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OUDlTICII AIm c.mrI1il DRLa'rICil or ALLOt 800 .~ 31651
IT IIH.~ ....3-D03 AT liHI'IUTIaIS M09I 6OO·C

Rober til. Brad.haw
Ixploratory Cheai.try DIvl.ioD I

SaDdla Matlonal Laboratori•• Liv.raor.

The e6~ro.iOft behavior of Alloy 800 and Type 316 .taln1.... t ..l In
aolt.... -IlIO vu uudlecl at t_perature. frOll 605·C to 630·C.
Corro.ion ~.iar val .ilDIfleantly dlff.rent frOll that previ0U8ly r.ported
in nitrat~ ..It. at t....r.tur•• up to 6OO·C .nd InYolyed • eoablnation of
oxidation, internal :lit~ldatiOD and .oeli...tallate for.-tlon. Corrollon
lll_tiCl, d.t...l_ ..tallOirapbleally, .wltched frOll a parabolic to a
11...-r rat. -a_dOD .. t..,.rature Incr...ed. Corrol!on vu _!fora and
r..u.t" in ..t.l 1.... OD the ord.r of 100 alerOfll/year at 630·C. AIIonI
the alloyi I_tl, «:hrOlli..... d.pl.ted frOll the alloy .. the r ••ult of
• bale fluxi proc... !be kinetic: equtiou d..cribl... «:hr_i.
d.,ll!ltIOD a1R cbupd frOll parabolic: to linear with lncr..l ... t ....r.tur••
!be .ffect of the equUlbri_ cheai.try of tIM ..It OD tile corro.lon""".'01' of tile aUoy. 11 anely.ed IIDd po••Ibl. corro.Ioa -.cbanl_ ar.
clilc.....d.
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kbowl......t.

~ of the.e relult. vere pre.ent~ at the 168th Ileetroeh..ical
Society ....UIlI. Lu V..... NY. at the S)'1IpodUil on Hip T_perature
Material. Cb..l.try-III on Oct. 16. 1985. A conden.ed ver.ion of tbl.
r.port vill appear 1n a Proc..o1nc' vol~ in pr••••

The autbor vould 11k. to aeknovled._ the .ffort. of C. V. Karf••
8316. in eonduetiftl the _leetron .icroprobe analy.1. and 1. D. Gardaa.
8316. ~n praparinc the ..t.llolraph1e .peei-.n••
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Solar 'l'benal TechDoIOl)' Por.-ord

Th. r••••rch and Q.v.lo~nt d.s~ribed in this doc~~nt were conducted
within tb. Sol.r Th.rw.l T.chnololY Pro.r.. of the U. 3. Depart..nt of
la.rlY (DOl). Th••oal of the Solar Therul Ter.hnololY Prolr.. is to
advance th. encln..r1nc and scientific understandin. of solar therul
technololY and to e.tabli.h the t.chnololY base fro. which private industry
can 'ev.lop .ol.r th.~l pover production options for introduction into the
coa~titive enerlY urket.

Solar th.r..l t.chnololY concentr.te. solar r.diation by "an' of
tr.ekinc airror. or len.e. onto a receiver vhere the solar enerlY is
ab.orbed .. heat and converted into electricity or incorporated into
product... proce•• heat. The tvo pri..ry solar the~l technololies,
centr.l r.c.iv.r. and distributed receivers, ..ploy various point and line­
focus optic. to eoncentrate .unlilht. Current central receiver sy.t... use
field. of helio.t.t. (tvo-axis trackinc airrors) to focus the sun'. radiant
en.rlY onto. siftlle tov.r-aounted rec.iver. P.rabolic di.hes up to 17
..t.rs in di...ter traek the .un in tvo ax•• and us. airrorl or Pr••n.l
lan.se. to focus radient en.rlY onto a recetver. Troup. and bovls .re lin.­
focus traekiftl r.flector. that concentrate sunlilht onto receiv.r tube•
•lone th.lr focal lin... COncentratinl coll.ctor aodule. can be u.ed alone
or in • 1IU1ti-_ul. Sf.tea. Th. concentratea radiant en.rlY .b.orbed by
the .ol.r tberw.l rec.iv.r is tran.ported to the conver.ion proc••• by a
circul.tiftl vorklne fluid. R.c.iv.r teaperatur•• raDI. froa lOO·C in lov­
teaper.tur. trouch- to uver 1500·C in dish and c.ntral r.c.lv.r .y.t....

Th. Solar Th.r..l T.chnololY Pro.r.. 11 dir.ctiftl eHort. to advanc.
and i.prov. proai.ina sy.tea conc.pt. throuch the r••••rch and d.v.lopaent
of .ol.r therul _t.d.lI, e.oaponenu, and .ubsy.t.... and the te.tinc and
perfo~c••v.luation of sub.y.t... and .y.tea.. The•••ffort. are carried
out throucb the technieal dir.ction of 001 and its n.tvork of national
l.boratori.. who vork vith priv.t. industry. To.atb.r th.y bav...t.bli.hed
a coaprabemaiv. coal dir.cted pro.r.. to i.prov. perforunc. and provide
technically proven option. for .v.ntual incorporation into tb. nation' •
••rD .upply.

To be .ucc..sful In contributine to an adequate national en.rlY .upply
at r..onabl. co.t, .olar tb.rw.l en.ri)' IIUIt eventually be Konoaieally
eoapetltlv. wltb • v.rl.ty of oth.r en.rlY .ourc... coaponent. and lY.tea­
1.v.1 perfo~e. tar••ta have been d.v.loped .. quantit.tiv. procr.. coal••
Th. perfo~c. t.r••t. ar. ua.d in plaaninc re.earch end d•••lopaent
aetlYitl••, ....urinc prorr.", ......inl alt.rnative technolOlY option.,
and "ine opti_1 eoaponet d.v.lo~nts. Th••• t.r••t. vlll be pursued
vlcoroU81y to e.ur. a succ••sful prolr...

