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High Temperature Corrosion of the Materials used for
Gas Turbine Engine Applications

Kyoo-Young Kim

Pohang University of Science and Technology. Center for Advanced Aerospace Materials

The high temperature materials used for gas turbine components should have
good mechanical strength and corrosion resistance. To obtain such properties, vari-
ous alloying elements are used for alloy design of the superalloys. The basic alloy
design concepts for Ni- and Co-base superalloys are introduced. The resistance of
the high temperature oxidation is mainly provided by formation of stable oxide of
either Al;0; or Cr;0; which acts as a diffusion barrier. The stability of those pro-
tective oxide film is discussed in terms of alloy design. Hot corrosion is a form of
accelerated oxidation which causes a catastrophic failure. The hot corrosion is in-
duced by condensation of salt film which is responsible for fluxing actions. The
reaction mechanisms of the basic and acidic fluxing are briefly discussed.
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2.1 NiA| &2

R NiAdl g2 12~1371A9 74
27t AgET deon, FAZe davt A
#gel 7 Eo olste) A= A FEch NiA &
e 712 dA Y Table 1] ®Q wio} #
o] A 571A &7 BFIY AWE £ donH,
ol AXAYAEE IS A= FERE
Aty 1AL §F, ¥ -FAYE, dAHE
g, Fivtel=yA §E ¥ e WA &
HE 93ld sty ny g §FEo] AHSHETh

248788 gFeze F& Co, Cro] AEH
o A% wal Mo & Wol Algdrtl oy
3 FFHEEELS NI 71AFTHd Sa=ol 718
Hog FCC +%& 717N+ y-matrixZ HA3
t}. y-matrixs 2734 (high modulus of elastic-
ity)s @& #ULET E Aoz n&aAY A
FHe BRI Ho n477slg FFYLES
Qe =77} Ni°ﬂ mated 1~13%° ol
AA 7] W o] Y9AER AF AR HF
ol 3l 73t °]-r°31]°1, £ stacking-fault
dlgxie] A2 cross-slipe] 4zl o@7 o
Bl medA=E A7t fA€EY. 53 Mo}
Wel Hrle o] 4aE9] HALHZT WY &
d neay AIAHLE 2357 AFelth

y-4e dwrx oz A,B ¥ee FCC #+%8

Table 1. Alloying elements used in Ni-base
superalloys

Elements Ni Co Fe Cr Mo,W Cb,Ta,Ti Al C,B,ZrHf
Matrixclass X X X X X

7 class X X
Grain
boundary X
class
Carbide
X X X
subclass
Oxide scale
X X
s .
. 0.07C,
René 77 584 15 - 14.6 4.2Mo 34Ti 43 0.016B
0.15C,
MARM  co9 10 15 90 125W 20T 50 0.015B,
200H 2 OHf

e gL Ui, Ad #Ises F&LS
Ni, Co, Cr Folx Bel siFdte 8452 AL T,
Ta, Nb Folth NiAdl §FA H&=He y-42
(Ni,Co)3(ALTI) Belel sFER HHEEH Y A
2 g4l o d$ B3 s 7
AE7IE g ¥ -4E 7Y yd 2e FCC
T2E AL FRLFe 27t 0.1% FE w)
A 7] W& 7Zd #AY A (homogeneous nu-
cleation)o] 753ttt ¥ -2 W9 oj5g ¥
oz DAEE FHAIE 8L el
227t g8 2548 1e A=E wA e B4
& Add. 53 ¢ -A4L A& IR g &
Hzadg 59 44 998 AFdA g A
ol Atk ¥ -4l B Aoyt whe Fadd F
AHe A o 02% A5, d9H¥d # 0.5-1.0
%9 AzdF atolg 7pRlgn g

NiA| g 4" e shulel =& MC, M,Cs,
ML HHE 7IX0, F2 YAE uel HH=
o glulel= A FEY4LE2E Cr, Mo, W,
Ti, Ta, Nb Fo] Al&"Hch A HAA 7in
o=y IEdAM  YgARE] Wy H(grain
boundary sliding)€& WA sl 1 IHEAE
98g ot
NiAl g3 B, Zr, Hf T°] H7l=EW &3

