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EVALUATION OF ADVANCED AUSTENITIC ALLOYS RELATIVE TO ALLOY DESIGN 
C m I U A  FOR STEAM SERVICE - PART 2 - 20 to 30% CHROMIUM ALLOYS 

R. W. Swindeman and P. J. Maziasz 

ABSTRACT 

The results are summarized for a task within a six-year activity to evaluate 
advanced austenitic alloys for heat recovery systems. Commercial, near- 
comercid,  and developmental alloys were evaluated relative to criteria for 
tnetallurgical stability, fabricability, weldability, mechanical properties, and 
corrosion in fireside and steamside environments. Alloys that were given 
special attention in the study were 8OOHT8, NF7098, HR3C8, and a group of 
20/25% chromium-30% nickel-iron alloys identified as HT-UPS (high- 
temperature, ultrafine-precipitation strengthened) alloys. Excellent metaUurgical 
stability and creep strength were observed in the NF709 and wR3C steels that 
contained niobium and nitrogen. One group of HT-UPS alloys was 
strengthened by solution treating to temperatures above 1150 "C and subsequent 
cold or warm working. Test data to beyond 35,000 h were collected. The 
ability to clad some of the alloys for improved fireside corrosion resistance was 
demonstrated. Weldability of the alloys was a concern. Hot cracking and heat- 
affected-zone (HAZ) liquation cracking were potential problems in the HR3C 
stainless steel and HT-UPS alloys, and the use of dissimilar metal filler wire 
was required. By the reduction of phosphorous content and selection of either a 
nickel-base filler metal or alloy 556 filler metal, weldments were produced with 
minimum HAZ cracking. The major issues related to the development of the 
advanced alloys were identified and methods to resolve the issues suggested. 

1. INTRODUCTION 

An assessment by Rittenhouse et al. { 1985) of the materials needs related to the 
development 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 Advanced Research and Technology Development (AR&TD) Fossil Energy 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 were then specified by Swindeman et d. (1986) in ORNL-6274, and a 

*Research sponsored by the U.S. Department of Energy, Office of Fossil Energy, 
Advanced Research and Technology Development Materials Program I D O W  
AA 15 10 10 0, Work Breakdown Structure Element ORNL,-2(B)] under contract 
No. DE-ACO5-840R21400 with Martin Marietta Energy Systems, Inc. 
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six-year activity was started to examine the potential of commercial, near-commercial, and 
developmental alloys. The alloys were separated into four categories: lean stainless steels 
containing less than 20% chromium; high-chromium, high-nickel, iron-based alloys containing 
20 to 30% chromium and 20 to 30% nickel; nickel-based alloys for cladding; and aluminum- 
beiring alloys. Because of their strength potential and relatively low cost, emphasis was 
initially placed on the pedomance of lean stainless steels, and Part 1 of this report sum- 
marized the status of that research (Swindeman et al. 1990). Several university and industrial 
subcontractors were involved in the work, and their results on the higher chromium alloys 
have reached a stage where the information may be fulded into the dab produced at the Oak 
Ridge National Laboratory ( O W )  to form a fakly comprehensive picture of the strengths 
and weaknesses of this group of alloys. Specifically, Topolski (1991) has finished work on 
the fabrication technology; Ferro et al. (1990) have completed studies of the high-temperature, 
ultratine-precipitation strengthened @IT-UPS) alloys in regard to optimization of thermal- 
mechanical processing; Lundin et al. (1989) have assessed weldability; and Blough and Van 
Weele (1991) have completed the first round of fireside corrosion studies. 

The information provided in this report addresses the evaluation of the 20/25% 

Cr-20/30% nickel-iron alloys relative to the alloy design criteria specified in ORNI,-6274 
(Swindeman et al. 1986). The criteria were divided into five categories: metallurgical 
stability, fabrication and joining, mechanical properties, fireside corrosion, and steamside 
corrosion. There exists an overlap between these categories, but an attempt is made in the 
infomution that follows to retain the frdmework identified in the alloy design criteria report. 
Some of the criteria required to assure satisfactory performance of the learn stainless steels were 
not needed for the higher chromium alloys and were eliminated from consideration here. 

2. MATERIALS 

Several 20 to 30% chromium austenitic alloys are viable candidates for superheater/ 
reheater tubing in an advanced stem cycle. The development and yedomance ~f these alloys 
for the advanced stearn cycle applications have been reviewed recently by Viswanathan (1989), 
so a relatively complete and current evaluation is available in the literature. 

Compositions to be discussed in this report are listed in Table 1 .  Included in the first 
groiip of alloys are those that are used on a commercial basis in the United States and identified 
in Sect. 1 of Sect. II of the American Society of Mechanical Engineers (ASME) Boiler and 
Pressure Vessel (BPV) Code. These alloys include type 310 stainless steel, alloy 8WHTO, 
and 253MA@ stainless steel. All of these alloys are relatively weak and are not considered 



Table 1. Composition of 20/25% chromium alloys 

Alloy C Si Mn Ni Cr Ti Nb V Mo P B S N AI Other 

253MA 
8ooI-i 
800HT 
310SS 

0.080 
0.080 
0.080 
0.080 

1.70 
0.24 
1 rnax 
0.60 

0.60 11.1 
0.90 32.1 
1.5 max 32.1 
1.60 20.1 

21.1 
20.1 
21.1 
25.1 

.04 rnax 

.04 rnax 

.04 max 

.03 max 0.170 0.04 Ce 
0.43 
0.6* 

0.42 
0.6** .015 max 

W709 
HR3C 

0.150 
0.060 

0.50 
0.40 

1.00 25.1 
1.20 20.1 

0.20 
0.45 

1.50 0.005 0.050 
0.200 

m800 
HR- 1 20 

0.080 
0.050 

0.40 
0.60 

0.80 34.1 
0.70 37.1 

22.1 
25.1 

0.40 
0.10 0.70 

1.25 
2.50 0.004 0.200 0.10 2.5W 

AX1 
.m 
Ax3 
Ax4 
cET2 
BWal  

0.087 
0.090 
0.092 
0.091 
0.095 
0.100 

0.20 
0.23 

1.99 30.1 
1.96 30.1 
2.00 31.1 
1.97 30.1 
1.93 31.1 
2.00 30.1 

20.1 
20.1 

0.27 0.21 
0.36 0.24 

0.52 1.98 
0.53 1.96 
0.52 2.00 
0.53 1.97 
0.47 1.99 
0.59 1.89 

0.074 
0.045 
0.03 1 
0.072 
0.003 
0.020 

0.005 0.012 
0.011 0.009 
0.010 0.010 
0.011 0.009 
0.007 0.013 
0.006 0.006 

0.030 
0.028 
0.029 
0.030 
0.010 0.02 
0.007 0.01 

w 
0.22 
0.22 
0.24 
0.19 

21.1 
25.1 
21.1 
20.1 

0.36 0.24 
0.36 0.24 
(9.29 0.20 
0.28 0.22 

*Combined Ti + Nb must be 1.2% or greater. 
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adequate to meet the specified design criteria for superheater tubing steam at 650"C, 35 MPa. 
A second group of alloys in Table 1 eovers near-conmercial alloys md includes Nippon Steel 
NF7098 stainless steel (Takahashi et al. 1989) and Sumitoms 
(Yoshhwa et aL 1989). These alloys are considered to he the prime candidates for advanced 
s tam cycle superheater tubing. The third group of alloys is compri of new materials that 
are in the research stage. Alloys include Hitachi-modified 8 H @si et al" 198S), alloy 
ER-1208 G-I-iaynes Alloys 1989), and variations within an alloy family identified as HT-UTS 
steels by Maziasz (1989), which are modifications of alloy 8 . Alloy NR- 120 is very new 
and will not be evaluated in this report. 

The chemistries of the alloys listed in Table 1 should be regadd as typical and do not 
provide the range specified for the specific alloy designation. The fabrication procedures, 
heat treatments, and important processing variables are provided in the appropriate sections 
included below and in the appendices. 