Th. work d••cribed In thi. r.rort conc.rn•• s~udy of tb. eorro.lon
b6havior of bieb-teaperatur. alloy. by aolten ••It. and .ddr••••• the
prOlr.. 1U1Ht1_t cone.mine aolten salt sol.r cetral rec.iv.r teehnolOlY
d•••lo,..at. Th••• Alloy••r. Int.nded ....t.rial. of con.truction of
••••r&! ..jor subsy.t... of .ol.r c.ntr.l rec.lv.r•• luch .. the r.c.lv.r
tubal, .uperheater and hleb-teaperatur•••It tranaf.r lin... Th...in
objective of the vork v.. to d.t.c.in. the t..per.tur. li.ltation. i.pos.d
by corro.lon Oft ..tallic cont.l~nt ..t.rl&l., .uch .. Alloy 800 and 31655,
and to analy•• tb. corro.ion ..ehani....
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OIIDlTICII ill) CIIOIIIlII DULftICII or AU.OY 800 AIm 31655

It' II)L,. "'3-a.J3 A.T 'l'IlIPIUTUUS A.IOVI 600IIC

IIIt I'oduc:tioo

The u.e of a ~ltan alkali nitrate .alt .ixture .. a heat tran.fer and

.tor..e fluid in .olar central receiver (SCI) ,y't'" hal created an

int.r•• t in the corro.ion behavior ?f contai~nt alloy. at teapel'ature•

• icni~ieantly bieh.r than tho.e encountered in vell •• tabli.hed industrial

u.e. of sucb .alt. [1]. In SCI sy.t.... teaperature. are expected to reach

6QO·C at ra.e locatioa. on the ab.orber tube. (2) &ftd .i.bt pos.ibly &~ceed

this valu.. Prevlou••tudie. of corro.lon in this laboratory, u.lne ther..l

conv.ction loops. d.-onatrated an apparent transition froa .low to rapid
corrosion at about 600·C for .everal iron-nickal-chre-iu. alloy. [3J. In

view of the.e pl'eli.inary re.ult•• -are infor..tion concemine corro.lon of
th••e alloy. in ~lt.n .alt at hieb t..perature. v.. de.irable to predict

reUabill ty •

Relatively little data have been reported concel'niDi cOl'ro.ion of 'e­
Ji-Cr alloy. in ~ltan nitrate. at teaperature. above 6OO·C. Tortorelli and

DeVan conducted therlal convection loop experi-.nt. wlth Alloy 800 and

31655. usine arpn u a cover IU. and reported a .barp incr.... in the

concentration of a .oluble chroaiua .peeie. in the ..It. ¥ben the ...1~
t..,.ratur. vu incr...ed fl'oa 6OQ·C to 625·C [4J. I-ray dlffraction of

Alloy 800 and 316SS i_ued in ..It. at 630·C indicated the fomation of

.odlu. ferrate • .-one ...eral other products [5J. Slu•••1' and ~o-vorker.

recently ....lned a nuaber of all~y. in -alten nitrate. at t..perature. fra­

6SO·C to 700·C and ob.erved rapid corro.lon [6J. In.pection of .0.-

..tallic coaponent. froa a reactor usinc -alten nitrate ••It at various

t""l'ature. above 650·C al.o revealed rather .evere corro.ion (7).

Above 6OO·C. tbe th.r8Odyneaic equilibria of .everal decoapo.ition

I'..Cei0D8 intl'ia.ic to alkali nitrate. favor the fomation of .icnificant
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.-ount. of oth.r ionic .pecie.. Th. di ••o~iation reaction of nitrate lon,
to fora nitrite ion and oxy.an,

(1) -1 -1N03 • N02 + 1/2 02

favorl tb. foraation of nitrite .. t"peratur. incr..... [8J. At 630·C, the
80lar ratio of nitrite to nitrate in a ..It equilibrated vitb on. at80.pber.
of oxy~ t. appro.i..t.ly 0.1 [8J. Ot~r reacti~ involviQl nitrat. or

-2nitrite i~ can produc•••v.ral oxide ion lpeeiel, of which peroxid., O2 '
18 tbe -e»lt Itable [9J. TherllOdynuie calculaUoM have indicated that the
peroxide Ion content could reach one 101e percent at 6JO·C [9J. Sine. oxide
laa. ar. particularily &IIr•••ive In a variety of -e»lten .alt anviro~nt.

(10J, it ..... litely tbat cb_ical chanae. in nitrate ..lu could
aec.l.rate eorro.ion at teeper.tur•• above 6OO·C.

The purpo•• of this study v.. to exaalne tb. carro.Ion behavior of
Alloy 800 and 316S5 In 801ten NaN03-1N03 over tb. teaperatur. ranee of 6O'·C
to 630·C. The appro.cb vaa to conduct lOIljl-t.na upo_ure teat. and apply
..tallosraphlc, .lectron optic and I-ray analy••• to Identify the corrolion
producta. Th. depl.tion of woeiUl! froe the alloy .. a .olubl. corrosion
product VII al.o .tudied to provld. additional in.ilht into tbe corro.lon
proc.... Particular eapbaai. v.. placed on detenaininc the kin.tic. of
alloy oxidation and el.-.otal d.pl.tion and applyi., tb.r80cheaical analy.i.
to und.r.tand the behavior of alloy. In thi, eDviroD8&ftt.

