Yield U l h m k  UE Fracture Elong. RA 
Test Specimen Condition ("C) ( l m )  ( W A f  (MPA) (%) (MPa) (%) (%) 

25991 CET-01 Mill 25 0.05 293 606 32.7 419 33.42 78.45 
25992 CETU2 Mill 100 0,05 27% 529 25.7 354 35.46 70.40 
25993 CET-03 Mill 200 0.05 223 451 25.0 343 31.37 66.93 
25994 CET-04 Mill 300 0.05 215 504 26.6 368 32.88 61.25 
25995 CET-05 Mill 400 0.05 202 534 38.5 421 44.70 55.91 
25996 CET-06 Mill 500 0.05 195 498 28.3 362 33.33 61.74 
25997 CET-07 Mill 600 0.05 185 469 24.2 341 33.15 60.55 
25998 CET-O~ Mill 700 0.05 178 343 22.9 200 37.51 62.43 



Table B5. Tensile data for MS alloys 

Test Specimen 
T a p  

Condition (“C) 
Rate 

(Urnin) 

26066 
26067 
26068 
26069 
26070 
26071 
26072 
26073 
26801 
26652 
26653 
26654 
26655 
26054 
26055 
26056 
26273 
26276 

BWT4-04 
BWT4-05 
BWT4-06 
BWT4-07 
BWT4-08 
BWT4-09 
BWT4-10 
BWT4-11 
BWT4-45 
cs5-06 
CS5-07 
CS10-03 
CS10-07 
BWT4-28 
BWT4-29 
BWT4-30 
BWT2-01 
BWT2-02 

Mill 
Mill 
Mill 
Mill 
Mill 
Mill 
Mill 
Mill 
700/5000 
5% Cold sunk 
5% Cold sunk 
10% Cold sunk 
10% Cold sunk 
Cold forged 
Cold forged 
Cold forged 
Mill 
Mill 

25 
100 
200 
300 
400 
500 
600 
700 
25 
25 

700 
25 

700 
2.5 
500 
700 
25 

700 

0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 

171 
150 
1 24 
118 
108 
103 
097 
090 
275 
483 
337 
667 
486 
535 
313 
343 
209 
135 

4W 37.8 
457 30.4 
424 33.0 
432 37.3 
439 38.3 
421 41.9 
371 41.5 
355 29.4 
539 28.1 
577 13.5 
408 08.5 
713 02.4 
508 01.0 
5% 11.7 
467 23.6 
413 05.0 
4% 40.9 
356 27.4 

285 
250 
237 
273 
275 
277 
260 
203 
446 
3 19 
212 
393 
247 
335 
319 
21 1 
288 
194 

55.12 82.81 
50.15 85.14 
46.08 85.97 
48.64 78.95 
49.60 73.96 
50.87 69.26 
53.01 76.58 
45.83 72.71 
43.00 60.50 
38.10 80.40 
21.50 78.10 
25.50 78.28 
25.00 69.88 
79.23 36.90 
34.00 7038 
25.60 80.00 
57.80 82.61 
48.00 82.10 