3C@ stainless steel 

3. METALLURGICAI, STABILITY 

']The alloy design criteria in QRNL-6274 specified that stability would be ass 
suppression of intermetallic and other embrittling phases tluough the addition of elements that 
promote austenitic stabilization. Means of accomplishing this objective have k n  reviewed by 
Maziasz (1987 and 1989) and will not be discussed here in any detail, Addressing the specific 
alloy design criterion listed in ORNL-6274, the findings below are pertinent: 

To meet this criterion for a temperature of 65Q°C, the alloys need to have equivalent 
chromium and nickel levels that place them near the y fie1 of the iron-nickel-chromium 
diagram provided in Fig. 1. In their reviews, Harries (1982) an Mashall (1984) 
iron-nickel-chromiuxn ternary phase diagram for several temperatures. They used the 
following formulae for the nickel arid chromium equivalents: 

Nb(A) = Ni + C o  + 0.5 Mn + 30 C + 0.3 Cu -I- 25 N 
and 

Cr,(A) = Cr + 2 Si + 1.5 Mcp -+ 5 V + 5.5 A1 a 1 "75 Nb a 
1.5 Ti -t- 0.75 W , 
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where the weight percent of each of the indicated elements is used in the hmulae. 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 fell 
into the austenite plus sigma field that occurs at 650°C. However, the use of Eqs. (1) and (2) 
to locate alloys in the ternary diagram did not take into consideration the fact that carbide and 
nitride precipitates deplete the matrix of elements that stabilize austenite (such as carbon and 
nitrogen) or promote sigma phase (such as molybdenum and niobium). The HR3C alloy faUs 
well within the alpha plus sigma field, and some sigma phase bas been found by 
Yvshikawa et al. (1989). However, the sigma phase was sparsely distributed and was not 
detrimental to the alloy performance. All of the developmental alloys listed h Table 1 were 
judged to be sufficiently close to the austenite field at 650°C to meet criterion I-A. 

I-B. Thee hromium and nickel equivalents w ill be maintained to ba lance the mtri X 

w s i t i o n  on the hiFh-nickebauivalent side. 

Several empirical equations have been developed that use the terns "nickel equivalent" 
and "chromium equivalent," EQuations (1) and (2) were provided in connection with the 
ternary phase diagram. Similar terms are used in connection with fabricability, weldability, 
and long-term metallurgical stability, and these terms were reviewed by Ellis et al. (1988) and 
Domian and LeBeau (1989) in connection with their assessment of the fabricability of the lean 
stainless steels. Xn specifying criterion I-€3, the equations used for N&(B> and Crq(B) were 
based on the Debng  (1974) equations written as 

N b ( B )  = Ni + 0.5 Mn + 30(C+N) 

Cr,(B) = Cr + Mo + 1.5 Si -t 0.5 Nb . 
and 

On the basis of these two equations, only type 310 stainless steel and 253MA were balanced 
on the high Cr@) side. D~naian and LeBeau found the HT-UPS alloys to be balanced 
toward austenite. 

I-C. h a l  chemical changes associated with the de~letion of austenite-stabilizing c k m ~  
will not produce excessive sigma and Laves. 

The phases present in several of the alloys have k e n  identified and reported in the 
literature. Some information has been provided in Table 2. First, mitior compositional 
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Table 2. Intermetallic phases observed in 20/25% chromium alloys 

Alloy Phases Reference 

8OOH Gammaprime Villagrana et al. 1978 
Tavassoli and Colombe 1978 
Maziasz 1989 

310 ss Sigma Menard 1952 

NF709 None 

HR3c Sigma Sawaragi et al. 1986 

m800 None Doi et al. 1986 

AXUAX3 Laves Maziasz 1989 

Ax4 None 

differences, hemal-mechanical condition, and time-temperature-stress conditions influence 
the kinetics and location of sigma, Laves, and gamma prime phase formation. Not all 
intermetallic phases are present at the same time, nor do they occur in the same location within 
the microstructure or produce the same embrittlement. Large amounts of sigma and Laves are 
undesirable. Massive signla phase has been observed in type 3 10 stainless steel 
(Menard 1952), but the amount diminishes as silicon content is reduced (Payson and 
Savage 1947). Small amounts of blocky sigma phase were observed in HR3C stainless steel 
as mentioned earlier. Little is known about intermetallic phases in NF7U9 and 253MA. 

Alloy 800W formed gamma prime (Villagrana et al. 1978 and Tavassoli and Colombe 
1978), but no sigma and Laves phases have been reported. The Hitachi-modified 800H was 
free from intermetallics p o i  et al. 1986). The HT-UPS alloys that have been examined 
revealed small amounts of both sigma phase, Laves phase, and phosphides (Maziasz 1989). 

The amount of precipitation as a function of time has yet to be modeled for the high- 
strength alloys containing nitrogen and niobium. Qualitatively, information available suggests 
that the weight percent of intennetallic phases will vary with small differences in chemical 
composition and thermal-mechanical treatment, but evidence suggests that the small amount of 
intermetallic phases produced at temperatures in the range of 600 to 760°C will not produce 
embrittlement problems. 
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I-D. The allovs will be strenflhened bv so lid solution elements and bv the development of 
Carbides and carbonitnh. . .  

Attempts have been made to correlate solid solution strengthening of austenitic 
iron-based alloys with composition. Examples of conelations of composition with short-time 
properties may be seen in the work of Pickering (1979) and Imine et al. (1969). The 
comelation of ultimate tensile strength (UTS) with chemistry has been given by b i n e  et al. 
(1969) as 

UTS = 15.4(29 + 35 C + 55 N + 2.4 Si + 0.1 1 Ni + 1,2 M o  i- 5 Nb -t 3 Ti 
' + 1.2 A1 + 0.82 t-ln) , (7) 

where UTS is in MPa, the elements are in weight percent, and t is twin spacing in 
millimeters. In addition to carbon and nitrogen, the "advanced'f alloys listed in Ta 
contain important solution hardening elements such as molybdenum, niobium, and titmiurn. 
Vanadium is not included in Eq. (7) but should increase strength as well. Nitrogen was 
specifically added to HR3C to increase the yield and tensile strengths a significant moilnt 
remained in solution after long-time exposure (Sawaragi et al. 1988 and Yoshikawa 
et al. 1989). Several levels of nitrogen were investigated in regard to NRW, and higher 
yields and ultimate strengths corresponded to higher nitrogen levels 
The nitrogen addition to HR3C, W09, and 253MA stainless steels raised the yield aid 
ultimate strengths quite nicely, and minimurn strengths for a ~ n e ~ l ~  tubing were well in excess 
of 3W ma for all three alloys, 

It was expected that some of the can& te alloys without nitrogen ~ d ~ t i Q n s  would be 

~ ~ r ~ ~ ~ ,  for example, the expected fmm the solid solution h ~ ~ ~ i ~ i ~ ~ ~ .  By csld 
yield strengths of the MC-fodSag alloys could be mi 

me the ~~~~~ yield or 
tensile strength woirld ordinarily limit the allo 
W O F ~  was r q u i r d  to raise the yield strength of IOy 80OXT md the HT-UPS dlQYS, XId 

example of the influence OC annealing temperalure and cold work is shown in Fig- 2. The 
stress versus strain curves are shown from tensile tests at room tempiiieture for a b y  8 
and the four AX series alloys, Yield strengths for specimens annealed at 12 
below 300 MPa, but the A 
clearly stronger than alloy 
thickiiess after the 1200°C anneal, increased the yield strength to values above 480 MPa. 

es alloys with more solution strengthening additions were 
A mill-annealed condition, which involved 10% reduction of 
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Fig. 2. Comparison of the room-temperature stress versus strain curves of the AX 
series, HT-UPS alloys. Anneals include 11 15 and 120OpC and MA (mill anneal) that involved 
12:oo"C plus 10% cold roll of plate. 

Creep strength was developed in the alloys by means of the precipitation of second 
phases. All of the alloys developed carbide precipitates during exposure at temperatures in the 
range of interest to advanced steam cycle applications (550 to 750°C). Some alloys developed 
nitrides and carbonitrides. The types of carbides that have been observed are provided in 
Table 3. The high-temperature creep strength was largely controlled by the size, spacing, and 
stability of these precipitates, both within the grains (matrix strengthening) and in the grain 
boundaries (grain boundary strengthening). Precipitates typically included two types of 
cubides (M7336 and MC), a nitride (NbCrN), a phosphide (MP) phase designed into some of 
the HT-UTS alloys by Maziasz (1988), and gamma prime, which precipitated in alloy 800H 
(Villagrana et al. 1978). The precipitation, dissolution, and changes of the elemental 
compositions of these precipitates are very complex phenomena, and it is well beyond the 
scope of this report to provide a comprehensive picture for the alloys. The criterion that the 
alloys be strengthened by precipitates was originally intended to allow this mechanism to be 



10 

Table 3. Carbide, nitride, and phosphide phases observed 
in 20/25% chromium alloys 

80013 M;?3C6, MC, MN, 
M(@N), MP 

310 ss MD CC 

Villagana et aL 1978 

Maziasz 1989 
@olombe 1978 

Menxd 1952 
Payson and Savage 1947 

Takahashi et al. 1989 

Sawaagi et al. 1986 

Maziiasz 1989 

Madasz 1989 

designed into the: alloys, rather than excludcd. The hmml-mechanical treatments that 
optimize the strength and ductility, however, wex expected io vary significantly from one 
alloy to the next.. 

of interest 10 the ,?cvmced steam cycle and fern& within the m a ~ x  at a rate that cleL~nded OII 

a n u r n k r  of coinplicating factors. Tha M z  Cg carbide w;?s repoa.;cd to be the szeliugthening 
phase in IIR3C, NF703, and 8WIIT and formed in only a fe.;., lnoirrs at tcrnpeziturcs above 
650°C Tke MC carbide developed early but was replaccd in the :IIt1zC and PG//03 alloys by 

In all alloys, the l b z ~  cg precipitate quickly fss-nne-d 01-8 grain hmdariss at the tetnpcaatueai-cs 

MU c6. 