Corrolloa t.ltl ver.. conducted by i_niQl al101 coupoM in ..lta of
r..,.at ~ad. MaI03-1103' 111 8Ola& ratio, at teaperature. of 605·C. 61'·C.
and 630-C for ....ral tbouaancl houn. '1"- ..118 for each type of alloy var.
eoat.i.... in hlp-purity al_lna tuba ( IIcDaDal lefractory Co•• "'v.r
ralla. PA ) that ..r.....ted In cruelbl. ~urnaeu. The tubal v.re not
Maled, Ybieb &lIonel the ..It to equilibrate with tb. at80.pbar.. Coupon.
var. vitbclravn periodically. vaip" aft.r r..cval of r..idual ..It by

ultruoaic riuiQl in bot vatu. and r.tuln" to the cruc1bl... Dblohed
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alloyin, ele..nt. vere deter.ined by periodically vithdravin, .alt ...ples

fro. each ..It, ~uenchinl th.. and analYlinc for transition ..t.l content
by .toeic ab.orption .pectro.copy.

Th. ele..nt,l eoapo,ition, of the Alloy 800 and 31655 .peel..n. u,ed
in the•• experi..nt. are liv~~ in Table I. Coupons (25.. x 9.. x 1.5ft8)

vere fabricated froa .h.. t ,tack (Metal Saaple" Inc., Munford, AL) and vere

Iround vith 180 SiC paper and rln.ed In isopropanol before i...r.ion. At
variou. interval., .aapl•• var. pr.pared for ..tallotraphic exaaination by
optical and seanninc electron alcro.copy. Corro.ion product p~e. vere
identified by electron aicroprobe analy.i. and I-ray diffraction, u.inc
.equantial .ectlonine to obtain depth profile. in .everal c.... 15J.
Ilectron aicroprobe analy.i. va, uaed to .uppl...nt I-ray diffraction by

d.te~inine the thickne•• of the o~td. and depl.ti~n lay.r. and id.ntifyina
.olid .olution phase.. IlectrcQ aicroprobe analy.e. v.r. perfo~ vith a

J!OL Superprobe 733 ~.i"l F.20~ .. an oxyaen .tandard and pur••l..-ot. a.
the ..tallie .tandard••

Iffect of T..,.rature oa Solid OXidatiod Product.

Botb alloy. corroded uniforaly at tbe tbr.. t..,.ratur•••tudied and

tbe corro.lon productl vera ,..ra11y adherent, which perai tted thea to be

exaained by .tandard ..tallotraphic ..tbod.. The corro.ton product
.arpboloale. ob••rnd on Alloy 800 at the end of each exped....t are .hoWD

in the .lcrOlra"'" of cro••-.actioned coupon. in FilUre 1. The corro.lon
product. identified by I-raJ diffraction and .1ectron aicroprobe analy.e.
at eaeh teaperature are Indicated.

At 605·C, the corro.ion prod~ct. fo~ on Alloy 800 (... FilUr. 1a)

conal.ted of an outer layer of ..,netlta ('e304) and .ubIaJer. of saveral

.lxed oxide.. The.a Included an "304-.plnal, coapo.ed .a.tly of Fa, but
containlac .Isnlficant aaount. of Cr and NI, and a "203-type oxlda enriched
in Cr, but coatalalQl HI and 'e .. veIl. Aftar 4111 hour., approxl..t.ly 15
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PilUre 1. PhotoaicfOCfaphl of corrOlion produet. on AlI07 100 after
l_nion in aolten NaNO -QIO • 1'H t.,.ntun ..... duration
of each telt are noted ;Ad tb~ ..... ld_tUic:atl0ft8 are ,I...



aieroftl of oxide seale had foraed. The eleaental concentration profiles of
the lurfaee layers obtained by ellletron aieroprobe analysis (DPA) a'~ shown
in PilUre 2. The eorre.pondenee be tveen pod t ion in tbe lIieroprobe r.can and

the product layers identified in PilUte la are indicated at the top.

SIveral features are worth notine. Pirst, chroaiua vas absent froa the outer

oxide layer, vhich v~ in contact vith the aelt. Since Cr vas found .. a

solute in the ..It, .. discuss.l later, it .ust diffuse throUCh the outer
Pe304 layer readily. Second, ~l oxide layer co.posed solely of Cr did not

fora, vhich reduced the ability of the alloy to protect it.elf. Lastly, a

..tallie s..recatioD aone foraed beneath the oxidation products, in vhieh Pe
and Cr vere depleted and Hi vas enriched.

At 6I5'C mId 630'C, .ealir~ vas auch aore rapid and the eoapolition of

the oxidation products chanced substantially. Alloy 800 foraed corrosion

product layers wbich were 32 aicrODS thick after 2008 hours at 630'C and 43

aierons thick after 3226 hours at 6IS'C. Corrosion product ~rphclolies at

these teaperatures vere rather coaplex, .. shown in rtaure lb and c.

StartiOl at the interface in contact vith the ..It and procaadiOl inward,
the oxidation products on Alloy 800 consisted of layers of sodiua ferrate

(NaP80Z) , iron-chroaiua spinels ("304 type) and cbroaiua-rich "203 oxides.
Below tbe oxide layers, internal nitridation had precipitated a band of

chroaiua nitride, aloOl with soae titanlua nitride, and a ..tallic layer

enriched in nickel and depleted in iron and chroalua. Isolated crystallites

of MiO, which appear .. s..ll vhite particl.s In the aicro.rapbs, vere

observed at tbe salt-contactin. interface of the NaP802 layer. More MiO ..y

have been deposited at the surfac. of the kaleOZ layer than v.. retained

duriOl the ..tallolr.phic preparation procedure.

The concentr.ation profiles deterained by IMPA (... PilUre 3) illustrate

the distribution of alloyinc (Pe, Mi, Cr) and environ8eRtal (0, Na, H)

eleaents in the corrosion product. on Alloy 800 after expolure at 61O·C.