8'LI 
8.S I 
601 
VI I 
P'LO 
00 I 
E'BQ 
I 'Bo 

60 I 
8'1 I 
QLO 
E'90 
01 I 
E'S0 
001 
oz I 

6SO 
OLO 
080 
8'LO 
9's I 
p'z I 
9P1 
1x1 

06 I 
1'1 I 
os 1 
83-1 
8x1 

VI I 
8'01 
€9 I 
6LI 
€3 I 

1-01. 
SEI 
I'IZ 
QSZ 
SEZ 
8'PZ 

69 I 
8'22 
8'LI 
8'8 I 
8'E I 
S'PI 
V9 I 
os I 

8's I 
E'P I 
E'Z I 
9.1 I 
6'02 
8'PZ 
9'PZ 
O'PZ 

03 I 
8'1 I 
SXZ 
1'61 
€'I€ 
1 E€ 
0'62 

1'50 
P'EO 
OZO 
OtO 
910 
8'10 
VI0 
910 

VSO 
SSO 
8.0'0 
9t0 
9P0 
VPO 
8'90 
9 LO 

I'SO 
6SO 
I 90 
V98 
€PI 
01 I 
8'21 
61 I 

V90 
9EO 
1x0 
920 
S'ZO 

010 
910 
SZI 
S'SI 
W9I 

V80 
VI I 
661 
92z 
ozz 
9zz 

990 
8.90 
830 
9so 
SPO 
050 
€.Bo 
VLO 

080 
YLO 
€60 
)'so 
98 I 
E'OZ 
912 
SI2 

62 I 
p'1 I 
E'EZ 
I'LI 
S.62 
E'OE 
VLZ 

%I 
S61 
LIZ 
ozz 
ESZ 
ZSZ 
68't 
tOE 

S9E 
OLE 
%E 
WE 
Z8E 
L6E 
86E 
E6E 

8LP 
28 P 
00s 
00s 
wt 
E9P 
S9P 
ILP 

L6 I 
LOZ 
EPZ 
SEZ 
ZEZ 

IPE 
WE 
LEE 
8LE 
t8 E 

EEP 
ZPP 
8ZP 
6EP 
PEV 
QEP 

181 
8LI 
p81 

1 
LIZ 
PIZ 
622 
SI2 

€zE 
SZE 
SZE 
91E 
IS€ 
19E 
WE 
9SE 

81P 
SIP 
819 
mop 
62P 
RP 
yo9 

LLI 
9L1 
902 
602 
8% 
OLZ 
PLZ 
L8Z 

L6Z 
862 
SEE 
LZE 
62E 
WE 
ZZE 
LIE 

06E 
€0) 
800 
aoc 
EZE 
PZE 
9PE 
ZEE 

L9 I 
581 
ea 
PU 
L1Z 

Sn; 
082 
LZZ 

zzz 
EIE 
WE 
SZZ 
622 
ZZZ 
zzz 

ZPI 
€VI 
€SI 
€SI 
981 
WI 
SSI 
ELI 

'L ZZ 
PZZ 
EEZ 
ZEZ 
t9I 
S91 
E91 
iPI 

SSZ 
65Z 
6LI 
PZZ 
LS 1 
LPI 
6E I 

m 

OOO'OI 
OOO'OI 
OOO' I 
OOO' 1 
01 
01 
I 
I 

OOO'OI 
OOO"1 
Qoo' I 
OOO' I 
01 
01 
I 
I 

OOO'OI 
OOO'OI 
OOO' I 
OOO' I 
01 
01 
I 
I 

OOO"1 
OOO' I 
01 
1 
I 

OOO'Ol 
OOO' I 
01 
I 
I 

OOO'QI 
OOO' 1 
01 
01 
I 
I 

OOO'OI 
OOO'OI 
OOO' I 
OOO' I 
01 
01 
I 
I 

m'or 
OOO'OI 
OOO' 1 
OOO' I 
01 
01 
1 
1 

OOO'or 
m'01 
OOO' I 
OOO* I 
01 
I 
I 

008 
008 
008 
00s 
00s 
008 
008 
008 

00L 
001 
OQL 
QQL 
OOL 
QOL 
QQl 
QQL 

roo9 
809 
009 
009 
809 
009 
009 
009 

00s 
008 
om 
00s 
008 

OOL 
OOL 
QQL 
OOL 
OOL 

009 
009 
MW 
009 
009 
rn 
008 
c908 
008 
008 
008 
00s 

008 

001 
001 
OOL 
001 
OOL 
001 
OOL 
00L 

009 
009 
009 
009 
(109 
009 
009 

PI 
LE 
n 
11 
IZ 
I€ 
9z 
w 
ZI 
S 
81 
2 
6 
I 
L 
EI 

LZ 
8E 
61 
9 
LI 
91 
SP 
82 

El 
8 
01 
PE 
Z 

9E 
P 
81 
82 
LE 

62 
PZ 
SI 
E 
LZ 
SE 

P 
zz 
EZ 
oz 
os 
PI 
61 
6 

SZ 
6Z 
Lt 
PZ 
IS 
OE 
LZ 
S 

92 
SE 
El 
I€ 
91 
LE 
sz 

01 I 
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Table C1. Creep rupture data 

24740 
24738 
24568 
24575 
24886 
24569 
26908 
26579 
24m 
24876 
24720 
24725 
249986 
24723 
24w 
24952 
24918 
24950 
24903 
24739 

2474735 
24776 
24832 
24833 
B747 
2675 1 
24773 
24944 
24828 
24825 
24775 
24838 
24944 

24738 

24901 
24892 
24902 
24884 
24891 
26672 
26729 
26676 
25379 

25416 
26035 

254 17 
25861 

25385 
25562 
25572 
25355 
25665 
25806 
25741 
25684 
25685 
25686 
25687 
25688 

