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THE POTENTIAL OF MODIFIED TYPE 310 STAI_LESS STEEL
FOR ADVANCED FOSSIL ENERGY APPLICATIONS*

R. W. Swindeman

ABSTRACT

An evaluation was undertaken to determine the potential of modified
type 310 stainless steel for fossil energy applications. First, alloy performance
criteria for components in several emerging technologies were identified. Then,
a brief review of existing alloy technology was undertaken relative to
performance criteria. Key issues were the tendency for type 310 stainless steel
to embrittle due to the formation of intermetallic phases, the poor resistance of
type 310 stainless steel to highly sulfidizing environments, the need to examine
the strength and ductility of weldments, and the lack of a long-time data base and
criteria for setting allowable stress at temperatures in excess of 800"C. An
activity was outlined that would address several of the key issues.

1. INTRODUCTION

In the last ten years, several competing advanced energy technologies have been

developed to improve thermal efficiency and reduce emissions resulting from the combustion

and conversion of coal.l-3 As these technologies move toward the construction of

demonstration plants, the selection of the structural materials becomes of paramount

importance.4 The temperatures, pressures, and environments under which the structural

materials will operate vary considerably from one concept to another, so one can expect a large

range of materials to be utilized. Materials will range from steels, nickel-base alloys, cobalt-

base alloys, and titanium alloys, to ceramics. Important considerations in materials selection

have always been the cost, availability, and depth of experience. The U.S. Department of

Energy (DOE), Office of Fossil Energy, Advanced Research and Development (AR&TD)

Materials Program addresses the materials needs of each technology and attempts, where

possible, to develop or identify materials that could serve as many applications as possible.

Earlier, research was undertaken to examine alloys for the advanced steam cycle.

• Here, emphasis was on materials for superheater tubing. Alloy design and evaluation criteria

were identified, and work was begun to examine four groups of alloys.5 These included lean
!,

J *Research sponsored by the U.S. Department of Energy, Office of Fossil Energy,
Advanced Research and Technology Development Materials Program, under contract
DE-AC05-84OR21400 with Martin Marietta Energy Systems, Inc.



stainless steel (containing less than 20% chromium); higher chromium iron-base alloys;

nickel-basealloys;andaluminum-bca_g,high-temperaturealloys.Mostoftheworkonlean

stainlesssteelandhigherchromiumiron-basealloyshasbeencompleted.6,7Duringthesix

years of the activitT, technological interests shifted from the pulverized-coal ft)C) advanced

steam cycle to combined cycles. Operational requixements changed accordingly, and higher

operating temperature became of interest. Of the materials included in the research on

advanced steam-cycle tubing, a modified alloy (800H); a modified type 310 stainless steel; and

some aluminmn-bearing, high-temperature alloys could be extended to the higher temperanrres

of interesL Type 310 stainless steel, which is relatively cheap, has been an alloy of preference

in many high-temperature systems and, if properly modified, is judged to have potential as a

structural material in several advanced energy systems. Experience has shown that some

improvements to the steel could be of benefit in improving component life, and this report

addresses research needs to accomplish this goal.

2. ALLOY PERFORMANCE CRITERIA

Alloy performance criteria are closely linked to applications, and Table 1 provides

information regarding temperatures, pressures, and environments for several fossil energy

r.echnologies.S These technologies cover a broad range, from life extension of existing fossil

power plants to the second-generation, combined-cycle (CC) concepts.

Table 1. Operating conditions for structural matca'ials in
various fossil energy applications where modified

type 310 stainless steel is of interest

Application CcmaIxmcm T_t_ Pr_sure En_m

Conventional superheamr/ 540to 650"C I0to25MP'a s_.a.m,.
PC plant _ 10(X)to 1200"F 1.5 to 3.5 ksi coal ash

Advanced m_/ 600 to700"C _ to30MPa steam,
PC plant _ 1100 to 1300"F 3.5 to 4.5 ksi coal ash

PFBC _ cyclones, gODto 900"C 1 to 3 MPa oxidizing,
CC ducts,tubes, 1475 to 1650"F 0.15m 0.4ksi dryash,

heat exchangers, sTa-.atn
hot-gas cleanup

IGCC b heat cxc 'hangers, 800 to 9S0'C 2 m 10 MPa sulfidizing,
internals, 1475to I800"F 0.3 to 1.5 ksi steam,
hot-gas cleanup , ash .