In alloy 8WH, ttac MC carbide was present in small quantities and its apes axc  w2s not 

influenced by cold working in the range of 5 to 10% (Villagram et a!" 1978). In contrast, the 
HT-UPS alloys developed MC precipitates quickly, and cold work arselewtd and iinprcwed 
the distribution as it provided nucleation sites ermergld9y hvorabk foi t k  formation (Maziasz 
1988). A typical transmission elcc~~on rnicrogrcnph (TEM) is S I P ~ P W ~  in  Fig. 3, which rcvea!s 
the general character of the precipitates in h e  KC? alloy dter longtime creep cxpsure at 
700°C. 
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YE-134492 

Fig. 3. "EM of the microstructure developed in AX2 after 12,500 h at 700°C and 
170 MPa. Fine MC particles appear in dislocation tangles and a few large MC are present in 
the "EM. 
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h the COURX of EXZKC~ on ahe FE-UFS ~ J ~ ~ o Y s ,  a ~ i d e  V ~ ~ Y  O€ themd-meckanical 
treatments was exmined by Feno et al. (1990). They found that sohition @eating in the 
tempnture rmgc of 1150 to 1280DC, followed by 2 to 5% cold work ax-rd aging at tempcm- 
tures in the m g e  of $00 to 85Q"C, produced the st combinatiola yield and creep streiagths, 

treatment than others. The AX series alloys, for example, were saengtherad toageatcr 
degree than the CEP";! alloy. Fmo et al, (1 
effects, with coarse ga in  size being btteea for irnprovd creep resistance. 

and evidence collected to date suggests that Clrite~on I-D carp Ex mzt for thc n e ~ - c o ~ ~ ~ ~ n e r c i d  
and developmental alloys. 

However, sonac o€ the HT-UPS alloys daow greater response to thermal-mecharmical 

0) traced some of the differences to ga in  size 

None of the alloys required aging treatments to develop strcngth prim to creep testing, 

Qsrwald ripening i s  a ghen enon in which the ipitate particles become fewer in 
niinikr md lager in size as a result of l ~ n g - t i ~ ~ ~  exposure at temperatures where diffusion is 
significant, Alloys that depend on precipitate strengthening to meet shofi-time strength 
requirements could lose strength as a result of Ostwdd ripening. Alloys that depend CXP 

precipitates for long-ti e strength could degade in scrvic@e. 
se of Criterion I-E was to assure that coarsening of precipitates would not 

Cant  softening of a1 alloy whose strength depended on pre- or in 
hardening. Aging of austenitic stainless steels h 
much is kraown a b u t  type 3 B Q  stainless steel an 
was completed for sevem.1 thousand hours at XNl"C by Takahashi et (1983), and aging of 
ER3C staidess steel at temperatures from 600 to WWG was exanin by Yoshikawa et al. 
(1988). As a mle, the rmm-temperatwe yield md uXtiniate strengths of these solution-treat& 
alloys i n a e a d  with time due to cubicle or nitride precipitation. So e loss in tensile ductiBity 
was noted, but this was generally attributed to the formation of g a h - h u n  carbides rather 
than age softening due to Ostwald ripening of precipitates. 

k e n  a subject of research for 
H. Aging of Nb7Q9 stainless steel 

Microsmctairal effects on aging of Hitacki-rndfid 80011 at 700°C were exam;iaa 
Doi et d. (1986). 'hey  foun the precipitate smctuirc to develop qiaickly an 
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Aging response of alloy 800H was examined by Villagrana et al. (1978) and Tavassoli 
and Colombe (1978). They found an increase in strength that depended on the alloy cotnposi- 
lion and an overaging effect. Some heats of 8OOH exhibited overaging behavior in regard to 
hardness. 

A systematic study of the aging characteristics of the HT-UPS alloys has yet to be 
undertaken. One alloy, cold-rolled AX3, was tested after aging 10,OOO h at 700°C. It was 
found that the room-temperature yield strength remained the m e  while the ultimate strength 
increased slightly. The short-time creep strength was also degraded by the aging. Typical 
creep curves for tests at 7 W C  are shown in Fig. 4. 

Insufficient evidence exists to assure that Criterion I-E can be met for a11 alloys. 
However, the long-time data available for the HR3C and NF709 stainless steels are good 
indicators that these alloys will perform satisfactorily. 

ORNL-DWG 91-9606 

0 170MPa 
A 240 MPa 
0 aged 170 MPa 
a aged200MPa 
A aged240MPa 

A 

s! 
v 

t .- 
2 
)* 

v) 

a 
P) 

0 

0 2 0 0  4 0 0  600  8 0 0  1000 

Time (h) 

Fig. 4. Effect of aging at 700°C for 10,OOO h on the creep curves of 
A X 3  at 700°C. 
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I-F. The allovs will have a-toleranee for at least 
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ORNL-DWG 91-9607 
10 

A A X l m i l l  

0 AX2 mill 
@ AX3 mill 

mill anneal 
700 C 170 MPa 

A 
AX4 mill 0 

b. 0 800H 
rt 0 

d 0 i - 
@ 

2 

0 
0 5 0 0 0  10000 15000 20000 

Time (h) 

ORNL-DWG 91-9608 
10 

A AX1 ann 1200 C anneal 8 o AX2ann 700 C 170 MPa 

6 

4 
0 

a? a* 

1000 2000 3 0 0 0  0 

Time (h )  

Fig. 5. Creep curves for AX series alloys at 700°C and 170 MPa: 
(a) mill anneal condition-1200”C anneal plus 10% cold roll and 
(b) 1200°C anneal. 
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11-A. The allow will be capable of meeting American Society for Testing and Materials 
(AS: 

The literature review undertaken by Dornim and LeBeau (1989) to cvaluate thc behavior 
of the HT-UPS alloys regarding melting practicey workability, and phase stability identified 
several possible tuk-making routes, all sf wlnich required hot w~rkiking of cast and woug'rzt 
siructuses in the tempwarare range of 1000 to 1208"@, followed by cold working. The hot 
workability was assessed on the basis of the ratio of a nickel equivalent to a chrorniiam 
equivalent that was proposed by Myllykosi (1983). These quivdleaasies arc different than 
those prcvisusly given but involve several of the s m e  alloying e!ements 

Ni,(G) = Ni 3- 0.31 Mn -+ 22 C -t 14.2 N 3- @u (8) 
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Fig. 6. Photomicrographs of the microstructures of mill anneal AX alloys: (a) AX1, 
(b) AX2, (c) AX3, and (d) Ax4. 
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CET2 was Lubing roducd by a melting and forming practice that hvolvd centrifugal 
casting and cold pilgering, This  praxss most closely confomd to co elxial boiler tube 
rnanufact-inring practices and was yerfomd by Combustion Engineering. The prduc  tion 
sequence involved argon-induction melting and centrifugally casting a tube h flow 130 m iii 
diameter, 29 m in wall thickness, and 3 rn in length. *fie tube Imol~ow was then homo- 
genized at 1175°C for 1 h, water quench 
and cold pilgerd in a two-pass operation with an intcmediatte mncal at 1 175°C. The fmal 
anneal was at 1125°C. The tubing was rotary straightened and ulmsonically inspected. 
Approximately 5 m of sound tubing was produced with dimensions of 63-mm diani. and 
6.9-mm thickness, A problem was encourmbe~~~ in regad to the centrifugal casting of the 
titanium-bearing alloy. This involved ehe oxidation of titanium on tlie inside diameter of the 
casting, which p 
removed much of the oxide, but in order to meet the target tubing dimension with the available 
tooling, it was necessary to leave regions that included significant oxide islands. These were 
carried though the subsequent fabrication prwcsses and caused the rsjection;; of at least 50% s f  
the tubing on the basis of defects penetrating more than 10% of the wall thickness. 'T'he 

microstructure is shown in Fig. 7(a) . 
The gro$uceion of &e B W  alloy fisted. in "Fable B was desb+'ipe=d in detail by L e R a u  

(199Q) md Topolski (1991). The dloy was vacuum-i_tpducnisn melted and elecmslag renielted 
at Tedyne Alhac. to produce a 1270-kg, 338-mm-dim ingot. Approximately one-half of the 
ingot was forged to a 15O-m-diam billet, surface conditioned, drilled, and extruded by 

ration using standard practices. Several tubes were produced, each 4 m in 
dim, and 13-mm wall thickness. Additional tubing was cold finished to 

machined to 120-man OD by 1 9 - m  thickness, 

u c d  oxide islands. Machining of the inside dimiekx- of the tubing 

produce 50-man tubing with 7,5-n-nm wall. 
The microsmclure of the exmdecP BWW tubing is provided in Fig.7($). 
.4ssuming that melting practices would k selected that avoided excessive oxidation 

titanium, it appears that all alloys can meet Cfiterion HI-A. 