The correspondence between position in tb. aicroprobe sean and the product

layers noted in 'ilUre Ie are indicated at the top. It is evident that the

layers in the scale are solid solution oxidas, rather than the pure

eoapounds, except for NaP80Z' Tbe presence of MiD crystals at the surface

in contact vith the IlOlten salt (SH PilUre te) was eonfiraed by the ebrupt
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ri.e in the nickel profile at the polition, 48 .icronl. The pre.ence of a
..tallic le,re,ation sone, where Ni wa, substantially enriched, can be
di.cerned a. can a band of internal nitrides for..d beneath the oxide
layers.

The efr.ct of tearerature on both the identity of th. corrosion
product. and the extant of corro.ion of 31655 Val analo,ou. to Alloy 800;
althoucb .oae qualitative difference, were ob.erved. The structure of the
oxide .cale. on 31655 vere le•• c~plicated than Alloy 800 and were not aI

veil differentiated, particularly after 1001 period. of i...r.ion at 61S'C
and 630·C. The .icrolraphl of cro••-sectioned coupon. and the corre.pondin,
oxidation product. identification. at various t~.per.ture. are shown in
Pieure 4. The foraation of N.'802 at 61S'C and 630'C i. evid~nt fro.

Pieure. 4b and 4c. It Val also observed that the .eale on 31655 tended to
fora void. and bli.ter., which were not observed on Alloy 800, and Wal al.o
le•• adherent. Internal nitride. were found, but the.e were Ie•• obvious in
31655 at 61S'C and 630'C. Morphololical feature. related to the Ni content
of the alloy, includinc the Ni enriebaent zone beneath the .urface scale and

tbe MiO cry.tallite. in the NaPeQ2 layer, were Ie•• pronounced than with
Alloy 800.

Soluble COrro.ion Product.

Cbroaiua Wal lo.t frca tbe alloy by di ••olution in the ..It, aI well
aI by OXide .eale foraation. The pre.enee of dis.olved Cr Val vi.ually

evident froa tbe incr...incly bri,ht yellow color of the ..It. aI the te.ts

procre••ed. Cbeaieal analy.i. of quenched ...ple. of the ..It for alloying
eleaeut. rev..led only ehroaiua in detectable quanti tie.; neither iron nor
nickel appeared to be .oluble. This .,r... with other ob.ervation. at
coaparable teaperature. [3,4,5).

Althouch the identity of the chroaiua-eontaintna .peci•• Val not

detendDed in the _lten salt, a D\IIIber of ob.ervaUou 'uae.t that
-2chrOMte ion, crO. ' Val tb. -a.t abundant fora. The yellov color 11

cOftli.tent vith the pre.ence of chroaate, rather than dichroaate, which
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Allo)"

605°C for 4111 hour.

.O~m ) Alloy

615°C for 3226 hour.

Alloy

630°C for 2008 hour.

1ilUr. 4. Phot~icrolr.phs of corrosion produet. on 31655 aftar
i_uion in IIOlten NaNO -lNO • Th. t_paratur. and duratilMl
of each t.st are noted ;Ad th~ phale identlf4~tiODl ara ,iveD.
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yields an oranse color [11). Also, polarographie analysis of s..ple.

dissolv@d In vat@r id@ntlfled chroaate ion.

That chro.. te vas the soluble Cr sp@ci@s in these tests is also
supported by other investigation~. Che.ical analysis of aqueous solutions

of quenched salt s..ples fro. a ther..l convection loop identified
pri..rily hexavalent Cr and a .inor ..ount of the trivalent fora (4).

Trivalent ChlO.iua and chro.iua .etal vere reported to oxidiae to

hexavalent c~co.iu. in LiN03-KN03 at 300·C [12). Upon heating above 350·C,
-2dichro..te, Cr207 I vas oxidized to chro.. te [12). Several other studies

have reported that dichro..te vas converted to chlo.. te in equi.alar NaN03­
KN03 at te.per~tu~es fro. 250·C to 300·C [13-15). At 550·C, an equi.olar
NaN03-KH03 .elt initially containins dichrolUlte produced the yellov color
a••oci_ted vith chroaate after several hours [11).

Based upon the above results and previous observations, it is al.ost

cert_in that chroaiua dissolve. in .alten nitrat.e salt as chro..te. Since

the s~iubility of Cr, a. chro..te (or dichroaate), would exceed 10 80le

percent at all te.peratures of interest in central solar receiver syst•••
[16), the kin@tic. and ..chenis.. vhich influence Cr depletion are of

obvious interest. So.. aspects of the theraoche.istry and corrosion

kinetic. vhich influence chro.iua depletion are di.cus.ed belovo

Theraoch..ical Analysis

Theraoche.ical stability calculations can be quite helpful for
understanding corrosion behavior in high te.perature environaents in vhich

&any oxidation products are for.ed. Theraodyn..ic analysis can clarify SOBe

of the ob.ervations de.cribed in the two preceding sections, including the

aorphology of oxidation products ob.erved on the alloys. The phase

stability behavior of Pe-Ni-Cr alloys in aolten nitrate salt can be

described by considering two li.iting cases, the stability of the ..tallie

oxidation products of the alloys in a sodiua-free envir~~nt of oxygen and

nitrogan and the equilibria between the relevant ..tal oxides and aolten

nitrate s.lt.
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The phase stabilit/ diacraas for Fe, Ni and Cr in 0XYlen and nitrogen
.ctivity coordinates vere constructed for a te.perature of 627·C (900 K),

u.ing free enerlY data fro. Barin and Knacke [17J. The .etallic .l••ents

and their oxid.tion products v.re assuaed to be at unit activity and the

resulting diacraas v.r. superi.posed on one another as shown in Figure 5.