(rupture strength)® xol:
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¥ ¥ gdA=rt 843 Frlsln dAE ol
Ak o]F B8 F2 YA HAS 2L
Al dATEE BAse 9EE #vh BE MB,
Hel o SIPYES I3, Zre S wHgEdo
ZrC,S, Hul9 3gES YA #3g Sq
e 2avle 98 @

e WA4E F4E oz AeHE ¥
g4E Cr, Alolt}. y-matrixdl g5 ¢
3 2ol gEH Cr,07F 524
#dgdgh o] Cr07t %€ o
ZFF(vacancy)? #Ao] 7] o
o R u2HAE FY
F3g HEF 9425 WY
Aoz poye 9¢s Fdvh Al
AA e AlLO; A S FH &Aoo
€ FAATE 48e @ ey Al
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2.2 CoA| &3

D2AE82A CoAl ¥a2 NiAl #5e ol
F Az gol AMSHI Uth ol CoAl 7
o] NiAl ggdl vsled N&Fs azzt 4d 3
o2 7 g&ojck iy CoAl &L NiA
g3 W AdHoez F& AHE A
A7l W&, 53 B9 vanem o]
EE BAU UL 3o Adele REe AR
Wol] 53 gtk CoAl FEFL NiAl g3l
v 3le §Hdo] Fovw, 2% Fvid & L2
gagze Hirt AdHoz Hyl Yo n
2HEANE £ JUPEE AFHoE FAE
o E=F CoAl §83& Cry n&¥=7 27 o
2o 2288952 (hot corrosion)l] Ad]H o
2 2 UydAHE 71 CoAl $83& 49+
o2 Q9 2 (thermal fatigue)ol g Aol
Zatn &34e Foh

CoAl 79 dALels Table 20 Bl H}
9} o] VEHoR nLeRE BHE AT &

Table 2. Function of alloying element groups in
Co-base superalloys

Ti,Zr,

Nickel Chromium Tungsten ChTa C
Surface .
Principal Austenite stability + S?hd-mlu MC Carbide
. .. . tion stre .
function stabilizer carbide formers formation
ngth
e former
X-40 10 25 7.5 - 0.45
3.5Ta,
MM-509 10 24 7.0 0.5Zr, 0.60
0.2Ti
L-605 10 20 15.0 - 0.10
H5-188 22 22 14.0 - 0.08

73y g5 Fhutol= HYFFoR Hol I
o, 22 WAL ¢F 7|EEEY HF#
Asn s e dojxh ngAs §
FogE Ni, Cr, Wo] F2 Algx3 ¢lon,
2o et Mo7t W& i #3l7]= st CoAl
NAg&E Lg73s FEH @4 FCC +xE
7HA & r-matrixE g4 &k Kold H& CoA
gadle Cre 3ol NiAl §3Eu won,
Wol n4%3 71&g3 ez A"

Fhupol= Ao % 1273 Wy CoAl
gl ngsel g4 g Fsiwye 3
Yo}, 2oz Co &3 Nigl #§Fd v &
o oF 5~108j7} E& 0.256~1.0%7tA ALg-5
3 Qleh CoAl 89 FAHE Jtutel== Cr
ol & $FANA Cr, Co, W, Mozt 7] 80]
5= MpCs, MGy, MCy8} Cr §ho] W W
I Mo 3ol 2 #FA Ti, Hf, Zr, Ta,
Nbo] 71&e] =& ML, MC7t ot CoAl &+
gA MpuCeB HIRF Jlulol= JAEL F2
Yl M=ol n27sE A Hu 3y
o082 e 2ndANe AAHYA B stacking
faultg wat M2Zs Fsr15e AFsAT
e AL Hojzae FeE Ut

CoAl &89 & AL 7]€H 22 Cr0,
Bivutel HAd 23le dojzich. wEAFHQ]
FE&H3ANM T Cry0; Hete 7 AF&e] F
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F4g Folm

A& g Fol7l SEd Y,
Las} 2& gdAFS 4% Hrtd

3. 1

FKJ

J_\_‘

N2yl REoz ALEHE WIS
DA LS neHzel A 1R FoE B
4% shuelt. e AlgHE €HudA A
89 BAPALL AMEHE d89 A4z E
715 8739 met A7t dee] FAEA]
sy, dEdoz2Es 1-&4s(oxidating, 3
22§95 4 (hot corrosion), L& 352 (sul-
fidation), €8} 4] (carburization) %o] lth
olg} e ILEF2 & WHFINAHS o8 7}
2 $Eda7 HEgFd AFGE § Z8A
o AlgE D Ao 2y AR WA
BRE 7EFo FHEHY NLUE HFHE
Pt FA#A WH NS aHo A
oald se Aolmz, BEuT ¥4 $IFHL
59 AME FFAA F8 BHolvh NiAl ¥
Codl ®2el mE¥oe =7 AlLOSH Cr0,
A3E A FFoz BHFE 4 Uth o7A
£ ALOy®} Cr0, g4 gF9 A4sietg & W4y
A FNE At HrlEEe vRdaed 48
ngstn, DeABY FWA AFHA &4E
98 REFEY Zay 34 AH4E FEE
' LLE5ERAd B dysaz dn.