-02 
cwF03 
C E O 4  
cEo-06 
CEOM 
CEO-10 
CEO-11 
CEO-12 
CEO-13 
CEO- 14 
CEl-01 
CE1-05 
-1-08 
cE1-09 
cE1-12 
CE2-02 
CE2--06 
cE2- 10 
cE2- 12 
cE2-14 
Cf2- 15 
CE3-01 
m - 0 2  
CE3-03 
CE3-04 
CE3-0.5 
cE3-06 
cE3-07 
C M O S  
CE3 10 
CE3-11 
CE3-12 
CE3-14 
cE3-15 
CE3-15 
CE3- I5 
a- 15 
CE3-15 
CE3-16 
CE3-17 
CE3-18 
CE3-19 
CE3-20 
cE3-26 
(333-27 
cE3-29 
(33-21 
CE3-21 
CE3-21 
CE3-22 
CE3-23 
CE3-23 
cE3-23 
cE3-24 
m.3-25 
cE3-25 
m-25 
Axs-01 
AX5-02 
AX5-03 
AX5-a7 
m-09 
'4x5-12 
AX5-14 
Axs-2JJ 
Ax5-21 
Am-22 
Ax5-23 
m - 2 4  
Ax5-2A 

1115 
Hot mlled 
1115 
11 15/54, c w h F  
11 15/2% cwhp 
1115/5%cw 
1 m 9 b  cw 
11 1 5 m  cw 
Hat d e d  
1200 
Hat mlled 
1115 
1200/5% cw 
Ha d a d  
1200 
tIol mllul/agul 
12oo/Ogul 
12OO/agcd 
1200 
1115 
Hot rolled 
Hot rolled 
Hot rdled/agcd 
Hot row 
Hot mllcd 
Hot mlled 
Hot d d  
1115 
1115 
140s rolled 
Hat rolled 
1115 
llrx roll4 
m& 
crept 
crrpt 
crept 
Crept 
Ikt rollod 
riot rolled 
12W 
Hot rolled 
Hot &lad 
Hot rolled 
Hot rolled 
Hot rolled 
1200 
12wcrqt 
12WCRpt 
H a  rolled 
12c0/996 cw 
CRpt 
c n p t  
1200 
Hot dlcd 
Crept 
CKpt 
luHf 
1 m n +  cw 
12OOn%/agd 
Cold rolled 
1200 
Cold rolled 
Cold rolled 
Cold rolled 
cold rolled 
Cold mlled 
Cold roW 
Cold mllcd 
CWt 

m 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
m 
700 
700 
700 
700 
700 
700 
700 
m 
700 
700 
700 
730 
700 
760 
760 
700 
760 
760 
700 
700 
700 
760 
760 
760 
760 
760 
800 
700 
700 
700 
760 
650 
700 
675 
650 
650 
650 
700 
650 
650 
650 
700 
650 
650 
650 
700 
700 
700 
700 
600 
600 
600 
m 
Mw) 
600 
600 
600 
600 

170 
170 
170 
181 
170 
179 
170 
170 
170 
170 
100 
100 
170 
172 
170 
170 
170 
170 
170 
170 
170 
170 
170 
170 
200 
138 
200 
100 
140 
170 
I00  
170 
140 
170 
110 
133 
100 
170 
100 
240 
170 
1% 
100 
300 
300 
300 
100 
133 
170 
100 
200 
274 
235 
100 
100 
133 
170 
170 
170 
170 
170 
350 
300 
350 
400 
375 
350 
325 
300 
375 

1.8OE-w 
5.- 
29OE-W 
1.34E-03 
9.00E03 
3.00E-04 
65W-a5 
1.ooE-05 
1.00&05 
1 .MEA% 
3.2QE.05 
155J503 
5.00E-M 
l.#E04 
6.W-05 
1.ooE-04 
7 .mw 
6.OOE-04 
1 .m 
1.60E-w 
1.lOE-W 
6.00E-05 
1. IOE-04 
8.9oE-oQ 
3.m-04 
4.1OE-01 
5.2OE-03 
1.8OE-05 
4 . m m  
2.40C03 
8.00E-06 
29OE-04 
3.mE-a5 
6.OOE-04 
l.ROJX-04 
I.!iOEM 
1.JOE-04 

6.40E-04 
1.lOE-03 
1 .ME44 
1.8oE-OS 
1.7OE-04 
5.00E-05 
2WE-03 
&#E-W 
3.5OE-06 
1.5OE-05 
2.8oE-04 
1 .WE-@ 
1.00E-Ki 
1.8OE-02 
7.WE-M 
2 1OE-OS 
4.00E-06 
6.00E-06 