The corrosion products of int.rest are those vhich are stable in the r.gion

b.lov and to the left of the cross which aarks the th.rsodyn..ic activity

of .ir, the cover gas us.d in th.se experi.ents. erN vas tb. o~ly st.ble

nitride phase and foras only at very lov oxygen .ctivity, as aight be

en~ountered beneath surfac. oxide layers. The shift in the ph... stability

boundary of CrN as teaperature decre.s.s cannot .ccount for its ab.enc. at
60S·C (see Figure 1). The ab.ence of CrN at 60S·C .u.t be due to a kin.tic

eff.ct resulting fro. the foraation of protective surf.c. l.y.rs.

For .lloys which fora solid solution oxid.s, siaplified diagr..s such

as Figure 5 ..y not n.c••••rily represent the correct ord.ring of the

possible pha.es. This point has been discu.sed by Vhittle [18J and others.

This appe.r. to be :he case here, with respect to the position of the "203
oxide layer. Rovever, since sufficient data are not available to con.truct
a rilorous diagr.., the si.plified dialr.. is still useful as a conv.ni.nt

..ans to .nuaer.t. so.. of the possible oxidation products.

The calcul.tio~s supporting Figure 5 assuaed that no alkali nitrate

vas pre.ent. At the .urf.c. of tne corro.ion l.yer, and vi thin if the .cal.

i. alcroleopic.lly porou., the equilibria betveen the oxide ph•••• in

Pigur. 5 and the aolten ••It sust also be consid.red. lefore di.cussing

that point, briefly consid.r the equilibria of aolten alkali nitrate ••It
and it. d.co.po.ition product.. The intrinsic equilibria of ~he aolten salt

d.pend. on the loc.l oxygen and nitrogen activities and teaperatur••
Calcul.tion. of this equilibria have been ..de by Nagelberl and Mar, u.ing

the .i.plifyinl a••uaption that the ..It v...olely NaND) (91. Their

.ppro.ch vas used her. to coapute the phase st.bility boundaries of sodiua

nitr.te and its decoapo.ition products at 900K (627·C), .odiua nitrit.,

peroxide and oxid., using avail.ble free .nerlY d.t. [9,17J. Ideal behavior
and coaplete aiscibility vere a.suaed. The c.lculated phase boundarie.,

vhich repr••ent equal activities of e.ch eoapound, are given by tbe solid
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rilU~ 5. Superi.,oeed t~le stability gi..r... fnr Fe, Nt aDd Cr
vhh 0.,,, aDd aitr.... at 900l (627 C). The duhed llnu refer
to Fe pba8.. , the dotted to Nl ~d the solid to Cr.
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line. in Piaur. 6. The pha8e. of Int.r•• t ..ain lie beloy and to the left
of the cro•• which aarks the coordlnat•• of the cov.r lal, air. It i.
apparent that, vhlle nitrate i. stable In air, the boundary with peroxide
Ii•• quite cIa... As NaI.lber, and ~r have calculated, the concentration
of peroxide incr..... rapidly as teaperature inc~ea.e. in the rance of
inter.st her. (9).

The interaction between the -alten .alt and oxides of alloying
el...nts can fo~. several sodiwa-..tal-oxldes, accordin, to tb. reactions
vritten belay.

Sodlua chroaite (Bqn. ') i. a ..ta.table product in tbi. environaent,
hoyever, and i. superseded by foraatlon of .odiua chroaate,

The pha8e stability boundaries of the ..tal oxide. and .odiua ..tallate. in
Equation. (2)-(5) yere calculated u.ln. published data on fr.. en.rlY
cbanI.. [17,19), ...uaine that the solid product. and NaM03 vere at unit
activity. The boundari.. are .hown by the dotted lin•• in rieure 6 and are

.uperi.po.ed on the equilibriua diacraa of the -alten .alt. Nota that the
phase .tability field for sodiua chroaate encoapas.e. virtually the entire

diacr...

It i. evident froe Pieura 6 that the .table phale. of the alloyin,
eleaent. in contact yith the ..It in equilibriua with air are Nareo2, NiO

and Me2crO. . The .ucc•••ive l.yerine of ..tallic oxide. and internal
nitride deterained by ..tallolraphic analy.i. at 615-C and 630·C i.

eonsi.tenl with pathl on the stability diarr... which proceed froe the
activity of air to the very low activity of 0XYlen and nitrolen which au.t
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obtain vithin the unaff.cted alloy. Such a path vould start on Pig. 6, th.n

trar.sf.r to Pig. 5 at • point ben.ath the NareQ2 lay.r vh.re th. activity of

NaN03 .J.t bec~ v.ry lov.

All of the ph... stability boundarles shown in PiIS. 5 and 6 shift to

lover valu.s of oxy,.n activity as t.aperatur. d.cr...... Bovever, the
aacnitud. of this shift is not sufficient to .ccount for the ab.ence of
Na,.o2 at 60S 'C. A likely c.us. Is that the kin.tics of the conv.r.ion of

a&ID.tit. and h...tite to NaPa02 is slov, due to th. lov concentration of

peroxide ion in the ..It at this t"pecature.

Oxid.tion Kinetics

Althou,h ,r.vi..tric ....vr...Dts .r. c~nly used to d.t.~in. the

kin.tics of corros~on. this .pp:oach vas unsuitable here. V.i~t cbanl-
v.. not stoichi~trieally related to the aaount of ..tal eonsU8ed because

of the type of corrosion products foreed. This is evident fr~ tb. results

on corro.ion products described abov" which incorporat. 0, Ma and N froa
the enviro~nt. Additional factors which coaplicated tb. int.rpr.tation of

v.i,ht chanI. data vere chro.iua d.pl.tion and oxide spallation.