3.1 ALO; 8y ¥E

NiAl &Fd dutzoe = AlE 1.5~6.0%, Cr
& 6~30%7A H € Ni-Al 2904 g9
A AR ALOYE gAY fsds Al ¥
gko] 17% ol4dol Heolop dv o¥A HYE ¥
& g3 Al st HAel w7 HEA A
o] A}go] Brigsich. a2y Ni-Al @39 Al
39949 Crg 10% Ax A7std Alg 5% &
=t YristedE HFE ALOH A o g
A sE A 4D B e #RE F

itt. Ni-Al-Cr 3974 #3404 438 ALO;
Ezget ¥4E =94Fe Oy 982
“gettering effect”#t i1 #tc}. Gettering effects=
1/34G°(A1,05) <1/34G*(Cr;03) <JG°(NiO)$}
o] Zt AslEol 49%a AP xto]lE 7t
Ao, F A YL 7tA= Cro] H7iH
W AdFYol 71F ¥ Alol ml$ AL BFL
NARE deEgE AsE st AH5HA B3
Heg gAsg Wde FUALA, e 2
2 fYE o &3o dAE T2 Fe-Cr-Al
(Kanthal: heating alloy) ¢} Cu-Zn-Al &%
Fol U

Fig. 1& Ni-15Cr-6Al §3 oA gettering ef-
fectell o]&led <A ALO; REsHo] FAHH
= Age dgsfiEd. x7)d 4" NiO Ni
(Cr,AD);0, spineld] ¢t} Athel YR Halo
aelo] vz o FoE Alie HFERIt R
oAt} a3y Crlse 249 $FE7 dols
PAAHY, o2 A8t Cr0;9] vtz ol Fo
M Atre 8557 O Rol® FAYHE ALO;
7t 3T AlLOe] ¥4e i WREHLE
ad3 oz sty o ol4e WHEASE B
Bt F 1AZF = AFHom AlLO; HyYW
o] ¢tFEHA AAdh

AlLO, ¥t T2 e <
2 H3vue] 94¥& ¥ £ Jou, w
A deHEtdA e VAFEoRREH B
HA EBolH Urte Aol Yok Jt2E
AP 22 ALFE WEEE Al
5}5"'} AXF&7te] @A Aold 9]

of AztEe] Fdo| FEsol s ojzA H
th ol ¥ kMg R Fr] Hdd OAE
(oxygen active element)E& ©v|3 # 7}k NiA
2 CoAl §&d 2 Alg=+ OAEE+ Y, Hf,
Sc, Zr, Ce, La S0} Sith oj# %l OAEe] 92
ALO;9 YA 4sEe FHE HEHo YA
g 53 Hag Aoy fEeth ALO; A3t
gate ol Abxel AL F2 YAE T3
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s Inio] s Inio] s

{a} ] min

{b) 5 min

{c) 40 min
s Ni(Cr, Al),0,
® Cr,0,
o AL, O,

{d) > 40 min

Alloy AII

Fig. 1. Synergistic effect of Cr on the production
of Al,O; scales ; gettering during transient oxida-
tion of Ni-15Cr-6Al at 1000 °C.

o dojud, Y=t ¢ ImE = AlLO;9 YA E
A &5 = A28 (lattice diffusion) £ 8t}
¢k 10,0008 o]Ate] "t} awlzmzE OAES ¢
A2 02 S F9 &g AAH3] A3
A zZlch. =3 OAE+E AlLO; Ao 438 oA
3l A A= E AAEHA Foezxn 28¥
3o Al & plastic deformationg& 7}53A &ld
A F4&nte] HaAYg g st sty vto] B
&5A ¢gn fFETEE F/MALY. Fig 2&
vrE A s ZA A Y Hfel #7117 NiCoCrAl
FZo Wgdd mAE d%E F HAFH,
4 Yo] Hfol vzl oz F2 4
F1 ALE ¢ 5 Uk
ZddA Hs £& WY FRE
L IARE 3o ArgEsdH, ZEA
Bdle= ¥4 d €& 49 Crd Alg ALEE
F Atk Crap Ale] &s=po] 242 10% ol 4ol
Hd frBAGAqE G F ALO; Hadeg