The advanced alloys listed in Talk 1 contain MC-forming elements md arc typically 
solution treateel at 11BO"C or higher. Generally speaking, the Nb-kx ing  alloys should be 
solution treated above 115o"C, with tetnperamre iccreasing with niobium content (Kmwn and 
I3ckering 1972)- 73s: "rmill-arincdd" condition assures that the alloy has k e n  ssl~ition 
treated md is not so heavily cold worked hat i t  would fail to meet ductility and COITOS~OII 
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Y910791P 

(a) 

Y213334 

Fig. 7. Photomicrographs of HT-UPS tubing: (a) CET2 and 
(b) BWT. 
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requkements. In actual fact, warn  work arrd modest amounts of cold \.~ork are dten 
introduced as part of the surface finishing and straightening processes. It is this unspecified 

at the mill, which makes it difficult to comelate composition with chemistry 
ted when using the co~elatjorn of Jrvine et d. (1969) given in (7). 

Because of rhe hporlance of w m  or cold work to the character of the MC. and MN 
precipitation, small variations in the fabrication history may groducc large &€fereuaces in the 
subsequent creep -rupture strength. 

allowables than conventional alloys, since they are strengthen 
strength for 
allsy exhibits a tygicd yield strength near 360 MPa and the minimum is above 380 MPa. 

strength falls near 172 MPa. It seems likely that some degree of cold work ust be present to 
produce a yield strength above 2 

amealing at 12061°C (Fig. rb), and the CET2 tubing h i d  a yield near 2% MPa after annealing 
at 1125°C The R W T l  tubing, when salution treated at 1200"C, prdmcd a r a m -  
temperatwe yield strength near 240 W a .  To promote the fine MC precipitation iaa die HIT- 
UPS alloys, it would k naessargv to specify a minimum rmm-tempratm-e yield strength in 

Id require a minimum cold working strain of 5%. Additional 
studies are under way on the exmided tubing to establish optimum cold-working schedules. 

Providing that cold working of the products 10 levels of 5% strain i s  acceptable, it 
appears that Criterion TI-€3 can be met for all near-conmiercid and developmental alloys. 

e W709 and HR3C alloys do not require cold working to promote higher design 
by nitrogen. A typical yield 

stainless steel i s  340 MPa and die niinimum is near 30(8 MPa. The EIR3C 

Alloy 8WHT has a typical yield strength near 24Q MFba (INCO 1989), but the minimum 

The AX series of HT-UPS alloys exhibited yield strengths around 210 h.IBa after 

Flately et al, (1987) produced alloy 8WM hxbing clad with dloy 67 1 by cwxerusion and 
exposed the tubing to 34, 
testing indicated that the alloy 67 1 cladding was exrabrittld, but tlre alloy 88oH remain 
ductile. Smith and Lips rnb (1987) produced alloy 8OOHT clad with an experimental. alloy 
(BXA) by cepextrusio 
temperature range of 593 to 871°C. They reported satisfactory performance. 

(1991). Here, a machi billet (1 33 mm in dim) was encased in a mild steel cm that was 
subsequently filled with 50-mesh powder (either alloy 67 1 or 690). The can was preheated, 
evacuated, sed&, and extruded. The extsusion work was lperftinrad by A U X  Corpmadon 

-h boiler service in the range: of 650 to 6 0°C Post-exposme 

expsed the duplex nubitig PO an incineration environment in the 

C'ladding technolo for the HT-UPS alloy BWl7  tubing was developed by 'I'sgslski 
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and the cold fmishing by Babcock and Wilcox. The alloy 67 1 cladding extruded with no 
problems, but cracking occurred during the cold finishing. The alloy 690BWT combination 
was successfully processed to cold-finished clad tubing and is currently undergoing evaluation 
(See Fig. 8). 

piece was sawed fiom the BWT billet and rolled to 13-mm plate. Alloy 690 and alloy 672 
filler wire were deposited on the plate using the gas tungsten arc (GTA) process. The clad 
plate was then hot rolled to produce rhe excellent bonding shown in Fig. 9. 

It appears from the information provided above that the alloys may be clad with 
high-nickel, high-chmmium alloys, but the perfmmce of specific claddings under the 
conditions imposed by advanced steam cycle operations has yet to be determined. There is 
reason, at this time, to believe that Criterion 11-C can be met for most alloys. 

Weld overlay was examined as a possible cladding method by LeBeau (1990). Here, a 

J1-D. m e a l  lovs . w ill be we ldable bv ~mduresst.ree.ifed intheASMJ3 B BV Code. Sect,X 

on Power Boilers. 

The American Welding Society defines weldability as "the capacity of materid to be 
welded under the imposed fabrication conditions into a specific suitably designed smcture and 
to perform satisfactorily in the intended use." Welds have been produced in all of the 
advanced alloys, and information is provided in Table 4. 

Alloy 8OOHT is typically welded with Inconel A, alloy 82, or alloy 117 (nVC0 1989). 
Takahashi et al. (1989) discussed the weldability of NF709 stainless steel, They were 

able to produce sound welds by the GTA process using matching filler metal. Weldment 
properties were similar to base metal, and the weldability was claimed to be comparable to 
type 347 stainless steel. 

The weldability of HR3C stainless steel was reported by Yoshikawa et d. (1989). 
Vmsha.int testing revealed that the weldability was comparable to type 347 stainless steel. 
Partly for this reason, filler metals of differing compositions were selected for butt welding 
tubes. Included were alloys 625,82,182, and Inconel A@. Sound GTA and shielded-metal 
arc (Sh4A) welds were made in heavily restrained tubes. 

A review of the welding technology for the HT-UPS alloys was undertaken by 
Lundin et al. (1989). A potential weldability problem was found, aggravated by the 
phosphorous and niobium content of some HT-UPS alloys. A number of exprimetits were 
performed at OFWL and by Lundin et al. (1989) to evaluate the weldability of the 
alloys. These experiments included, but were not limited to, Varestraint testing 
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YP12528 

Fig. 8. Coexahmdd HT-UPS alloy tubing-alloy 690 on BWT. 
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Fig. 9, Weld overlay and roll-clad FIT-UPS plate: (a) alloy 6 
on BWT and (b) dloy 672 on BWT. 
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Table 4. Suxnmany of welding technology for 2025% Cr alloys 

alloy 82 
alloy 182 
alloy 1 17 

mco 1989 

HR3C alloy 82 
alloy 182 
alloy 625 

Yoshikawa et al. 1988 

CET2 alloy 92 this work 

E1m alloy 556 this ~ o r k  

(Lundin et al.1985), Sigmajig testing (Gmdwin 1987), and Gleebk hot ductility testing. 
Correlations between the various types of tests were made, md it was concluded that the 
alloys had a hot-cracking sensitivity equivalent to conmercial, type 34’7 suidess steel. It was 
d e t e m h d  that the alloys could not be: welded with matching filler metal. 

Butt welds were p r d u c d  at ORNL in several of the MT-UPS alloys. A total of six 
alloys wee  welded, plus the alloy 472 and 6 

series allays were joined with 17- I4CuMo stainless steel by the SMA process. In all cases 
efforts were made to res 

overlay cladding of the BWT7 alloy. The AX 

n the plates. The 13-xuxn plates were fillet welded to 19-m-thick 
less steel strongbacks. After welding, side bend and nietallography ~~~~~~i~~~ 

were perfonncd to evaluate the extent of hot cmckhg. All of the AX series alloys exhibited 
fusion line or heat-affected-zone (HAZ) hot cracking when welded with 17- l4CuMo stainless 
steel filler metal. The high phosph~~-o-ous AX1 and 4 x 4  heats were the 

the visual inspection in the si k n d  test, TY&9icd KmiCfOS@UCt me shown in Fig. 10. The 
CET2 tubing was fillet welde o lQ-mm-olnick plates then cla in the restraining rig. A 
butt weld was made with alloy 82. No hot cracks were found in the CETL weld. Plates of 
the BWT alloy were w d d d  with 556 filler metal. Both solution-treated and cold-rolled plates 
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YS 1Cs graphs showing ng in AX s 
stainless steel fill AX1 with (bl 0045% P, ( G )  AX3 with 0.03% P, and (4 AX4 with 0.07% P. 
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I Although the weld appeared sound, recrystallization aiid grain growth were 
observed in the NAZ of &e base metal. Typical microsmtcmes are shown in Figs. 11 and 12, 
All €12'-UPS auoys exhibited extensive liquation iir the I - I M  and, iiz the successful welds: it 
was clear -that the hot cracking as avoided by vaue of the liquidity of the weld mctd that was 
able to penetrate the open gain-bmaadq regiows. 