Fuelcells currmtcollcct_ 650"C atmospheric carbo_tatc
1200"F pres,stm_

_.ssu_iz_ fluidized bed combusmr.
bi.n_grat_ gasification comlmacd cycle.



In existing plants the burningof more corrosive coals in fossil plants has increased

. corrosion in superhcater/mhcatertubing. In the replacement of boilers, corrosion resistance

and cost are the majorconsiderations in the selection of the tubing. In at least _meinstance, a

. modified type 310 stainless steel was selected in preference t.otype 347 stainless steel or alloy

800H as replacementtubing in the reheater.9

In the near term, the ElectricPower Research Institute (T_.PRI)is sponsoring a project

focused on a "state-of-the-art" power plant (SOAPP)._0 These advanced PC plants arc being

designed to pr_uce steam at tengg'ratu_s approaching600"C(1112"F)and _ constructedof

high-performance materials and components, as sketched in Fig. 1. With cogeneration or

topping cycles, these plants could operate at efficiencies nearing 50% (ref. 11). In the

selection of materials for the superheater, strength and corrosion resistance are more

significant than cost. Depending on the ash and chlorine content of the coal, either clad or

bare tubing is being considered. Because of its excellent coal ash corrosievaresistance,

modified type 310 stainless steel has emerged as a strong candidate for the

superheater/reheatertubing.9.12

The atmosphericfluidize_ bed combustor (AFBC) and PFBC require_mterials that can

resist erosion/corrosion under conditions of oxidation where sulfur-bearing particulates are

present. A schematic drawing of one of these second-generation PFBC units is shown in

Fig. 2 (ref. 2). Here, corrosion-resistant alloys will be needed in the bed and freeboard

regions of the combustor,filter units, and heat-recoverysteam generator.Although pressures

arelow comparedto PC boilers, temperaturesaremuch higher, and structuralmaterials in the

gas stream RrCusually protec_e.xiby refractory liners. Heat exchanger tubing cannot be

insulated, however, 'and the strucna'almaterials in the hot-gas cleanup systems must operate at

gas temperatures that may be in the range of 800 to 900"C. Type 310 stainless steel and

modified type 310 stainless steel have been found to be two of the beuer alloys for use in these

systems in regard to corrosion resistance. _3 The low-creep strength and gendency toward

embrittlement in type 310 stainless steel are issuesof concern; hence, modification of the steel

to improve strengthand ductility is of interest.

Operating cond/tions in gasifiers are severe. High temperatures and sulfidizing
environments have made it difficult to find a suitable mat,_al for vessel internals. The

advanced IGCC concept, sketched in Fig. 3, will be no excep,tion._-To date, the best metallic

materials for gasifier internals appear to be cobalt-base allc,vs, but cyclones, heat exchangers,

and hot-gas cleanup components could operate at lower t¢;mperatures,or less corrosion-

resistant alloys could be protected by sulfidation-resistant claddings such as iron aluminide. 1,,

I_.... ll_ill'''lll l ll[i I' 'll lll_l _111' ' l' -I lllllllTll li II _IPlrll' Ill I, fl_l' i'lll"'l[lll l_l[ lI'ii ':_
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Type 310 stainless steel has been found to be superior to many other high-temperature alloys

as a heat exchanger material, and modifications to the steel have improved its corrosionm l i

resistance.IS,16 Hence, it seems likely that this steel could see service in IGCCs.

. Finally, corrosion is a problem in fuel ceU technology. Molten alkali carbonates attack

structural materials, and the extent of attack is related to both the carbonate composition and

the gas composition. Modified type 310 stainless steel has been considered in this

application.17

Alloy performance criteria for modified type 310 stainless steel cannot be as specific as

those identified for superheater tubing in the advanced steam cycle application.5 However,

there are a number of generic criteria that could be useful in guiding a design and evaldation

program. These may be grouped into four categories: Metallurgical Stability, Fabrication and

Joining, Mechanical Behavior, and Corrosion Behavior. Briefly, the following guidelines

should apply:

1. M_luredcal stability. The steel shall be austenitic. Composition shall be adjus/ed to limit

the precipitation of carbides, nitrides, and intermetallic compounds to levels that ensure

reasonable ductility and toughness in the temperature range of interest. A target room-

temperature, elongation in the tensile test after aging or simulated service exposure shall be

10% (or greater), and the Charpy V toughness shall be set at 15 J (or greater).