SiDC' Alloy 800 and 31655 corroded by unifora scal. foraation, kln.tic

d~ta v.re obt.ined by ....urln' seal. thickn.... Thi...tbod ...uaas that

seale thickness is dir.ctly proportional to the aaount of ..tal which

roacted vith the environaent. ~inor .rror. viII .ris. when aultip1.

products ar. fo~, particularly if the d.n.ity of the a110yl0l .1..-nts

diff.rs silftifieantly aaonc tbe corrosion products, .. betv.-n NaPaQ2 and
tb. v.riou~ transition ..tal oxid.s. Th. pr.sence of a dispersed corrosion

product, erN, cr.ates anoth.r difficulty in quantification.

Th. thickn••••• of surfac. seal.s vera ....ured fr~ pbotoalcrOirapb.

of ..tallOiraphieally-pr.pared coupon. aft.r various periods of i...rslon

In tb...lt3. AlthoUlh the nu.ber of data points v.. li.ited by practical

considerations, tr.nds in corrosion kinetics v.r. rlve.led clearly and

consistently. The data teiatiftl oxide tbicknlDS to ti.. ar. shoYD In the
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lac-10i plot. in Pieur. 7 for Alloy 800 (a) and 31655 (b). At 615·C and
630·C. a .lope of on. provided the be.t fit for both alloy•• Indicatiftl
linear .eal. Irovtb with ti... Linear ..tal 10•• kinetic. have al.o been
ob.erved by Slua.er, et aI, at t..perature. above 6SO·C (6J. At 605·C,
Alloy 800 di.played parabolic kinetic. (slope. 0.5), vhile 31655 foll~ved

parabolic kinetic. for about 2000 hours and then showed a .y.t...tically
tncr... iftl dope uti.. inc:reued.

The data liven in Pieur. 7 vera u.ed to calculat. annual .. tal 10••••

by extrapolatlft1 to 8760 bour. (1 y.ar) and conv.rtinl fro. ecal. thickn.l.
to equivalent ..tal 10... Th••• valu•• appear in Tabla II, alonl vith data
fra. other .tudi•• conducted at t..perature. vhich bracket tho.e r.ported
h.r•• Th. valu•• of ..tal 10•••• belov 615·C vere calculated uaiftl a
parabolic rat. lay. whila a lin.ar equation Val u.ed at hilhec t..peratur••
To provide a co-.on ~i. for coepari.on, 10•••• for the fir.t y.ar are
liven for t..perature. belov 615·C. Metallo•••• corre.pondinr to the
llf.ti.. of an SCI would bav. to be extrapolated appropriately.

At t"peratur•• of 6OO·C and below, corro.ion rate. w.ra na.inally
1••• tban 10 aicrons/ye.r. The data obtained bere shoved a .ub.tantial
incr.... in tb. corro.ioa rat. a. t..perature incr...ed abova 6OO·C, aI

.bown in Table II. Baled aD .cala tbickne......ureeent....tal 10•••• of
75-100 aicrODl/yea~ (3-4 ail./year) ar. expected for Alloy &00 and 31655 at
630·C. The ..tal 10•• of 31655 at 630·C vu al.o d.tareined by ch..ical

d••cali." usilll a ..thad deacrlbed pr.vioualy (20I, and a value of 86
.icroft8/year vas obtained, whieb coepara. v.ll with the value a.ti..tad

froe .eal. thiclmu.. The elata at 650·C r.ported by Slus.er (6) .,r.. vall
with the trend ob••rved in tbi••tudy. Th. «Etr...ly bieb corro.ioa rat••
raported at 677·C w.r. probably eauaed by .ub.tantial d.coepo.ition of tb•
..It. which would yi.ld hieb oxide ion concentr.tions.

Cbroeiu. Depletion ~iD.tiCi

The .olubility of chroaiua In tbe ..It allowed ....ureaent. to be ..d.
of the e..-alatiY. flux of Cr throup tb. corro.ion product layu. AltboUlh
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TABLI I.

ILIIIIlft'AL COMPOSITIOM or ALLOYS TlSTBD
(VlIGIT PIICIlft'; ULDtCI 'e)

Alloy

liloy 800
(by ....ly.1.)

316SS
(.IOIIina1)

..£L.
20.7

16-18

Ni

31.0

10-14

TABLI II

_c_
.02

.08ux

Oth.r

.44 A1

.45 Ti

.57 Cu

2-3 tic)

urAL LOSS UTIS 0' ALLOY 800 AND 31655 IN MOL"" IfITUTI SALT
dVd 1 DiG 0' iiRPiUTUIIS

~raeur. Sourc. of o.ta Alloy 800 31655
c) (alcrou/yr) (alcrou7yr)

565· lef. 18 S.4,,,. " 7.5
595· lef. 4 .5.7 3.6
600* " 5. 7 7.2
605· Thi8 .tudy 17 26
61' " " 66 82
630 " " 75 106
630** " " 86
650 lef. 6 107 165
677 " 1040 2060

• The "a1... of _tal 10.... abo". 605·C are bueel on lin.r kin. tic. • A
parabolic rat. law was U8ed at t....ratur.. up to 6OS·C, for which 10••••
dud.., ehe flr.t yau' are .h_ for cc.pariloa.

** Det.raiDed by -..uri.., d.,caled v.ipt 10...
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....ur...nts of this kind do not appear to have been ..de previously in

.olten salt :orrosion experi..nts, they provide very useful infor.. tion on

the kinytics of chro.iua depletion, as well as insight into the corrosio~

peocesl. The concentration of chro.iu. in the .elts containing Alloy 800

and 31f88 v....asured periodically and the data were conv.rt.d to the
equival.nt coupon veight lo.s, in units of ag/caZ, given the surface ar.a

of the coupons and the ..ss of aolten s~lt in the crucible. Chroaiua v.ight

lo.a can be related to the aff.cted depth in an alloy by noting that a losl

of 1 mg/caZ corresponds to depletion of a band about 6 aicrons thick for an

alloy containing ZO v:.% Cr. The C~ WQight loss results are plotted v.rsu.
ti.. in Figure 8. Th. w.ight 10•••• shown in th••e plots can be treated in
the .... aanner as w.ight gains in corro.ion .xperi..nts wh.n analyzing the

kin.tic. of chroaiua depletion. A qualitative interpretation i. appropriate

given the aaount of data available.