I.10E-04 
3.00EM 
2.00E-01 

1.40E-04 
6.00F,06 
1.30GW 
3.00E-04 
1.70E-04 
1.OOE-OS 

3.6oE-04 

700 

4 
260 

7 
1 .a-Q 
4.400 
1W 
3,200 
3.430 

310 
3.100 

730 
2350 
2,750 

530 
200 

1.950 
900 

1.910 
2.900 
2200 
960 

1.240 
950 
40 

4,400 
45 

122 

900 
15.500 

205 

925 
375 

2200 

4,300 
260 

2 
10 

1zpoo 

2500 
2,700 

1.8 

1300 

2 , W  
5,122 

238 
502 
189 
IS 19 
698 1 
1722 
6174 
5098 

5693 
1432 
3728 
4136 

464 
Z713 
1415 
2365 
494 I 
3795 
1776 
1828 
1175 
53.8 
9392 
w.4 
229 

1391 
21204 

n 1  

287 
1297 
630 

3309 

53 13 
4045 
317 
997 

20,493 

4.171 
4,692 
94.2 

1.956 

2830 
5.122 

1,436 

553 
691 

7.315 
ZM2 

38,000 

38,000 

3500 

2f.000 
z 0 0 0  

22.000 
10,980 
20,493 

10,000 

30,000 

11,300 
20,000 

20,000 
z0,Oao 
4,250 

43.00 
35.50 
23.00 
26.50 
29.50 
30.20 
28.80 
28.00 

23.60 
40.10 
35.30 
3.00 
34.50 
35.00 
36.00 
3 1.50 
14.40 
13.B 
23.00 
17.50 
26.80 
13.60 
25.20 
24.90 
54.40 
23.30 

29.20 
1150 

19.10 

20.00 
20.00 

13.52 
13.12 

81.60 
74.70 
71.10 
77.90 
58.30 
81.00 
6150 
58.00 

56.50 
71.30 
63.80 
58.10 
73.10 
74.80 
70.80 
78.30 
41.50 
45.80 
53.00 
54.00 
70.40 
41.60 
74.20 
58.30 
75.40 
70.20 

34.70 
23.30 

60.40 

44.60 
49.80 

34.82 
29.80 

24.00 29.16 
1200 32.10 

33.90 61.60 
39.20 66.90 
47.80 69.60 

45.00 5936.00 
16.00 62.00 

14.90 50.80 
15.40 39.10 
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Table C1. Cree tare data (continued) 

25689 
25690 
25691 
25692 
25693 
25008 
25391 
75033 
25654 
25745 
25649 
25650 
25670 
25390 
25461 
25492 
25563 
25044 
25616 
25592 
25610 
25609 
2561 1 

25605 
25508 
w 5 7  
26730 
26733 
26736 
26739 
26737 
26732 
253% 
25347 
25800 
25813 
25801 
25887 
261 10 
26046 
26085 
26115 
261 17 
26116 

26031 
260% 
26086 
26091 
26092 

26096 
26100 
26235 
26091 
26656 
26788 
26790 
26791 
26796 
26254 
26214 

26026 
m28 

26053 

26087 

mn 

Ax.5-25 
Axs-26 
Ax.5-27 
Axs-28 
Axs-29 
Axs-30 
AXfGo1 
AX607 
AX613 
AX6 16 
A x 6  17 
Ax6-18 
AX6 19 
AX701 
Ax7-02 
Ax7-03 
AX7-04 
AX7-07 
Ax/-08 
Ax7-09 
Ax7-10 
Ax7- 11 
Ax7-12 
Ax7- 12 
AX7-13 
AX7- 14 
Ax7-16 
AX7- I7 
AX7-18 
AX7-19 
m-20 
Ax7-21 
Ax7-22 
a x - 0 1  
Ax8-07 
AX8-M 
AX8-09 
AX8-11 
AX8-13 
m-09 
CEr- 10 
CET-11 
CET-12 
CET- 14 
CET- 1.5 
BW-01 
BW-02 
BWT-03 

BWT-13 
BWT-14 
BWT- 14 
RWT-I5 
BWT-16 
BWT-17 
BWT-18 
BW1'-19 
BWT-20 
BW-2 1 
BWT-22 
BWT-23 
BWT-24 
BWT-38E 
BWT-38F 
RWT-25 
BWT-26 
BWT-26 
BWT-27 
BW-27 
BW-31 
BWT-31 
BWT-3 1 
BWT-3 1 

BWT-12 

BW-31 
BWT-31 cqt 

6 0 0 / 1 ~  h aged 
600/2518ha$ed 
600Ho55 h a$& 
m/4055 h sged 
600/4221 h aged 
Cold rolled 
1200 
Cold rolled 

& 
Q l d  
Qurmizrd 
chmnizccl 
lux) 
lux) 
12ooR% cw 
1200/2& cwlagd 
Cold rolled 
Cold r o U d  
lux) 
Cold rolled 
Cold rolled 
Cold rolled z 
1200 
Cold rolled/a& 
Cold rolled 
Cold rolled 
Cold rolled 
Cold mlled 
Cold rolled 
Cold rolled 
1200 
Cold mlled 
Cold rolled 
Cold rolled 
Cold rolled 
Cold rolled 
1120 
1120 
1120 
1120 
1120 
1120 
Extruded 
Extruded 
Ertrudcd 
Extruded 
Fmuded 
Extiudcd 
crept 
F-xtruded 
Extrudcd 
&trudcd 
Fxuuded 
Extmded 
Ertrudd 
Extruded 
ktrudad 
Extruded 
Extruded 
Extruded 
GpBr 
Forged 
Forged 
Cnpt 
Forged 
%t 
Forged 
cnp' 
cnpc 
crq* 
Crept 