2. Fabrication and ioininlz. The steel shall be capable of being fabricated as sheet, plate,-

tubing, and bar products by good steelm'_g practice. Thicknesses up to 25 mm (1 in.) shall

be required. The capability of cx>_xtruding tubing with commercial ferritic and austenitic alloy

shall be demonstrated. The steel shall be weldable, either autogenously or by means of a

commercially available filler metal.

3. _lechcmical behavior. Useful strength levels shall be required at temperatures in the range

of 760 to 900"C (1400 to 1650"F). A target rupture strength shall be set at 10 MPa (1.4 ksi)

for 100,000 h at 900"C (1650"F).

4. Corrosion behavior The corrosion resistance of the steel shall be equivalent to, or better

. than, type 310 stainless steel for the service conditions outlined in Table 1.
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3_ DESCR_ION OF C_RE_ MATERIALS TECHNOLOGY

Type 3_I_0'stainless steer is a high_:_omim_, hig.h_nickel_steeit that has,beea in service

for decades, There are' sevemll mode::':_cafions currently available, and,_ic_! chemistries: ate

prodded in Table 2. Wrought _oys inctmle, types. 3,I0, 3.10S, 3,1!4,3limb,. anda newsteel',

_; 3I_0HCbN s_e_s steel,,devel0ped by Sumimmo under the name _C.; (ref.. li8). The

standard-grade, _ 3110smi_ess: steel_is quite simple in regan:l to, its chemistry and a_lOws

the: highest level _of carbon (0..I5.% for mb'rag)of any 3_ series s_ess steel. Type 31;0S

stainless S_eelis simi_r to type 310i sta_ess steel except that the maxd'mum carbon is set at

0_.08%. Type 31i4 stahiless: steer incMdes a _gher leve_ of silicon (1.5 to:3%,). Type 31_

stainless steel! has a maximum limit of 0.08% on carbon and a 1.1:%_t on niobium. The

type 310HCbN smmless steel_comains n_obium and nitrogen with some restrictions on

residual eminent chemistry, ut More details of the chemical spe_fications can be found in, the

American Society for T_ting and Materials (AS_ st,_ 'dards forthe app_cable product.

Table 2. Typical chemistries for 25Cr-20Ni stainless steels

Element* Type 310 Type 310S Type 3IOCb Type 31)0HCbN Type 314

C 0.13 0:03 0.06 0,06 0.14
Mn L4 I.I 1.2 1.2 0:5
Si 0L6 0:4 0.5 0.4 2.2
P 0:03 0.03 0,03 0:0I 0.02
S 0,02 0:02 0,02 < 0:01 0.01
Cr 25.0 25.0 25.0 25.0 25.0
Ni 20.0 20.0 20.0 20,0 20.0
Nb - -- 10 x C 0.4
N 0,2

*Nb is niobium in the element column, but t.h_AS_ and the American Society of
Mechandal Engineers (ASME) use the symbol Cb. Mo is permitxed to a level of 0.75% in
type 3IOCb and ty_ 310S, The Nb value for type 310C_ is 10x C bm cannot exceed 1.I%.
The N content of the type 310 smels is generally not reported but is typic_y around 0.02%.
The S and P contents of recently melted steels are often weil below 0.03%.

Ii



3.1 METALLUJRGICAL CONSIDERATIONS

- TYl_e3'_0smi_ess _teel so_es as austenite and re_s austenitic at usual working

temperatures, say at 1100"C (2000"1=),as: shown in the teraa_/_agram in Fig_ 4(a)

" [rcfs, )9,20],. The steel en_s the austenite plus sigma phase field somewhere below 980'C

(_000_,, as shown in Fig, 4(b)for650'C (1200"F). The amount of sigma phase formed and

the kLneficsof the sigma phase precipitation process, however, are influenced_by various

element additions. The development of sigma_phase in type 3I0, type 314, _d type 31OCb

s_ess steels was examined by Menard in 1952 (ref. 2t), and moce recently Barcik

examin',cd sigma, plmse in type 310, type 3_4, and,type 3t0S stainless steels.ZZ Fi_e 5

shows the time.mmperature-precipitation (I'rP)diagrams constructed for the three steels by