In summav, there a e  concerns a b u t  the weldability of the alloys. Extreme care will be 
needed in specifying the welding prmesses, filler metals, arid process variables. Only by 
testing in acpnaal boiler operating conditions can eonfommce to Criterion II-D be assu~ed. 

The rube-to-header joint may require thick-to-thin section welds. The header cmild be of 
a dzferena cornpsiticm than the tubing, so dissimilar metal welds may be required. Scvcral of 
the corrosion-resistant alloys require a special filler metal and, quite likely, suck a f ikr  metd 
could be used in making dissimilar metad welds. 'I'he ability to meet Ciitwisn n-E has yct to 
be demonstrated. 
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Y215475 

Fig. 1 1 Photomicrograph of weld region in cold-rolled BWT plate welded With 
alloy S56. 

Y215471 

Fig. 12. Photonnicrographs of weld region in annealed BWT plate welded with 
alloy 556. 
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__I_. A- 1 
&rn BPV ect, I. 

Fm sonme austenitic alloys, such as 8WHT, item (4) above has LYW waived, and it is 
permissable to use 90% of tke minimum elevated tcrnpcatiire jrid6 sir-eagrh. Clearly, for new 
alloys more than one heat muqr tcs:edz md long-duration test data are ncded. Im addition to 
these requirements, evidence must l x  provided that the alloy docs i;ot so embrittle in long-time 
senice that catastrophic failure could result. 

Substantial data bases exist fc; ~I loys  SOOH, Nl"ii39, 253MA, and I{R3C stainless steels. 
Of these, the data base for alloy 8OOM i s  well cstablishd (Rmker et al. 1978 and INCO 1986) 
md will be a staidxd against which otkr  hezts and alloys c m  k I I I T ~ S R J ~ ~ , .  At the 
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temperatures of interest, the rupture strengths of alloys 800H and 800HT were similar, and no 
distinction is made. The temperature ranged fmm 600 to 1OOO"C and stress-rupture times 
extended beyond 50,000 h at several temperatures, thus requiring a minimum of extrapolation 
to establish design stress allowables with a high degree of confidence. 

6.  TENSILE PROPERTIES 

A plot of the alloy 800H yield and ultimate strength versus temperature has been provided 
in Fig. 13(a), which includes a trend line based on a simple polynomial fit through the data. 
The trend of the alloy 8OOH data may be compared with representative tensile data trends for 
NF709, HFt3C, and 253MA stainless steels in Figs. 13(b) through 13(d), respectively. The 
HR3C stainless steel was the strongest, followed by MF709 stainless steel and then 253MA. 
The nitrogen-containing alloys were considerably stronger than the alloy 800H. 

Because the quantities of the first group of HT-UPS alloys (AX) series were small and 
the primary application for the alloys was in the temperature range where stress-rupture 
strength would control the design allowables, the tensile testing of most of the developmental 
alloys was limited to 25 (RT) and 700°C. The exception was CET2 tubing. The yield and 
ultinlate tensile strengths have been plotted against temperature in Fig. 14 and shown as 
curves, Included in Fig. 14 are the available yield and tensile strength data for other HT-UPS 
alloys shown as pints  at 25 and 700°C. Comparisons show that the 1200°C annealed 
HT-UPS materials were weak and the mill-annealed AX alloys (with 10% cold rolling) were 
strong. Comparison of the strength of the CET2 tubing with alloy 8OH [Fig. 14(a)] indicated 
higher strength in the CET2 alloy. However, none of the HT-UPS alloys possessed the high 
ultimate strengths of the nitrogen-bearing stainless steels shown in Figs. 13(a) to 13 (6). 
Tensile properties for the HT-UPS alloys have been summarized in Table 5. 

7. STRESS-RUPTURE 

For purposes of comparison of available data on near-commercial and developmental 
alloys with alloy 8OOH on a similar time scale, the rupture strengths at 1,OOO and 10,OOO h 
wedre interpolated from the published data and used to calculate the Larson-Miller parameter 
&I"uIp) 



30 

0 2 0 0  400 6 0 0  e o 0  
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. 

- 
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Fig. 13. Yield aiid teenasik strengths versus temperarmre for scvcrd alloys: (a) alloy 
80M, (b) NF709 stainless steel, (c) HK3C staiwless steel, and (d) 253K4 stainless steel 
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ORNL-DWG 91-9610 

800 ; 

0 200 400 600 800 0 
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Fig. 14. Yield and tensile strengths versus 
temperature for HT-UPS alloys. 

Table 5. Tensile data for HT-UPS alloys 

Alloy 

.. . . . 

8OOH 

AX I 
'4m 
AX? 
AX 2 
Ax'? 
AX3 
AX3 
AX4 
AX4 
'4 x 4 
AX 1 

AX2 
AX3 
4x3 
A X 4  

CET2-01 
CE 1'2.02 
CE l-2-03 
CET2-04 
CET2-OS 
CET2-06 

C!3.'1'2-OR 

BW17-07 
H W n -  11 

c ~ r 2 - 0 7  

0.2% Yield 1Jltinme Reduction 
Ternpcmrure strength strength Elongation of xa 

Condition ("C) (MPa) (MPa) (%) (%io) 

mill 

mill 
mill 
11 15 all11 
1200 ann 
mill 
1115snn 
1200 ann 
mill 
l l l5ann  
1200 ann 
inill 

mill 
mill 
1200 anri 
mill 

mill 
mill 
mill 
inill 
mill 
mill 
mill 
ndl 

1200 ann 
1200 ann 

25 

25 
25 
25 
25 
25 
25 
25 
25 
25 
25 

700 

700 
700 
700 
700 

25 
loo 
200 
300 
400 
500 
6(x) 
700 

25 
700 

1 so 
456 
533 
289 
214 
464 
355 
213 
507 
368 
230 
306 

378 
347 
128 
330 

292 
2a l  
227 
205 
206 
250 
187 
171 

242 
118 

538 

639 
690 
643 

659 
634 
605 
690 
702 
620 
45 1 

418 
473 
407 
47 8 

618 
556 
520 
508 
49 8 
517 
492 
40 I 

573 
390 

59s 

54.5 

46.3 
34.6 
44.1 
46.5 
35.6 
38 5 
53.3 
39.5 
39.3 
54.2 
32.3 

37.2 
39.5 
51.6 
36.8 

39.4 
38.4 
36.4 
38.0 
45.1 
44.8 
41.8 
3.16 

58.3 
46.8 

61.1 

74.9 
62.4 
61.3 
61.3 
59.1 
61.7 
65.8 
64.5 
56.6 
58.4 
42.3 

56.0 
53.9 
50.3 
56.6 

65.9 
60.7 
55.6 
51.2 
54.5 
51.0 
52.3 
35.7 

64.65 
40.54 
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where T is temperature in Kelvin atad t~ is mpture life in hours, The resulting data xe plotted 
in Fig. 15 where csmpa~sons may be alade to a trend line representing the log stress vems  
Lh4P for alloy 808EI. The design SECSS iritensity target identified in ORNL-6274 (60 
at 700°C) occurs where the IMP i s  24330, and a promisifig alloy should exhibit an average 
mptenae strength that exceeds die target strerrgcb by a facto[ azf 1.5. This factor requkes that the 
average sneiigth at 700°C and 10C9,800 1-1 should meet or exceed 90 

100,001) h a i  7W"C is nmz 57 MPn. 

trend Bine for alloy 8MHI'. "llie choice of ehe La~.scan-Mller constant of 20 in 121, 10 was 
reernsonable, alt l~~ugh not optimum, and the datz clearly revealed excellent strength of Nk 709 
relative to alloy 808 . Thc strength at 100,OOO h at 700°C has been ~ s t i m a t d  to be n c z  
90 W a .  

of thc LMP, tbc HR3C was clearly stronger than alloy 8OOMT but, as tke value of the LMP 
approached tinc number rcprcscnting lcx),OOO h at 7a30°C, the s~cngtlls cmvergcd. The 
estimated vduc for MR3C stainless steel w2s 60 MPa. 

. 
Alloy 800IIT [Fig. 15(a)j i s  x-elativcly weak, and a typical rupture sam̂ eurgth for 

Data for t h ~  MF7W stainless steel have k c n  plotted in Fig- 15(b) and cotnpzd to the 

The MIP3C stairnless stcel is compared yo the 86)oHT alloy in Fig. 15(c). At lower vducs 

Type 253MA [Fig. 15(b)] was weak, although the LhlP prcxkuced ;r ywr  fit to the data. 
The value bascd on vendor daia gave a typical i~pture  streiigtlr for lW,DCQ h at 700°C near 
33 ma, TI-ierc is, of course, uficeminry in the e s h a t d  stlyngth base? on the use of log 
stress V ~ T R I I S  I,W curves f o ~   he annealed alloys tha-t may be a+tributd :a"r thc limitations in 
correlating thc tkne-tempeaxture behavior ST alloys thsf kindergo m q t h e n i n g  due to thc 
precipitation of carbides during service. Acrual. data bases are unde~going continual evaluation 
by C d c  gioups, so infomation piovided here is, at best, only a rough estimation of thc 
capabili:'es of the varioii~~ alloys. 