0.3% Hf

I SRS LELLLEE 0.6% ¥
o == N
g 1 i 1 R »
» " 100 200~
e 9 \-\ Cyclic number
g8 N\
< .24 \

\
4 N

Fig. 2. Weight change during cyclic oxidation at
1100°C in air of a NiCoCrAl alloy with and without
additions of Y or Hf.

& F deou, overlay LEHAMEZ Wo] A&
I Y= NiCrAl ZEAQgo $24A47 od
3 e 2E Fu YR E ZEYE9
WAz JA3AdE Fol7] Hsle YolA Ao
@ OAEE #H7stddAlgste], MCrAlY ¥ e]
4439 YN F2 Aedo)

3.2 Cr,0; 8 85

433 B2 NiAl 84 dF£9 Cod
ol WAslyd #rE Hstd Cr,0; REaw
Aol oJ&E&th NiAl §3olA Alg HE ¥
gatA FAV 2% e A$ Crg 20~
30% 742 X g0, Codl FFNME AlR =2
g8t 7] &2l Cr& 20~30% ¥,
Ni-Cr 244 #Ed ZH$ Crg 30% 22 1
o4 FH¥mWE A£44 Cr,0; HEowe o
HHoz ¥AIIAY, Crg 10~20% A= TH
goe 7IAF%e AR ¥ Cr,0; %o
PAE T NiO #uete 71AF4e A2 ¥4
g3 &84 Rasz Cr0y7t 84"k Co-Cr
39 A¢x vixd 43AFS sk Cr0e
Mol Betel wiel AR FxAge] 28 A
= daEge] & B¥E Cre FF(vacan
cy)o] ¥AHY, dado] ¥e A$E Cre
interstitialo] A}, Cr,0;0] A 2 43
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& AtAae vhx/AsE AlEuRe) JREds
Cre} Atsiet/712Ad4 wgozeol oFFitd
ol &fed R} stz Astgetiiel M gt
Z ERFR §ivh 282 Cr0;9 AAA ¢
wR oz 4zivvte] JF&Ye oFtd FHE
Z B(convolution) AfHo = 7IxF&0
glE ol geses Aol Ath

o1& Cr,050 723 A% B3tz <t
e RI¥Te d&doez G £ U=
59 Cr0; 34 #8559 OAEE W&
7}t A Y, 32L& OAE 413lE E4l(oxide disper-
sion) & ¥l OAE: 4tA9 $xx o= AY
sto] AtslE-g ¥Asly] W&o Cr0,9 Ew3

Y44 e Fxdtg e Az g 713 gAE
AP FH3 Crol ko] wolm A%
Bt ¥4 stssA @k OAE 4§
Cr;0;0 dAIE ot £X=H7 o 29
A A2 UdAE we Cro| 9F LS
3t Cry0;9 AASKS=E AAAR FAl4
o WREHME 5% AL Aoz As
eta JA g4 HAEE Fsldted v
TotEth ol ¥ BHE $3t Wol ALE
OAE & Y, Hf, Re, La, Ce, V, Y;0;, ThO,

3]

ot i o

W o

Jﬁ e

=l
é B

b

2

rir

ot ¥ ™ 8/ > 2
i

°
zo
e

Cr0; ¥4 §do] 12A & daEAS
o At&Ed & Cr0y7F Ataet v&3te 324y
o] & CrO;8 A3 dEo) Arzietel 243
28 ¢ #Art dolgd #Eeo] Eo. Fig 3&
Cr-0¢] vapor species diagram-g XHoF =4,
CrOz9] #¢tol Athel Egtol F7184 wet &
A FNEE & ¢ At gutdeg AE
o) Egto] 10 Catm ol4e] HA A4 F gl
oo ooleid d4e Crel 3% disl 1000°C ol 4
A ALEE o dojuy] HB=2 AEEE A
Aol ZEF Fo]E a2t

2 °l° ro

33 1228954 (Hot Corrosion)

T2E&FEFHE 29 Ft2EH7d =

oJ
Cris) Cry04(8)
44
T 4 Crig)
£
o) 124
% ]
2 .6
00\9 N
20 2 \
o5 ©
-24-‘

44 40 36 32 a8 M 20 A6 2 8 4 0
log Po’ (atm)

Fig. 3. Vapor species diagram of Cr-O system at
1250 K.