Barc_. h _type 310 s_nless ge.el, sigma [ base developed a_950"C (1750"F)in less than
200 h and re.achext5% _ter 10,_ h. The nose of the TTP c_es was,near 800'C (1500"F)

where sigma phase started in less than I0 h and reached 5% in appmximamly 100 h. At

600,C (I I00_ sigma appeared in less _an t_ h. Type 314 _:_" less steel exhibited a TIP

di'agram that was similar to type 3_0 stainless steel. Near 800"C (11500"F)approx'm_ately

3% sigma pre,pirated within I00 h at 950"C. h type 310S stainle,_ssteel, sigma phase

formed more slowly and less precipitated. For example, less than 0_2%formed after 1000 h¢,

at 800"C(1500"1=),Menard found that the addition of niobium in type 316Cb stainless steel

shortenedthe timeto _._apitate sigmaphase.21

The prcclpitation of the M23C.scarbide is also important to the development of sigma

phase. Carbide precipitation was found to promote the formation of sigma, since it depletes

the matrix of carbon that helps to stab'_zc austenite relative to sigma phase.2_.z3 The TTP

diagram for the Mz3C._carbide in type 310 s_ess steel was constructed by Binder, Brown,

and __s from intergranular corrosion sensitization data. and their diagram is provided in

Fig. 6. For a steel with 0,028% carbon, the nose of the curve occurs around 750"Cin less

than 0.1 h. The appearance of the carbide also results in embrittlement of the

type 310 stainless steel.

Bungart and coworkerslO examined the influence of nitrogen on the stab_ty of steels

whose compositions bracketed type 310 stainless steel, as shown in Fig 7. They found that

the solubility of nitrogen diminished with increasing nickel content and decreasing

. temperature. The sigma phase was observed;in alloys agextat 750"Cand lower, regardless of
= the nitrogen level, but the amount of =igrna phase, relative to M23C-.6, decreased with

. increasing temperature. Sigma phase was not observed at 850"Cand higher, regardless of the
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nitrogen content (either 0.02 or 0.2%). A nitride phase (Cr2N) was observed in alloys

. containing 0.2% nitrogen, and there was some evidence that the amount of sivna phase was

less at 800"C in the steels with 0.2% nitrogen,

Yoshikawa and coworkers _sexamined the stability of type 310HCbN stainless steel at

temperatures in the range of 600 to 800"C for times to I0,000 h. They observed M23C.6and

NbCrN precipitation. Precipitates increased with increasing time and temperature, but most

nitrogen remained in solid solufion_ They observed that sigma formed when the steel

contained less than 20% nickel and less than 0.2% nitrogen. They observed the precipitation

of Cr2N phase when the steel contained more than 22% nickel and 0.25% nitrogen. The

appearance of either phase produced lower toughness. Hence, the composition range of type

310HCbN was selected to minimize the quantity of sigma and O2N phases.

Ductility and toughness vary significantly in the 25Cr-20Ni stainless steels.

Generally, the formation of sigma phase reduces room-temperature ductility with modest

increases in hardness and strength, while the precipitation of carbides and nitrides may

increase strength significantly with a corresponding decrease in ductility and toughness. Data

are available in the literanae that reveal the effect of high-temperature exposta'e on the ductility

and toughness of type 310 stainless steel.21, 24-_s The effect of time-temperature exposure on

the Charpy keyhole impact toughness of type 310 stainless steel has been summarized by the

• diagram shown in Fig. 8. Here, it may be seen that very low toughness values are Iike_y at

temperatures of inter'est in advanced energy system components after l O,O0(Ohexl)c._ _.res.