Stress rupture data for the Ic-';"I'-UPS alloys were highly variable, bent cszld k, scpzatsd 
into several kqoupings. The first gmmping involved :he "mill-amealled" AX scrjrx alloys that 
were solution t~eateol at 1200°C but cold idled to p r c ~ h ~ e  high-yield strcngtlis The sacontl 
grouping consisted of the alloys solution treated at 12WC1 hut receiving no subwquent cold or 
w m  work. T k  third grouping included those alloys that were annealed at temperatilrcs 
below 1154)°C, Creep and stress-mpture pro~gerties for the I i '~-uPS alloys bave ken  
summarized in Table 6* and the log stress vcrsus log L W  data have k e n  piottcd in Fig. 16. 
The mill-antided AX alloys [Fig, 16(a)] were very strong (with the exception of tho;: mill- 
annealed AX4 that was hrittlc), md ex~apdaeions iridicated that the materials could niect thc 
alloy strength design targets. The 1200'C annealed materials Fig. 16(b>] appexcd to be 
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Table 6. Summary of creep-rupture data on HT-UPS alloys 

............. ~. ............ ......... ___._ .......... ~ .......... 

Temp Stress 
TN Spec qo. Ann Condition ("Cj (MPa) Mcr(%/h) t 1% (h) t r (h) %El "/c KA Status 

1 
2 
3 
4 
5 
6 
7 
8 
9 
110 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 

25048 
25384 
25486 
25545 

25360 
254 12 
25419 
2542 1 
25433 
25435 
25440 
24975 
25425 
25489 
25487 
2549 1 
25538 
26999 
25753 
25739 

2568 1 
25943 
25900 
27 166 
27412 
27390 
27354 
2738 I 
27404 

25357 
24079 

26058 
26084 
26089 
261 11 
26120 
261tY 
26118 
26121 
26148 
2623 1 
25257 
26277 

27336 
2741 1 
27392 
27339 
27338 
27337 
27382 
27396 
27372 
27395 

AX1-06 mill 
AX1-11 1200 
AX1-12 1 2 0  
AX1-13 1200 

AX2-03 1200 
Ax2-04 1200 
AX2-05 1200 
AX2-07 1200 
AX2-08 1200 
AX2-09 1200 
AX2-10 1200 
AX2-12 11liU 
AX2-13 1200 
AX2-15 1200 
AX2-16 1200 
AX2-17 1200 
AX2-18 1200 
AX2-19 12(H 
AX2-20 1115 
AX2-21 1115 

AX3-14 mill 
AX3-15 ndl  
AX3-16 mill 
AX3-17 d l  
AX3-A1 mill 
AX3-A2 mill 
AX3-A4 mill 
AX3-AS mill 
AX3-Ab mill 

AX4-01 1200 
AX4-06 mill 

CET2-0 mill 
CE'12-10 mill 
CET2-11 mill 
CET2-12 rmll 
CET2-13 mill 
CET2-14 ~nill 
CET2-15 mill 
CET2-16 mill 
CET2-17 mill 
CET2-18 mill 
CET2-19 mill 
CET2-20 mill 

BWT7-01 1200 
BW17-02 1200 
BWT7-04 1200 
BW7-05 1200 
BWT7-06 12(M 
BWT7-09 1200 
B W - 1 0  1200 
B W - 1 3  1200 
B W - 1 5  12Ix) 
BWT7-17 1200 

n d  
1200 
1200/2% 
1200/2%/Age 

I 2 0 C  
1 2 m  
12oOc 
1 2 m  
12ooc 
12ooc 
1200C 
I d  
1200c 
1200c 
1200c 
1200c 
1200c 
1200/3% 
1115c 
111% 

mill 
mill 
nlill 
mill 
700/10kh 
700/10kh 
700/10kh 
700/10kh 
7(X)/lOkh 

1200 
mill 

mill 
null 
rnill 
miu 
ndl 
mill 
mill 
mill 
mjll 
mill 
mill 
mill 

1200 
1200 
12(M 
1200 
12OO/8% 
1200 
1200 
1200 
12(N 
1200 

700 170 
700 170 
700 170 
700 170 

700 170 
760 200 
760 140 
760 170 
7(x) 200 
700 170 
700 140 
700 170 
760 120 
650 170 
650 240 
650 200 
760 100 
760 140 
700 170 
700 240 

700 240 
760 200 
730 120 
800 140 
760 200 
700 200 
650 300 
700 170 
700 240 

700 170 
700 170 

700 200 
700 197 
700 170 
730 170 
650 275 
650 200 
6.50 240 
730 140 
730 120 
700 140 
760 120 
700 120 

760 170 
700 170 
765 100 
650 170 
760 170 
700 170 
650 200 
600 240 
700 140 

600 300 

1.103-4 
1 .00~-4  
1.2oe-4 
2.00E-4 

1.70E-4 
1.4k-2 
6 . m - 3  
4.00~-2 
4.60~-4 
1.8Oe-4 
8.99e-5 
1.00~-5 
2.00e-3 
5.00e-6 
3.00e-5 
7.50~-6 
6.4ot-4 
5.m-3 
1.00e-4 
4 . m - 3  

1.2ot-4 
5 . m - 3  
1.5& 5 
1.4Oe-3 

7.00e-5 
1 . 3 0 ~  4 

8.702-2 
2.50e- 1 
2.5Oe-2 
1.60e- 1 
1.80e-2 

1.00e-2 
4.30~-2 
8.8k-3 
1 . m - 2  
7.50e-2 
1 .00e-3 

2.8Oe- 3 

6.4Oe-1 

1.3Oe- 1 

6500.0 
2100.0 
1900.0 
200.0 

1800.0 
0.6 

18.0 
6.2 

50.0 

3000.0 
6000.0 

147.0 

150.0 
10OW.O 

300.0 
900.0 
60.0 
0.4 

2750.0 
120.0 

19700.0 
223.0 

475.0 
1090.0 

28.0 
4.0 

15.0 
180.0 
40.0 
10.0 

220.0 
80.0 
10.0 

400.0 

1.4 

5.0 

8969 12.8 33.9 
2888 31.1 74.6 
2572 23.7 45.6 
1061 39.2 74.8 

2987 34.4 70.0 
43 32.9 6R.6 

207 49.3 74.2 
88 43.0 72.7 

160.5 33.0 72.2 

4831 46.6 46.7 
12325 15.8 64.3 

342 70.0 74.2 

12503 33.1 67.7 
27453 28.0 72.8 

1072 49.5 76.7 
208 71.2 76.8 

1040 54.0 74.0 
234 30.1 73.8 

3041 20.2 63.1 
179 26.6 6S.O 

21530 17.6 61.4 
242 10.6 38.8 

132 39.5 63.5 

298 27.0 65.3 

2232 8.5 9.2 
1090 3.4 2.4 

139 40.5 61.0 
62 42.8 69.0 

405 52.3 68.0 
86 48.5 69.8 

144 41.2 50.2 
1610 31.1 70.1 
438 43.7 67.1 
251 47.1 67.9 
711 50.2 73.5 

1051 48.9 71.2 
157 51.7 76.5 

3497 42.7 70.8 

14 51.8 74.0 

34 57.4 69.5 

R 
R 
R 
R 

R 
R 
R 
R 
R 
n 
R 
R 
R 
37000 h 
R 
R 
R 
R 
R 
R 

R 
K 
R 
R 

100h 
1201) h 

1500 h 
K 

R 

R 
R 

R 
R 
R 
R 
R 
K 
R 
R 
R 
R 
K 
R 

R 
200h 

1200 h 
2000h 

2000h 
15O h 
500h 

200Uh 
900h 

R 
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Fig. 15. Log swcss versus the Larssn-Miller parauweter for rupture based on rypical 
s~engths at 1,OOO and 10,000 h for four alloys: (a> alloy $QGMT, (b)  NF709 stainless steel, 
(c) HR3C stainless stccl, and (6) 253MA stainless steel. 
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Fig. 16. Log stress versus the Larson- 
Miller parameter of rupture of HT-UPS 
alloys: (a) mill-annealed AX series, 
(b> 1200°C annealed material, and (c) lower 
temperature-annealed material. 



strong at low values of the LMP, but the slope of the paraamezer curve was steep and the alloys 
were riot much s~onger than aUoy 808H at the design condition. Tlhe Xow-temgxratux- 
mnrded matp,r-ials [Fig. 16(c)] were weak and O W ~ Y  slightly kt:cr than alloy $@OH. Testing of 
the. BWT7 tubing is in the early stages aid trcnds axe not meaningful. 

al!sys identiikd inn Tablc 1 are required &fore it can be cenain that the target design s~ress of 
60 WJm at 700 "17 can be achieved in fabricated boiler tubing alloys. Of the alloys 
investigated; NF709 stainless steel had the best chance of meeting the strength criterion. 'Re 
HR3C and IW-UPS alloys show potential md may meet the criterion if the right thePas-,al- 

h summary, fixthe1 opdrmimtion and analysis of the near-couaimercial and developmental 

mcharlical prwcssing scheme can ken  deve:sped. 