The general feature. of the kin.tics of chroaiua depletion of Alloy
800 and 31688 vere si.ilar, although the Cr lo.s froa Alloy 800 va•
• oaevhat less than frDa 3165S, despite the lover Cr cont.nt of the latter.
Chroaiua los.es incre..ed aonotonieally with ti.., IUlle.ting a power-law

interpr.tation typically applied to oxidation kinet!cs. At 60S·C, the

equation pro~idir.i th~ b~st fit for both Alloy 800 and 31658 va. a Iquare

root depend.nce on ti.. (parabolic). At 61S·C and 630·C, a linear equation

v.. be.t for 31655. Alloy 800 v.. also linear at 630·C, but a slight

d.viation frca a slope of unity vas apparent at 61S·C. The net AaOUDt of

chroaiua lo.t at 60S·C va. substantially less than at higher t..peratur•• ,

vher. chrcalua lo.ses approaching 2 &Ileal were observed.

The ability to acquir. quantitative data on Cr d.pletjon provided a

novel ..ens of inve.tigating the corro.ion behavior of t~••e alloy. in

aclten nitrate .alt. The tran.ition froa ~rabolie to linear kin.tic. of Cr
depletion vith increasing teaperature aiaiced that observed in the grovth

of .urface oxide layer. and sugg.st. a coaaon b&8i. for the tvo proc••••••

In the next ••etion, .everal aspects of the corrosion ..chani•• viII be

di.cu••ed in view of the kinetic result. and the theraoeh..ical analysis.
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Corro.ion and H..s Tran.port Mechani...

The aost straightforward interpretation of the parabolic rate

equations deterained for both alloys at 60S·C is that a protective layer
va. foraed, who•• arowth rate vas liaited by diffusion (21). Linear

corro.ion kinetics are typically ascrib.d to a rate-controlling process
occurring at a phase boundary (21). The tran.ition froa parabolic to

lin.ar kinetic. at 61S·C iaplie. that a protective layer was not foraed or
vas di.rupted as t••perature increased. Although a detail.d analysi. of
kinetic aodels is beyond the scope of this report, soae r.asonable

speculations can be ..d. concerning the und.rlyin, cau••••

In the ca.e of parabolic klne:lcs. it ..... lik.ly that the inner,
aixed spin.l lay.r (s.. Pigs. la and 4a) is the protective lay.r. Th.
coapo.ition and aicro.tructure of the oxide layer. fo~ in nitrate ..It.

r....bl. the duplex oxide layer fora.d on 31655 and oth.r au.t.nitic

F.-Ni-Cr alloys in st at siailar t"peratur.s [22,23). A coapari.on of
the oxide scale growth ured in aolten nitrate .alt with the extensive
data concerning oxidation in ste.. revieved by Ar.itt, et al, (22)

indicates a soaewhat slower corrosion rate In salt. A slallar coaparison
between the oxidation rate of 304SS in aolten salt and ste.. ba8 been -.de

by Tortorelli and DeVan (4). In the case of ste.., diffu.ion in the inn.r

spinel layer is thought to be rate-controlling (22), although it Is

unc.rtain if diffusion of oxygen or iron control.. A siailar conclu.ion
..... warranted for aolten .alt. The outer .~inel layer i. apparently
unprotectiv. and likely containa aieroscoplc porosity which i. filled with

.alt. Cr obvlou.ly diffu.e. throUib the layer, but was not det.cted in the

IMP, scans shown in Fig. 2. The aqueous polilbiDi proce•• u.ed to prepare

aetallolraphic ...ple. would r.aove any evidence of .alt howev.r.

The fact that Cr depletion kinetic. were par~bolic at 605·C sUlle.tl

thet a diffusional proce•• r.lated to that for oxide ,rowth was rate­

controlliDi. On. po.sibility would be diffu.ion of Cr+3 throulh tbe aixed

spin.l lay.r. Bow.v.r, dlffuslon control in the spinel lay.r would ~
expected to yi.ld a unifora gradi.nt of Cr concentration which decreased

in the outward direction, assuaiDi a steady .t.t. was attained. The IMPA



plot for Alloy 800, shown in Pirure 2, does not indicate such ~ er:adient
acro.s the entire inn.r spinel layer. Other possible rate-contro1linl

proc••••• , .uch as diffusion of Cr throUlh aicropor.s in the out~r spinel

l.y.r, cannot be .xcluded by the IMPA and ..talloeraphic analys.s.

Th. occurrence of linear kin.tics at 61S·C and 630·C iaplies that both
corro.ion and depletion rat.s are controlled by reactions at a pha.e

boundary. It is apparent froa the distribution of a110yinl el.aents that

several oxidation reactions aust occur vithin the corrosion product layer to

yi.ld the coaplex aorphololY ob.erved. A lik.ly site for sever.l of th.se

reactions to occur is .t the bound.ry betv.en th••ixed spin.l l.yer and

the sodiu. ferrate layer since this interface s.parates pha.e. which

contain Cr and Nt fro. tho.e that do not.