The Charpy V toughness values were around 7 J (5 ft-lbs) for aging 10,000 h at temperatures

in the range of 649 to 732"C (1200 to 1350"F) [ref. 27]. Cold work prior to aging produced

values as low as 4 J (ref. 25). Similarly, type 310Cb and type 314 stainless steels suffer

degradation,asshown inFig.9 (rcf.2I).Bothofthesesteelsembrirdedmore rapidlythan
I

type310 stainlesssteel,and type314 producedthelowesttoughnessati0,000h. Charpy

keyholetoughnessnumberswereroughlyhalfthoseobservedfortype310stainlesssteel.In

contrast,zhc type310HCbN stainlesssteelexhibitedgood toughnessafterlong-time

exposuresto750"C,asindicatedinFig.10 (rcf.18).Here,CharpyV toughnessvalues

exceeded40 J (-30ft-lbs)fortimestoI0,000h and agingtemperaturesintherangeof

600 to800"C.ltwouldappear,therefore,thatarangeofchemistriescanbefoundforwhich

modified25Cr-20Nistainlesssteelcanmaintainacceptabletoughnessvalues.

: Room-temperature tensile ductilities diminished in a pattern similar to impact energy

values. The type 310 stainless steel exhibi'.ed elongation values less than 10% for some

combinations of aging temperatures and time s,,Z_,z7 while type 310HCbN stainless steel

: retained at least 30% tensile ductility for times to 10,000 h at temperatures to 800"C.

(See Fig. 11.)
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A more complete understanding of the metallurgical factors that

contribute to strengthening and embrittlement of modified type 310 stainless

steel is judged to be a worthy research undertaking.

3.2 FABRICATION AND JOINING

As mentioned above, type 310 stainless steel solidifies as austenite, and the absence of

delta ferrite may cause cracking during the breakdown and hot working of ingots. The steel

behaves like a high-strength nickel-base alloy, not an iron-base alloy that is at least partly

ferritic, and for best fabricability requixes special attention in regard to melting practice.2S A

fairly detailed evaluation of the chemistry, melting, and working considerations of high-nickel-

equivalent steels was undertaken by Domian and LeBeau,29 and their findings were

summarized in previous reports. 6,7 Essentially, a clean steelmaking process is necessary to

minimize the content of embrittling elements such as lead, bismuth, tin, antimony, and

arsenic. Following such practice, a high-quality type 310HCbN stainless steel has been

produced, and it seems likely that other modified type 310 stainless steels could be produced

without great difficulty.

In the United Kingdom, both type 310 and type 310Cb stainless steels have been used

as cladding materials over carbon steels and lean austenitic stainless steels.3O Boiler tubes

were produced by co-extrusion, and the overall experience has been satisfactory_ Kubo

ct al.31 also examined type 310 stainless steel as a corrosion-resistant, co-extruded cla&iing on

a strong but lean austenitic stainless steel. Thus, current technology can produce co-extruded

duplex tubing of type 310 stainless steel (or modified type 310 stainless steel) on ferritic or

austenitic alloys. A more challenging technology is the production of an iron-alurninide

cladding on type 310 stainless steel. Here, a highly sulfidation-resistant cladding could

protect an oxidation-resistant pressure envelop material that could be exposed to temperatmes

exceeding 760"C (1400"F). Hence, the cladding of a 25Cr-20Ni stainless steel

with iron aluminide is judged to be a worthy research objective.

Welding of 25Cr-20Ni stainless steels could involve the resolution of major

technological problems. As with castings, the steel solidifies from the weld pool with little or

no ferrite and is susceptible to hot cracking, as illustrated in the diagram (Fig, 12) constructed

by Kujanp_ and coworkers.32 Many types of weldability tests have been developed to assess

and quantify hot-crack-ing tendencies in stainless steels, and these are too numerous to be

covered here. Many of these weldability evaluation methods have been reviewed by Lundin
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andcoworkersin cormecdonwith thedevelopmentof advancedausteniticstainlesssteelfiller

metals.33Depending.pon suchfactorsasbaseandf'dlermetalchemistry,weldingprocess,
_ weld configuration,and weld restraint,theseweldabilityevaluationmethodscanreveal

tendenciestowardweld metalcracking,weld meta]heat-affectedzone(HAZ) crackingin

multiple-passwelds,liquationcrackingin thebasemetalHAZ. or basemeta]HAZ cracking

due to hot shormess. In manyof these weldabilit)tests, crackinghas been observed in type

310 and type 310HCbN sta/nless steels. Yoshikawact al. foLmdslighdy less cracking in type

: 31OHCbNsmirdess steel than type 347 stainless stecl]S but did not recon=nend autogenous

: , welding of the steel. Filler metals that they successfully used included alloys 625 and 82.