Many indices have k e n  proposed that correlate creep-rupture ductilities aeasurd tinder 
co~stant-load, isothcmal, uniaxial stress conditions with pxfomance: under more rediskic 
loading conditions. Twenty-one af these indices were reviewed by Manjoine (1975) and h e  
triaxiality factor (TF) proposed by Davis and Connelly (1959) emerged as a useful index €01- 
evaluating ductility iequirememts for pressurkxd tubing. Here, the 'IF is defined as the ratio 
of the noma1 stress to the shear stress on the octahedral plane, nomalized to uniiy for simple 
tension 

where the prificipal stresses xe GI,  0 2 ,  and ~ 3 .  The serain measured in the stress rupture 
experiment is then plotted against the 'IF to estimate ductility. Manj'oine provided data for type 
3W stainless steel, but veA7 little infcmnation is available for the advanced alloys of interest 
hue.  Knowing the long-time ductility, an estimate may be made of the strain at rupture in a 
pressurized tube from the carves developed by Mxiljoirne (1975) from type 304 stainless sted 
data, using the TI? defined in Eq. (1 1) above. Ikc ratio of ductility in a pr~sss~arized tube to the 
uniaxial ductility for a creep rate near 0.01%/1,00 h woeild be near 0. i .  Assuming that the 
trerad for elongation versus log time extrapolates to 4% in 100,80(r h, the expected ductility in 
a pressurized tube would be aroiarzd 3% ,which cxceds the 2% strain specified in the alloy 
design criteria. 
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All of the advanced alloys exhibited creep-rupture ductilities that exceed 4% in the time 
range where data are available. Elongation and reduction of area data for the HT-UPS alloys 
are plotted in Fig. 17. For the most part, excellent ductilities were observed for times to 
beyond 10,OOO h at all temperatures. 

Some concerns remain in regard to rupture ductilities under pressurized stress conditions 
be;cause of the unusual failure mode exhibited by the AX series of HT-UPS alloys. As may be 
seen in the creep curves shown earlier (Fig. 51, the cold-rolled alloys often experienced little 
or no creep for long times. Over a relatively 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 about by recrystallization on grain boundaries and within the 
mairix. The MC was then dissolved into the dislocation-free recrystallized regions as shown 
in Fig. 18. Additional testing under variable stresses, temperatures, and multiaxial stresses are 
needed to establish the ductility limits of the HT-UPS alloys. 

Currently, the existing data suggest that the advanced alloys have adequate ductility to 
meet Criterion 111-B. 

U-C. over -1em-e e xcurs ions of 50 "C for up to 1% of 1 ife will not den& lo nE-nrnG 
Strength by mo re than 10%. 

High-temperature heat recovery systems generally experience over-temperature transients 
with various degrees of severity. Very little testing has been performed to assess the ability of 
alloys to resist such transients without undergoing damage. One significant symposium was 
held by ASTM (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 proposed by Robinson (1952) was satisfactory in correlating data. Here, the 
creep damage kaetion, during any transient to temperature Ti is calculated by 

where Zti is the time at Ti and hi is the time to rupture at that temperature and stress. When the 
sum of all damage fractions reaches unity, failure occurs 
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Fig. 17. Ductility versus niptillre life for HT-UPS alloys: (a) elongation 
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YE-14155 

Fig. 18. TEM of HT-IJPS alloy AX2 showing regions of recoverylrecrystalliuttion after 
h at 708°C and 170 MPa. 
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Of the alloys identified in Table 1, only alloy 8WH has a sufficient data base to estimate 
the D value by the analysis method developed for code Case N-47, and the value of D was 
spe:cified as unity. Some progress has been made in understanding creep fatigue damage in 
253MA by Nilsson (1988 ) and in type 310 stainless steel by Kanazawa et. al. (1988). 
Niisson found that 253MA was more sensitive to creep damage in hold-time fatigue than 
type 316 stainless steel. Indications were that D would be 0.3 or less. Kanazawa studied 
strain- rate effects at a number of temperatures and found significant losses in fatigue life at, 
low strain rates when temperatures were in the range of 600 to 700°C. Doi et al. (1986) found 
that the low-cycle fatigue resistance of Hitachi-modified 8OOH was slightly better than alloy 
8OOH. 

Further studies on cyclic operation and the way in which damage is summed are needed to 
determine if Criterion 111-D can be met for the high-chromium alloys. 

TIT-E, Notc hed-to-smooth-bar. creep-rwture stren fth ratios w illexceedu nitv at te rnmratures 
- injhe range o f 600 to 760 "C. 

No data are available on the notched stress-rupture behavior of the advanced alloys. 

m-E;. CharpvV impact eneru at room temge rature will exceed 209att  he end of life. 

Yukawa (1991) reviewed research on the influence of aging on the impact energy and 
fracture toughness of austenitic alloys. The impact energy (Charpy V, C h q y  keyhole, or 
Izod) of most alloys diminished as a result of long-time aging. 

Alloy 8OOH appeared to be a good performer. INCO reported the impact strength of 20% 
cold-rolled alloy 8OOHT after exposures to 12,000 h at 540 and 650°C. The Charpy V impact 
values exceeded 80 J. 

Data reported for HR3C stainless steel indicated satisfactory Charpy V impact values 
(Yoshikawa et al. 1988). Energies exceeded 4Q J after 10,000-h exposures at temperatures in 
the range of 600 to 800°C. 

NF709 stainless steel exhibited significant losses in impact energy as a result of aging at 
7WC, but values stabilized above 30 J after 10,OOO h. Little is known about the aging 
characteristics of the HT-UPS alloys. 

In summary, all of the alloys listed in Table 1 will lose toughness as a result of exposure 
to high-temperature service. Further studies of loss of toughness in a service environment are 
needed. 
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Austenitic dloy we1daraeait.s that contain significant mouiits of ferrite C O L ~ ~  suffer 
embrittlement if the ferrite. were to warn sf om^ to signa or a' during service. The advaric 
alloys are not expected to contain much ferrite in welds. Nevertheless, sigma, Lave% phase, 
and carbides in welds could produce em ra4ement. No infomation taas bce~  prcducd on the 
aging embrittlemerit of weld fiier metals, 

In summary, more information is needed on the toughness of aged filler anmil for all 
alloys listed in Table 1. In particularr, the wickel-base filer metals and alloy 556 filler metal 
S I E O U I ~  be investigated to deteaanine their tendency toward emhint8emcnt. Work Q T ~  alloy 556 
by McCoy and King (1985) indicated significant embrittiewmt of allay 556 welds. 

111-H. T~.~..l;reep.-rui~ture strength of weldments will exceed 90% of the base metal str~m&. 

Data for the strength of weldmcnts have k c n  rcpofied for some of the advarmced alloys. 

For alloy 800IIT weldments, the alloy 82 filler metah was ieportcd to be strongcr in stress 
Generally, the criterion of 90% of the base metal. strength has k c n  met. 

rupiure than the base metal (INCB 1989). 

dmes that fell into the scatterband for base metal (Yoshikawa et al, 1988). 
For WR3C staixlless steel, the weldmeaats pidLlcd with alloy 82 filler metal m p t u d  at 

For NF'T09 stainless steel; the weldrncnts produced with matchiing filler metal were 

As discussed in Sect. 4 of this report, the results of t5e tests f ~ r  weldability of thz 
equivalent or streimger Ira stress wpture than base metal (Takahaqhi et al. 1989). 