601) 
600 
600 
600 
aK) 
600 
700 
700 
800 
700 
800 
700 
700 
700 
650 
700 
700 
700 
650 
675 
700 
700 
650 
760 
700 
700 
700 
760 
800 
650 
700 
650 
850 
700 
700 
700 
730 
700 
760 
700 
700 
700 
650 
650 
650 
700 
700 
BO 
650 
730 
700 
700 
700 
all 
730 
600 
700 
730 
760 
800 
730 
7$0 
700 
700 
700 
700 
730 
650 
760 
650 
700 
730 
760 
730 
700 

350 
350 
450 
4.018 
350 
450 
170 
170 
100 
120 
180 
170 
170 
170 
20 
170 
170 
170 
240 
200 
190 
140 
m 
200 
m 
140 
280 
170 
140 
300 
240 
350 
100 
170 
170 
200 
170 
240 
140 
140 
m 
170 
240 
275 
200 
200 
170 
200 
170 
170 
104 
59 
1 20 
400 
120 
350 
140 
170 
170 
70 
140 
100 
100 
133 
200 
170 
170 
200 
200 
170 
170 
170 
170 
170 
170 

5.00E-M 
1 .QoE-M 
$.WE-01 
5.00&02 
2.5OE-05 

1.2OE-04 
4.00E-rn 
1.WE-02 
2.orJE-04 
6.00E-02 
6.2oE-w 
2.7OE-03 
1.00E-M 
2.00E-05 
15OE-434 
3.00E-04 
3.6008-05 
2.ME-05 
1.50E-a5 
2.2OE-M 
150E-@ 
4.00E-m 
2.ME-m 
1SOE-w 
6.00BOS 
35OE-03 
2.5oE-@% 
3.40E-04 

1.3OFO.1 
1.40E-M 
1.60603 
5.00E-8a 
1 .5OE-05 
6.00E-06 
2.00E-(PS 
8.DOE-05 
1.00E-0g 

1 SOE-M 

1.8OE-(bl 
2.80E. 03 
5.30EOS 
2.50E-03 
6.00E-04 

8.00E-I34 

2.50E-05 
1.30E-05 
1.20E-02 
3.00E-05 
3.70E-06 
7.00E-05 

1.00E-03 
2.00804 
1.4OE-01 
1.20E-02 
2.80E-01 
1.3OE-03 
5.00E-03 
3.00E-03 
2.00E-55 
5.90503 
3.00E-115 
1.6OE-05 
1 .00E-c4 
4.00E"OB 
5.00E-@4 
1.00E-us 

75OE-&5 

12.500 
4.m 

1.8 
m 

5.300 
785 

2.9433 

26 
1.380 

10 
7 
1 

2.000 
20.500 
2 . m  

XI 

6500 

8 W  
4,400 

130 
1.350 
2.500 

1,250 
610 

37 
208 

2,700 
1a.m 

13,500 
2,800 
4.800 
1,050 
2881 
275 
750 
120 

4.200 
170 
475 

9200 
11.ooo 

0.8 

5.360 

320 
1,200 
2,700 
40 
1.4 

2M) 

80 
175 

11.2Go 

%O 

18.566 
8,- 

12.2 
127 

6,472 
802 

4,919 
5.733 

127 
3.559 

47 
630 
521 

2 8 w  
25.891 
5888 

910 
6.695 

10,112 
4,599 

174 
1.978 
5.186 

620 
1.400 

678 

a75 
230 

4,633 
18,745 

15.081 
3,198 
6,418 
2% 1 

405 
555 

2331 
1.057 
5,761 

320 
1,316 

77.6 

9,148 

834 
1,272 

97.5 
9.9 

760.4 
n a  

277.8 

15723 

3.685 

537 

25,000 

24.000 
20,000 

3,000 
zm 

19.000 

14,250 
13,000 

8.500 
5,ooo 

3,701) 

5.100 
5.600 

210 

844 

lO.000 
500 
500 

18.70 
20.20 

38.a 

63.30 
26.70 
55.00 
19.90 
23.00 
3270 
24.a 
33.30 
36% 
13.60 

28.m 
10.10 

13.10 
26 80 
29.60 

20.80 
21.m 

17.60 
20.0 
26.20 
4.70 

15.00 
17.40 
1210 
31.40 
13.40 
29.00 
23.30 

29.93 
33.30 
30.60 

20.50 

41.20 

26.60 
45.90 
39.30 
37.30 

43.m 
43.00 
3260 
49.10 
34.60 

13.80 

17.90 

RA 
(56) 