These arc nickel-base alloys and tend to have poorsulfidation resistance. The development
- of a suitable filler metal for joining ,_ modified 25Cr-20Ni stainless steel that

may be clad with an iron aluminide is considered to be a very important
o research objective.
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3.3 MECHANICAL BEHAVIOR

Type 310 stainless steel is a relatively high-stacking fault energy stainless steel34

and does not develop the creep strength of steels containing lower chromium contents.

Figure 13 comparesthestrengthof type 310 stainless steel to strengthsfor several otherhigh-

temperaturealloys used in the temperaturerange of 600 to 815"C(1112 to 1500"F). Leaner
(less chromium) stainless steels, such as type 347, type 316, and specialty steels, such as

253MA® stainless steel and RA85H® stainless steel, are stronger at temperaturesaround

800"C(1472"1=)but may not be suitable for those advancedenergy system components that

requirehigherclrromiumcontent forcorrosionresistance. A furtherproblemis the limitation

on service temperaturesfor ali these stainless steels. Type 310, 310S, 3.47,and 316 stainless

steels areapprovedfor use to 815"C(1500"F)in theASME Boiler andPressureVessel (BPV)

Code, Sect. I. Type 310HCbN stainless steel is currentlyapproved for use to only 730"C

(1350"F), and RA85H has yet to be approved. Only 253MA has stress levels for

temperaturesabove 815"C(1500"F)in the ASME BPV Code.

ORNL-DWG 92-5099
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Fig. 13. Comparison of stress allowables as a function of '- .lr
temperature for several stainle ; steels. (Data are based on ASME
Boiler and Pressure Vessel Code, Sect. II, except tbr RA85H
stainless steel.)
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Potential applications for the steels in advanced fossil energy applications may require

. temperatures as high as 900"C(1650"F). Above 815"C (1500"F) the data base for ali of the

stainless steel is quite limited in terms of number of heats and duration of testing. Some

supplementary testing of type 310 stainless steel was recently undertaken to aid in the

rc-examination of the allowable stresses in the ASME (BPV) Code. Additional data to 870"C

(!600") were produced.35 Existing strength data for type 310 stainless steel at temperatures

above 815"C (1500"F) indicate a high degree of variability, and some data indicate that the

alloy is quite weak relative to heat-resisting steels such as 253MA and RA85H stainless steels.

A comparison of the rupture strength for 10,000 h versus temperature is shown in Fig. 14 for

several smels. These data were obtained from the compilation of Simmons and Van Echo,_

vendors,37-39 and the literature:t0 Included is an extrapolation of data for type 310HCbN

stainless steel that was based on a stress versus Larson-Miller parameter constructed by

Sumitomo Steel.39 The strength of type 310HCbN stainless steal appears to be better than the

other steels to 870"C,and the steel may be Slightlystronger than 253MA at 900"C. More data

arc needed to establish the improved strength and ductility of modified 25Cr-20Ni steels for

long times at the higher temperatures. The evaluation of the strength of modified

type 310 stainless steel, type 310HCbN, and MA253 for service in the range

of 800 to 900"C (1472 to 1650"F) is judged to be a worthy research objective.

3.4 CORROSION BEHAVIOR

A major effort hag gone into a search for alloys that will resist corrosion in the hostile

environments expected in advanced fossil energy systems.S For fluidized bed combustion

alone, over 30 alloys have been examined by Natesan and Pociolski.13 Similarly, a large

number of alloys have been examined for use in PC combustion by Blough and BakkeraI and
-

VanWeelc"_andforuseingasificationapplicationsbyNatesanandcoworkers.43

Aste_s/ncre.a_ inacoalashenvironment,increasingchromiumisneededfor

corrosionprotect/on.Thetrendobservedby Van Weele4aisindicatedinFig.15,which

= shows the:thickness loss rate versus alloy chromium content for alloys ranging from nil to

48% chromium. Two levels of sulfate ash were examined aiong with two levels of-

sulfiu-dioxide introduced in the combustion gas. Generally, the corrosion rate diminished-

• rapidly with increasing chromium, but near 25% the rate tended to level off. Thus, an alloy

near 25% chromium could be optimum.