An ob.ervation that appears to be sicnific8nt in und.rstandinl the
chanl. in corro.ion behavior a. teaperature incr••••• is that HiO v••
d.t.cted at the outer surface of the .cal. layer at hieh teaperatur., but

not .t 60S·C. Like Cr, Hi vas not found in the NaPe02 lay.r by IMPA (aee

Firure 4), vhich ..ana that it aust be reaoved froa the spinel layer,

tran.ported throUlh the ferrat. layer and precipitated at the outer

surfac.. Such a sequence of .vents is consistent with the pbaae diacraa for
Na2Ni02 and HiO shown in Firur. 6 since the stability boundary lies elose
to the equilibriua point of the bulk ..It. Given that the ferrate lay.r i.

aicro.copically porous, a reduction in the oXYlen activity at the inner

surface of the ferrate layer, due to its conauaption by a variety of
-2r••ctions, would stabili•••odiu. nick.late. The nirielat. ion, Ni02 '

could diffuse outward tbrouch the .aIt-filled aicropor.s. At the outer

surface, replenisbaent of 0XYlen by ~ne ataoaphere In CQntact with the ..It

would establish an 0XYI.n .ctivity at which HiO is stabl.e, 3Dd the oxide

would precipitate due to its inaolublity.

Siailarily, chance. in the equilibria of aolten salt which pen.tr.ted

into tbe .eal. layer could incr.... the activity of nitroaen sufficiently to

enabl. int.rnal erN to fora. Th. proce.s by which CrN could fora is

analocoUl to that d••cribed for hot corrosion phenoaana in &Olten suIfat.

deposita, which produc. int.rnal sulfidea. This topic bas been thorou,hly
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reviey.d in the liter.ture [24]. In. aolten nitr.te s.lt•• d.cr•••• in

0KYI.n activity belov the atao.pheric value could result in foraation of

nitrite fro. nitrate, which could subseq'Jently yield nitro.en aecordin. to

The nitrolen would th.n have to diffuse through the H203 layer to • relion

of the alloy where CrN is st.ble .ccording to PilUre 5.

Depletion of Cr fro. the alloy likely occurs by a process si.ilar to

that described above for Ni. At the interface between the spin.l and
ferrate layers, a reaction of trivalent Cr in the oxide l.yer yith oxide or

peroxide ions froa the ••It pre••nt locally would re.ult in a basic fluxinl

proc.s. yieldin, dhroaate ion. As the phas. diaaraa in Flrur_ 6 shoys.

sodiua chroaate is stable over a broad ran,e of oxy,en activities. and

sine. it is soluble in th_ bulk ..It [161. it would continuously diffuse

throuah the .icrochann.ls In the ferrate layer.

In view of the precediDi di.eu.sion. th. ob••rv.tion that chroaiua

depletion kinetics and oxid.tion kinetics are lin.ar at 61S·C and 630·C

SUII.sts that interfacial re.etions of the .lloy constituents witb oxide

ion specie. present in sub-.urf.ee aolten s.lt ar. the r.t.-eontrolliDi

proc...... This .rau-ent i. supported by c.lcul.tion. which .hoy a rapid

incr.... of the equilibriua concentration of peroxide in &Olten nitr.t.
salt .. tb. t_per.tur. Iner in the ranle stucUed h.r.. In the e... of

Cr d.pletion, it i. quite r onable to envi.ion lin••r kin.tic....oci.t.d

with the continuous r.ces.ion into the alloy of a plan. at which the Cr

concentr.tion in the corro.ion products is .ssentially ••ro. Th. effect of

the reactions postulat.d above on the prot.ctiv. nature of the sub-.urf.e.

oxide layers is not dir.etly evident froa the results of .icrostructur.l

analy.is. It is quite po••ible that the defacts ereat.d in the sub-surfac.

_t.l oxide l.yers by oxide ions froa the _1 t aay be too subtle to be

r.solv.d by the techniqu•• avail.bl.. The situation appe.rs ansloloUl to

that of aolten sulf.te-indue.d hot corrosion.



The eorroaion behavior of tvo iron-nickel-chroaiua alloys, Alloy 800
and 31655, vas studied io a ~lten aodiua nitrate-potassiua nitrate aixture
at t..peratur.s of 605·C to 630·C. A transition in the type of oxidation
products foreed and the kinetic equatiooB which ,overned ,rowtb of surface
oxide layers vas observed as t"peratur. incr...ed. At 605·C, oxidation
proceeded by parabolic kinetica vitb the foreation of protective spinel
oxide layer.. At bilber teaperature., oxidation displayed linear kinetics
and corrosion aorpbololie. vere quite coaplicated, consiatina of .odiua
ferrate, aeveral oxide layer. and internal nitridation. At 630·C, the ..tal
lo.s rate observed for Alloy 800 vas 75 aieron./year (about 3 ails/year),
vhl1e that for 31655 vas about 100 .ierona/year. The dependence of

corrosion behavior on teaperature established that 600·C should be relarded
as the upper t..perature liait for operatin. solar central receivers ua1nc
th••• alloy••

CbrOlliua vas oxidhed to fora chroute and dbsolved in the ..It. Tbe
pr••ence of di.solved Cr provided a useful dlaanostic tool for detectina
the transition in corrosion behavior witb incr...ina t..peratur., since·
chroaiua depl.tion kinetic. al.o ehanled froa a parabolic to a lin..r rate
lav .. tbe t..,.-:ature increued. Depl.tion of chrOlliua occurred via a
balie fluxlna proces. that vas accelerated at tbe hilber teaperature. at
¥bich peroxide Ion content incr...ed .ubstantially.

Tbe~cbaaical equillbriua calculations have shown that peroxide ion
i. stabla In tbe aolten nitrate .alt and that it. concentration incr.....
rapidly above 6OO·C. This report deaonstrated that tberaochealcal analysis
of tbe interactions of ..tal oxides, derived frOll the al101iDl eleaant.,
and tbe _lten salt could axplain MIl}' f..turu of the corrosion proce.. ,

ineludiDl the coapl.. oraani.ation of oxidation product. observed at
teaperaturu above 615·C.
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