- 

42.10 
51.30 

52.30 

71.90 
42.10 
75.40 
60.30 
32.70 
63.60 
52.90 
69.60 
65.10 
45.40 

50.00 
44.70 

35.20 
61.60 
55.90 
37.30 
57.80 
56.90 

39.20 
68.50 
68.40 
10.00 

36.00 
61.80 
31.50 
73.90 
7 1.30 
68.70 
75.60 
7350 
63.80 
84.33 
75.40 

81.70 

68.40 
73.40 
81.91) 
74.90 

59.30 
86.30 
76.70 
85.50 
83.40 

66.90 

66.70 

82.90 
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Table C1. Creep rupture data (continued) 

26093 
2.6285 
26797 
26798 
a6175 
26601 
26607 

26608 
26602 
26901 
25906 
25909 
25910 
26009 
260 10 
25902 
25906 
25903 
BW7 
26137 

26256 
26464 
26258 
24462 
26w 
25m 
261 13 
26114 
26284 
2.6594 

x2a3 

BWT-32 
BWT-33 
BWT-34 
BW-35 
a s - 0 1  
a s - 0 2  
CSs-03 
CSS-03 
CSE03 
cs5-04 
cs 10-01 
MS1-02b 
MSI-Wb 
MSl-Osb 
MSl-07b 
MS 1-08b 
MS1-0% 
MS4-Mb 
MS4-Wb 
MS5-02b 
MSS-04b 
MS6-06 
MS6-07 
MS6-08 
Ms6-09 
MS6- 15 
MS6- 18 

MS6-Wb 
MS6-08b 
MS6-Wb 
M6- 15b 
Ms6-2ob 

MS6-02b 

Fmgod 
Fmgod 
F a d  
Forged 
5% Cold sunk 
5% Cold sunk 
5% Cold sunk 

$Gold sunk 
10% Cold sunk 
Cold mlled 
72% h aged 
725b h aged 
Cold row 
coldrolled 
Cold rollui 
Cold mlled 
72Slshagd 
Cold rolled 
72% h aged 
Cold mlled 
Cold rolled 
Cold rolled 
c d d  mUsd 
Cold mMd 
Cold mlled 
Cold rolled 
72516 h wed 
cold row 
cold rolled 
Cold rolled 
Cold mlled 

-P 

730 
730 
760 
600 
700 
Mo 
700 
730 
700 
760 
700 
650 
650 
650 
650 
600 
600 
650 
650 
650 
650 
700 
760 
600 
760 
650 
700 
650 
650 
6M 
650 
Mo 
700 

170 
m 
200 
400 
240 
170 
240 
240 
240 
170 
170 
350 
350 
400 
400 
450 
400 
350 
350 
350 
350 
240 
140 
450 
200 
350 
240 
350 
350 
375 
325 
350 
UK) 

4.00E-aS 6.200 
1.8OE-04 2,350 
1.7OE-03 235 

1.4OE-04 2,700 

220E;W 
4.8oE-04 

6.00E04 740 

2.OOE-04 2,400 
2.ooE-04 1,100 
3.$oE-03 200 
1.2oE53 450 

1,070 
1.oOE-04 100 
1.8OE-04 2.500 
2.00E-W 2,500 
2.40E-M 2,m 

a00 
1.00E.w z700 
6.00EaS 2,600 
3.00E-04 600 
6.0dlEi-04 560 
1.OOE-03 610 
5.00EaS 
1.7OE-04 2.050 
1.3E-04 2.100 
25OE-04 1,520 
l.@E--M 3.800 

6.ooE-04 730 

6,650 
2577 

257 

3.038 

818 

2m 
3.21 1 

480 
n s  

i.ma 
9.4% 
3,613 
3.830 
3,156 
3.087 
3 . w  
4.406 

651 
643 

1,299 

4,359 
1520 
4.969 

813 

4.382 

16.20 
17.00 
21.40 

16.00 
1,630 

5,000 
835 
145 
61 1 25.60 

20.B 
5.000 

8.20 
8.40 
9.50 

17.30 
19.20 
9.10 
9.50 

14.60 

13.60 
17.00 
1260 

4,000 

10.60 
7.60 
6.60 

11.80 
5.200 

62.70 
65.80 
79.70 

71.10 

82.00 
81.20 

41.50 
43.60 
27.50 
37.20 

42.10 
37.80 
53.00 
30.40 
52.10 

28.80 

46.90 

40.60 
34.00 
31.00 

50.60 
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Table D1. Stress rupture data for weldments 