_

-

-

,, . ,, ,, ,,, .......



20

u+ ....... , _. Jv_ "¢31

VI
o +..+ 1_ .

os _
O .."-- I::

_S N CP W

_--'o o_o •

._ o . _+_ o .

0 E _ N

e+ .po o E "_

.......... • ......... o .......... o b_,,_ _
e_ _. o _ _, o
c_ ca c5 o o o f_[_)

(q OOL/tuuJ) olu. tnlol mleu_lolqI (q OOL/WW) ilIJ sttOl inouNc+lqj.

= (l_,_l)

O 'q' _ ,- ¢0 ID ,q' 0,I

/ _ = "_
_ e

I- v_
_ _ _ _ _: "_.I_

b.

o"" • , • i i i I, • • , , i i ,, & C)

1
IU

(8dilt) Bill q O00'0L lOl qtl3uellS



21

In sulfidizing atmospheres with no ash, the cobalt-bearing alloys tend to be superior,

and high-nickel alloys perform poorly. Typical results produced by Haynes are provided in#.,

Fig. 16 (ref. 44). Here, the attack (mils/year) is shown on the abscissa for a number of

alloys. Alloys at the bottom contain cobalt, while those at the top are high in nickel.

Type 310 stainless steel falls in the middle. Some additional con'osion resistance in type 310

stainless steel can be produced by the additionof zirconium or niobium,42and further studies
would be of interest. The examination of bare and clad modified type 310

stainless steel in sulfidizing atmospheres is judged to be a worthy research

undertaking. ;_
_t

4. OUTLINE OF AN EVALUATION PLAN

Theplanbelowisdesignedtoaddressseveraloftheissuesthatmustbefavorably

resolvedindevelopingadvancedfossilenergyconceptsforcommercializationintheearly

21stcentury.The alloyperformancecriteriaindicatedinSect.2 ofthisreportwillbe

addressed by the evaluation plan. Focus is narrow in regard to the materialselection since it

only concerns modified type 310 stainless steel, but this narrow focus will permit a better

• controlofcostandtimeschedule.Theplanconsistsofthrustsinthecategoriesindicated

above,namelyfabricationandjoining,microstructuraloptimization,mechanicalbehavior,and

corrosionbehavior.However,additionalactivitiesinvolvingcodesand standards

developmentmustbeaddedlatertoensurethatthematerialcanbecommerciallyavailable

whenneeded.

4.1 FABRICATION AND JOINING

The first activity to be undertaken will be the procurement ofmaterials, lt is expected

that quantities of type 310 and type 310HCbN stainless steels will be obtained from

cotnmercial sources. While these materials are being procured, several laboratory heats of

modified type 310 stainless steel will be produced. At least two types of elemental additions

will be considered in the laboratory heats: one element (a high-melting-point element) to

produce solid solution hardening at temperatures above 760"C (1400"F) and one element

(a rare earth) to improve cyclic oxidation resistance. The fabricability will be examined in

small laboratory heats to establish the hot- and cold'rolling characteristics. Thermal-

mechanical processing studies will identify the schedules needed to produce optimum grain

size for strength and corrosion resistance.
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_I materi_s wiU_be roUed in, sheem and provided to a u,mversity subcontractor to

examine the weldab'_ty by means of the vares_t test. Tendencies toward hot crac_g inD

the weld and HAZ _ be established for both commcr_ and developmental steels,

_ Butt welds will' be made. in',res_ed mbea or plains using commea_ially arable _er

mess. Working with indus_ contractors, welding consumables win be ob_ed to more

closely match base metal performance ¢r/tcria._

Type 310 s_less steel and _omismg _fie.d type 310 s_ess steels will be

overlay clad with iron aluminide by an industriaI subcontractor, If the clog of type 310

stainless steel is successful, techniques for butt wel_g composite tubes and plates _ be

examined under a university subconwact.

Flare tests, side bend tes_, mbe bend tests, and other techniques for evaluating the

integrity of weldrnents and cl_ng/base meta! interface will be unde_en by university and

industri',fl subcontractors.