HT-UPS alloys indicated &at thck high nickel equivalent would preclude autogenous wclding, 
and the alternate filler met& and prtxesscs x e  identitid in Table 4. These incladed 
alloy 82 (a nickel-base alloy), 17-14CuMo stahless steel, and alloy 556 (a Fe-Ni-Cr-Cr, 
alloy). Screening tests of wel&ment strength and ductility consisted of te~s'l- I 1 \. tests on 
transverse weldments at 25 and '70CiuC, ereep ksts 011 transverse weldn-nents at 7W"C and 
178 W a ,  and a few creep tests at tcmperatwe in the imge of $00 to 800 "C to examine time- 
temperature-stress effects. Data on weldmewts have k e n  summarized in Table 7 for tensile 
behavior and Table 8 foi stress-rupture behavior. Results are preliminary and do not reflect 
the optimum selection of welding combinations. 

is needed to assure that dissimilar weld €ailures of the type reviewed by 
In sumniaa-y, more testing of full-scale weldments and pressurized tubes with weldments 



Table 7. Tensile data for HT-UPS alloy weldrnents 

Yield Ultimate Reduction 
Temperature strength Tensile strength elongation of area Failure 

Specimen Alloy Filler ("C> (ma) ( M w  0) (%'.> location 

Axwl-01 
AXW1-52 
Axw2-01 
Axw2-02 
AXW3-01 
AXW3-02 
AXW4-01 
AXW4-02 
SET1-01 
SET1-02 
SET1-04 
SET1 -05 
SET2-01 
SET2-02 

Ax1 
Ax1 
Ax2 
Ax2 
Ax3 
Ax3 
Ax4 
Ax4 
BWT 
BWT 
BWT 
BWT 
BWT 
BWT 

17- 14CuMoSS 
17- 1 4CuMoSS 
17- 1 ~CUMOSS 
17- 14CuMoSS 
17-14CuMoSS 
17- 14CuMoSS 
17- 14CuMoS s 
17- 14CuMoSS 
556 
556 
556 
556 
556 
556 

25 
700 
25 

700 
25 

700 
25 

700 
25 

700 
760 
600 
25 

7oQ 

461 
316 
515 
345 
494 
329 
474 
264 
425 
284 
28 1 
289 
456 
286 

603 
414 
684 
414 
639 
428 
5 10 
264 
664 
403 
330 
493 
698 
446 

09.0 
17.5 
19.6 
13.4 
11.9 
20.1 
01.2 
00.8 
25.8 
25.3 
29.6 
02.4 
25.1 
22.5 

18.3 
17.6 
47.6 
39.2 
28.1 
21.1 
02.5 
00.4 
61.9 
66.4 
73.0 
54.8 
62.3 
47.0 

fusion line 
fusion line 
weld 
weld 
weld 
fusion line 
fusion line 
fusionline P 
MAZ 
base 
base 
weld 
base 
MAZ 

w 
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Table 8. Stress rupture of weldments in H"I"-IJPS alloys 

AXW1-03 AX1 17-14CuMoSS 7 80 170 3222 05.60 weld 
AXW2-03 AX1 17-14CuMoSS 706b 170 2858 00.60 weld 
AXW3- 03 AX2 17- 14CuMOSS 700 170 2899 01.a weld 
AXW4-04 AX2 17-14CuMoSS 780 170 172 .IO fusion line 
SET1-07 BWT 556 760 2 base 
SETI-08 B W  556 760 1 bas5; 
sFri-09 nwr 556 760 140 35 7S"lO base 

Roberts et, al, (1985) would not occur, Work on ~veldments in FIR381 and NE709 stainless 
steels and the HT-UPS alloys wo~ikl be of value. 

8. FIRESLUE CORROSION 

Fireside corrosion is probably the most severe problem to be address& in the selection of 
materials for heat recovey in m advanc&-stea~n-cycle, pulvefid-coal-fird boilern 
Corrosion is 1xgelg.l due to the fornation of liquid trisdfate deposits on the tubing that 
suppress the formation of protective oxides. In applications where &he coal may have lower 
akali or sulfur content, it is possible that comsion wodd mjt be so limiting, md the alloys 
with at least 20% chromium could be used without protectian. In specifying criteria for 
fireside coxrosioii, it was assumed that a coal such as Illinois No. 6 wodd be used. Plhe 

ants psduced by the combustiion of this material are s~vere. The subject has been 
considered in the early W Q ~  of Clark et al. (1968) and much bas k e n  examined in the ensuing 
30 years. Current studies are underway by Nakabayashi et al. (1986), Wolowdieik et al. 
(1989), and Plumley and Krszniak (1989), to tiame a few. Alloys include several of those 
listed in Table 'I, and these are k i n g  tested both in the labmoly and in probes in Lwilers. 
Higher chrormium, aluminum-bearing, and nickel-base alloys are being evaluated, A fd: 
interpretive. r e p a  has been written by Van Week and Blsugh (19 ) that addresses the 
problem. AUcsys listed in Table 1, which we king  investigated by Blough as part of h i s  

work, include MW3C stainless steel, alloy 800H, and the €I'l'-IJPS alloys. Claddings €or 
these alloys include alloys 67 1,690, md 692. Some data are available at this time, so the 
criteria specified in ORMA274 will be covcrd briefly. 
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__e IV-A. Allovs will be amenable to cladding. 

It has been shown in earlier sections of this report that the advanced oys 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 temperatunes as high as 570°C by Flately et 
al. (1 987). Testing of cladding alloys under highly corrosive conditions has been undertaken 
by Blough and Van Week (1991). For the most part, the corrosion rate diminishes with 
increasing chromium content. The trends are shown fin Fig. 19 for some of the alloys of 
interest. 

. 

Iv-5. corns ion in beneficiated coal w ill not exceed 10% oft he wall thickness du rim the 
&sim lifetime. 

Typically, tube thinning in the Eddystone Unit 1 plant, which uses a cod with a relatively 
low ash content, reached 30% of the wall thickness. The results of recent pro& testing in the 
Eddystone Unit 1 boiler were reported by Plumley and Rozniak (1989). They exposed 21 
alloys for times reaching 16,000 Ih to corrosion from the combustion products of the relatively 
cle<an coal (6 to 7% ash and ~ 2 . 5 %  Na20 f IS28 in the ash). The ~ ~ O Y S  containing 20% or 
mare chromium exhibited satisfactory pafomance. 
stainless steel. Models are now under development gh (1990) that will use laboratory 
data, probe data, and power plant experience to predict performance of alloys as a function of 
time, temperature, md coal chemis 

corrosion problems, especially with respect to the 
would be of considerable value. 

included alloy 8 

summary, much has yet to be a c c o m p ~ ~ s h ~  in the area of 
PS alloys. Robe testing in boilers 

Because of concern about exfoliation of oxides that fom on the SteaaPlSide Qf the tubing 
and the possible damage that particulates could inflict on the turbine at the pressures and 
temperatures of the advmced s tem cycle (Rehn 19 l), a relatively stringent requirement was 
placed on the steamside corrosion resistance. The criterion was that the the corrosion 
resistance bt: equivalent to alloy 800. Evidence to date €or Japanese experience with alloys 
containing at least 20% chromium indicates that steamside corrosion should not be a problem. 
Cold working is known to improve oxidation resistance of the lean tainless steels and could be 
of benefit in the higher chromium alloys as well. 
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Fig. 19. Performance of candidate tubing alloys tested by Van Week 
and Bloiigh under coal ash cowosisn conditions. 

There may be a problem with the mc~lyMenaam- md vatna&urn-karing alloys in rcgartl to 
oxidation resistance at tempeiaures above 70°C. Solution @eating irl air at 1100°C has 
produced severe oxidatkaai of the MT-IJPS alloys as obsesved by Topolski (1991), a d  cyclic 
otiidatim studies by INCO revealed exeessive spallation (Smith 1991). Work is currently 
under way to introduce ~ ~ m -  cornpsialond changes to the I1T-UPS alloys to improve the 
adherence of n m m l  oxides. 

10. CONCLUSIONS 

1. Iron-nickell alloys containing 20% or m o ~ c  chromium and strengthetied by MC-forming 
elements can be pamess4 io prduce microosrructurcs that are stable for times exceding 
35,000 h at 700°C. The embritttling influence of inremetalllic phases can be n i th i zed  by 
reducing the content of elements that promote sigma atad Laves phase or inacasinng nitrogen. 
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2. High-strength, high quality superheater tubing can be readily fabricated from alloys 
resistant to steamside corrosion. For optimum properties, the NST-UPS alloy tubing should be 
solution treated at a temperature above 1 150°C and subjected to small amounts of cold or w m i  
work to promote the precipitation of fine MC carbides. 
3. To minimize weldability problems, the HT-UPS alloys should have low phosphorous, 
sulfur, and other residual elements. Alloys with high nickel equivalencies, such as the 
HT-UPS alloys, are subject to hot cracking and require special filler metals for joining. 
4. With optimized heat treatment, it should be possible to produce superheater tubing that will 
achieve a design stress close to 60 MPa at 700°C. Commercial and near-commercial lean 
stainless steels that are close to meeting the strength requirements include 3C and NF709. 

e practicality of protecting 20 to 30% chromium-bearing alloys from corrosion in high- 
ash-content coal by higher chromium alloy cladding seems Ikely. 
7. The €IT-UPS alloys possess the best strength and ductility, but techniques to produce clad 
tubing with controlled cold or warm work must be demonstrated. 
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