Temperahme Shss  Life Intest RA &lure 
Test Specimen Fil l~metal  ("C) MPa (h) (h) [%) location 

24916 
24937 
24936 
25564 
2776 1 
25573 
25678 
25571 
26847 
25575 
26848 
25554 
25623 
25666 
25780 
25805 
25794 
25789 
25810 

25554 
26922 
26918 
26923 
26919 
26917 
26916 
26663 
26718 
267 17 
26794 
26903 
26904 
26889 

cE2w-01 
CElW-01 
CE1 W-02 
AX5 W-03 
Ax5 W-04 
AX6W-03 
AX6W-04 
AX7 W-03 
AX7w-04 
AXSW-03 
AX8W-04 
CuMo-03 
AXCR-03 
AXCR-04 
AXCR-05 
AXCR-!I6 
AXCR-07 
AXCR-OS 
AXCR-09 
AUCR-01 
AUCR-02 
AIlCR-03 
AUCr-04 
AllCr-05 
AUCR-06 
CUMOW-03 
CE3W-03 
CE3W-01 
AXSW-06 
AX5W-05 
Ax7w-09 
AX7W-07 
cssw-01 
cs5w-06 
c s 5  w-07 
CSIOW-4 
BWT4-Wl 
BWT4-W2 
BWT4-W3 

in 82 GTA 
CuMo GTA 
CUM0 SMA 
CUM0 SMA 
CUM0 SMA 
CuMo SMA 
CuMo SMA 
CuMo SMA 
CuMo SMA 
CuMo SMA 
CUM0 SUA 
CuMo SMA 
CRE 16-8-2 
CRE 16-8-2 
CRE 16-8-2 
CRE 16-8-2 
CRE 16-8-2 
CRE 16-8-2 
CRJ3 16-8-2 
CRE 16-8-2 
CRE 16-8-2 
CRE 16-8-2 
CRE 168-2 
CRE 16-82 

CuMo SMA 
556 GTA 
556 GTA 
556 GTA 
556 G'rA 
556 G'rA 
556 GTA 
CRE 16-8-2 
CRE 16-8-2 
CRB 16-8-2 
CRE 16-8-2 
CRB 16-8-2 
CRE 16-8-2 
CRE 16-8-2 

CUE 16-8-2 

700 
700 
700 
700 
700 
700 
700 
700 
760 
700 
760 
700 
700 
700 
730 
730 
700 
650 
6% 
650 
650 
650 
650 
650 
650 
700 
700 
800 
700 
800 
700 
800 
7m 
730 
650 
600 
700 
700 
700 

170 
170 
170 
170 
140 
170 
240 
170 
200 
170 
120 
170 
170 
240 
170 
140 
140 
240 
200 
172 
193 
207 
224 
234 
241 
170 
240 
120 
280 
140 
280 
140 
140 
120 
170 
308 
140 
200 
140 

77 1 
834 

1758 
2827 
5945 
2919 
259 

3645 
122 

2819 
1343 
1681 
2332 
211 
282 

1885 
3323 
620 

4079 
5930 
1473 
553 
361 
185 

0 
168 1 
46 

759 
48 

416 
60 

394 

441 

344 

35.7 
00.6 
40.0 
00.4 
Q1.2 
04.2 
09.0 
04.0 
04.0 
04.0 
03.6 
25.3 
39.6 
23.4 
49.2 
39.0 
25.8 
13.2 
22.0 
61.9 
68.6 
64.5 
62.8 
61.2 
54.9 
25.3 
54.2 

44.9 
13.3 
32.8 
24.4 

4500 
3800 
3900 

1200 

1300 

40.3 

23.1 

Weld 
Weld 
BaSe 
Weld 
Weld 
Weld 
Weld 
Weld 
Weld 
Weld 
Weld 
Base 
Weld 
Weld 
Weld 
Weld 
Weld 
Weld 
Weld 
Weld 
Weld 
Weld 
Weld 
Weld 
Weld 
Base 
Weld 

Weld 
Fusion 
Weld 
Weld 

Weld 

Weid 
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Table D2. Tensile dat for B w T 2  weld s 