Depending on tl,e results of the research, a decision will.'be made as to the potential of

the developmental_ alloys relative to co--city available type 310HCbN stainless steel It"

the developmental alloys are sufficiently atwactive, larger heats will be procured, worming in

coUaborarion with industrial sponsors,, and further development will be undertaken.
ib

4.2 METALLURGICAL STABILITY

Specimens of the candidate alloys and their weldments wiD be aged at tengvcratums in

the range of 650to 900"C for times to 10,000 h. Microstructura] analysis, hardness, tensile'

andCharpyV impacttestingofthe_auponswillbeperformedtoexaminetheinfluenceof

phaseinstabilityon duct_ity.A universitywillbc subcontractedto performdetailed

characterizatiot_ofmicrostrucxures,antiTIP diagramswillbcconsmact_forbothcomnz'rcial

anddevelopmentalsteels.

Agingstudieswillbeperformedtoexaminetheintm-faccbetweenthecladdingandthe

basemetalfordiffusioninteractionsand compatibilityresultingfrom longtimesathigh

temperatures.

4.3 CORROSION

: . Coupons of commercial and developmental steels will be exposed to the various

environments of interest in advanced fossil energy components. These will include, but not

be limited tc,, PC combustion, PFBC, and gasification. Some of these exposures will be=

laboratory simulations and will be undertaken by participants currently involved in the

_
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AR&TD Materials Program. Other exposures _' bc m operating systems such as the Tidd

PFBC hot-gas cleanup vessel and the Tennessee Valley Authority Gaila_ PC-Rred boi_ler.

Industrial coUaboration _ be sought for some of .th_ testing. Other work wi_ be undertaken

_ugh subconwacts.

Chd and uncladspecimenswillbe eval:uatedfortimesup to IrO'O00h and at

temperam_s thatencompasstheanticipatedservicetemperaturesfortheadvancedenergy

systemsidentifiedinTableI.Corrosionrateswillbedete_ned fromweightloss(orgain),

thickness loss, and:metallographic measurements, of the penetration of oxides arid sulfides.

The influence of stress on corrosion rates _be examined in laboratory tests. Re influence

of environment on crt_ and fatigue-crack growth _ be e_ncd.

4.4 MECHANICAL BEHAVIOR

Tensile and creep testing of commercially available type 310HCbN steel will be

extended to 950"C (1740"F). S_ar testing will be undertaken if a promising developmental

steel is found. Mechanical testing will include an examination of swain-rate effects, cyclic

effects, fatigue, creep fatigue, thermal fatigue., and dimensional stability under varying

temperatures. Tmaes will extend to beyond 10;000 h.

Compatibility of cladding and base metal will be examined under mechanical loadings,

suchasthoseproducedbyfatigue,thermalcycling,andrestrained thermalcycling.

Weldment strengthwillbedeterminedintensile,stress-rupture,andfatigueloadings.

Includedwillbe stress-rupturetestingoffull-sizetubingandlongitudinallyweldedplates.

Notched-bartensiletestsand creep-crackgrowthtestingofwcldmcntswillbe included.

CharpyV impacttesswillbeperforated.

Workingwithindustryandconsultants,theprinciplesofa designmethodologywillbc

oudincd for components operatingin the temperaturerange of 760 to 900"C

(1400to1650"C).The materialsdatarequircmcntswillbespecified.Requirementsforthe

developmentofan ASNtE codecasepermittingtheuseofa candidatematerialwillbc

identified.Includedhcrcwillbetheneedforanystructuresorbasiccomponenttesting.The

high-temperatureextensionofASME CodeCaseN-47willforma basisforthedcvclopmcnt

ofrulesfordesign.a5

Workingwithindustry,thecoUectionofengineeringdesigndataforacandidatesteel

will begin. If a new steel is selected, an ASTM spccificarion will be obtained.
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5. SUMMARY

Tb_isre txm briefly reviews the fabficab_ty, weldab_ty, metallurgical stability, high-

- temgg_dmre strength, and'corrosion resistance of type 3 I0 s_ess steel and modifications of

type 310 stainless steel A nitrogen-niobium modified steel, namely type 310HCbN sta/nless

steel, shows potential for use in advanced energy system components that may operate in the

temperature range of 760 to 900"C. However, a number of issues need to be resolved before

such a steel can be used for pressure con_nment. An experimental program is outlined that

would address these issues.
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