26950 
269§1 
26952 
26953 
26954 
26955 
26956 
26804 
26885 

2691 1 
26912 

26957 
26958 
26907 
26908 

26959 
Z(i960 

26961 
26%2 

26963 
26964 
26305 
26909 
26910 

26965 
26956 
26802 

26215 
26276 

26528 
26529 

26530 
26553 1 

26920 
26921 

26967 
26968 
26887 

mw-01 

CElW-07 
CElW-OB 
CElW-05 
CElW-09 
C%LW-12 
CElW-13 
CX1W-14 

CWW-05 
CE3W-06 

AXW-01 
AXSW-02 
AXW-07 
AXW-@a 

W6M-01 
W6M-02 
AXGWKRK-01 
M6wKKE-m 

AX'IW-01 
AX7w-02 
AXW-os 
AX7W-IO 
AX?%'-OR 

mw--03 

maw-oi 
Axaw-05 
AXBW-02 

BWl2W-1 
D m w - 2  

CS5%-wl 
cS5%-wl 

CSlW-Wl 
CS1096-WZ 

B W ~ - W ~  
BWT4-W.4 

m o w - 0 1  
m o w - 0 2  
m o w - O S  

alloy 82 
auoy 82 
ClMo SS (GTA) 
ClMo SS (GTA) 
WO SS (GTA) 
CUM0 ss 
CUM0 SS 
W o  SS ( T A )  
CUM0 ss 
alloy 556 
alloy 556 

cuhfo ss 
m0 ss 

alloy 556 

CUM0 ss 
CUM0 ss 
CRE 168-2 

d10y 556 

CRE 168-2 

CUM0 ss 
CUM0 ss 
CUM0 ss 
alloy 556 
auoy 556 

CUM0 ss 
CUM0 ss 
C I M O  ss 

CRE 16-84  
CRE 163.2 

CRE 168-2 
CRE 168.2 

CRE 16-8-2 
CRE 168-2 

CRE 168-2 
CRE 15-8-2 

CUM0 ss 
CUM0 ss 
m o  ss 

An wrlded 
As wdded 
As wcldcd 
As wddod 
As wdded 
As wddcd 
As wddod 
l o . m  WWC 
1 0 , m  Wn0"C 

As welded 
As w d k i  

As wrldcd 
As wddsd 
As wrlded 
As w d M  

WQM?? 
As wddd  
As wddarl 
As wdded 

As w d d d  
As welded 
1o.m WooPC 
As wdded 
As w d d d  

As wddcd 
An wdded 
10,ooo Woooc 

As wddcd 
As wdded 

As wddcd 
As wdded 

As w d d d  
As welded 

crep(rl00"c 
,=eptJI(xT'@ 

As welded 
As wdded 
10,ooo h/7oo)c 

25 
700 
25 
25 

700 
700 
25 
25 
25 

25 
700 

25 
700 
25 
700 

25 
700 
25 

700 

25 
700 
25 
25 

900 

2.5 
700 
25 

25 
700 

25 
700 

25 
700 

25 
900 

25 
700 
25 

86.1 1 55.96) 
47.37 16.60 
74.37 60.60 
75.08 20.40 
48 on 30.77 
49.39 29.35 
88.92 n 7 5  
61-90 57.39 
91.67 83.00 

89.84 64.68 
59.08 37.18 

9248 73.30 
M.19 55.00 

50.64 46.02 

91.05 69.26 
61.11 55.50 
91.31 m 4 0  
57-73 31.40 

89.53 54. 

95.16 93.71 
89.59 61.36 
6234 38.71 

70.94 70.70 
m.w 56.00 
98.19 90.65 

75.74 21.04 
46.7 1 27.35 

825 1 49.44 

91.00 a .28  

58.67 48.90 

46.67 26.85 

46.82 26.18 
88.36 65.27 

78.75 54.10 
39.66 19.46 

82.40 63.10 
48.79 34.60 
91.71 $280 

55.00 72.52 
41.50 68.44 

12.25 30.66 
11.20 22.56 
40.10 72.71 
51.40 72.92 
290 15.54 

26.00 48.70 

45.90 70.84 
30.30 60.06 

35.70 66.12 
13.50 22.55 
32.50 67.61 
16.00 57.32 

15.00 32.83 

45.00 66.82 
14.70 31.44 
25.40 65.02 
20.20 40.75 

23.20 55.55 
13.20 17.55 
11.00 14.25 
33.70 72.40 
16.00 54.03 

47.20 67.99 
14.40 26.03 
18.00 21.50 

6i.m 58.49 

37.40 n.os 

30.40 93.49 

28.60 62.03 

33.10 71.68 
20.00 6609 

3S.M 71.45 
39.10 60.04 

51.00 69.52 
50.00 52.66 
33.50 46.44 

Base 
Weld 
Weld 
Weld 
Weld 
Basc 
Baac 
Weld 
Base 

Basc 
Base 

Base 
WCM 

Bast 

B a s  
Baa? 
Base 
Wdd 

Fusion tine 
Fusion linc 
%at-affected zone 
B a s  
BSW, 

Weld 
Wdd 
Weld 

f3am 
Heat-affcctmxi zone 

Hcat-Clffccted mile 
Weld 

Heat-affcctnl aone 
Weld 

Base 
Base 

Base 
Base 
Base 

Barn 
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