22 859 #HYd IANHE &S 299w
5 &%7 JMEEY fESHEY ©
: A% B E dolvle dgolatn A
o3t vt ZLL&FEFAL2 JaENAR Y
Alg87, d89 &= 2 AR FFAAERA
met o2 7tA YHee] B oo sbx
Rt £3 wAddE L2E&FEFAL
AFEHTIAA sl Nadt dR5E F3lY
FH=E = 871 ¥gdtd Na,S0,7 849 89
AM HALHNZE 249 J4E A4S 9 {2
He #@4dolth Na,SO, §¢g9te F£E9
1 HFAE td" Rz dsiaa A s v
&t Aslgt e Lgd&oz FFE &9 3
°‘] Boudel JAL AHSHA sl fluxing
Ade st F&% F2ol AP, fluxing
H A basic fluxing®} acidic fluxinge] 271X
2 34 2F4rh Fluxing 842 Na,S0,9 3
BHukgol o3t A drldo] 2R

Na,S0, = Na,0 + SO; & &
SO~ = 0% + S0,

A} o2 S0,0 £¢43 07 oL $FE
of mat 4T @718l #RETh
HZd AMe 12489 F A& NayS0,9
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§74¢ 884CE 71F2E o] 2% oA 4
ouE FAE “4 134 $849F4(Type 1
Hot Corrosion)” 28] 1 8847 o|&lol A doln}
F4& “A 292 4§93 4(Type 2 Hot
Corrosion)”’ 22 B {35l Aot o] wgx
TE7L B A8 FHE Vol Aasl whgd
o V05 7128 # A3t acidic fluxing® &
e A4E ded, °o) 3 V0.5 &89
¥g 3l vanadate® ¥4 3l=1, sodium vana-
date®} Na, SO, @849 F4Ho] 535C2

!_

e We £FHE A7) wEd A 284
£8EHYez BRE ¢ Ao £ nL£AR

9 Mo, W, V T9o #E¥€47 = &

A%, olE T dstd f2¢H acidic fluxing

E Ao 28y AriMe A L, 284 nesd
Ao @t A3A HEsnA Fo

331 M 184 B3HEY

A 194 $4979E NaSO7t 84 884C
ol golq @d3 AUz ER 52F &4
gogel  olstel $4o AHE Wiow

!ﬂ ' ""'“"'""""'"l +— Salt

R R

Dol
Sulphide

“—Ni0

(a)

<+— QGas
> NiO +o"+/o =280 ; § <+— Salt
A AN ¥
o RIEER SRS
\\\\\\ daddaad \\\\\\\\\\\\
PIVIIEI IR \\\$\\\\’0\ :
Y | +—Ni0
i
NS + /zo,=mo + Ys,
¥s
(c)

“high temperature hot corrosion(HTHC)” o] g} 11
E ¥c Rgidsivvte] Lad 4 dudges
L3 7+ basic fluxingd] ¢t 3y}

MO + 0%~ — MO,?~
%& 2MO + 0% + 1/2 0, — 2MO,~

Fig. 43 Ni7] §&e Al Na,S0,o F2d 9
e FE basic fluxing ¥H¢& &£x¥og
AdWsa Ak Na,SO7t Nivl @39 €9
e 29 A%a A NiO7l FAHAAN
Na,SO,= A 4ol & de] Hoh 27)qd A4
NiO= d&Hoz2 4339 0, S 59 2L
43 YA (oxidant) E9] g FHFo= AP
¥ F de BHivge J5e G o
NiOe] z&Hd 4L FF P& Y& Ax
o 24E FAHoez YAy HyFes So
BE=E =oid doh ol gLy e S0
Tl ghgoll ol s Al dojdr}.

SO03~ — SO,(g) + 1/2 0, + 0%~

L. ] € Gas
| +— Salt
o W, . +—NiO
Sulphide
(b)
r |
- g ® gee —
®®e T0®™® ® e poous
- - e®e X
- ...0 .f- .o NiO
WW
N0 s

d

Fig. 4. Schematic diagram illustrating the Na,SO, induced hot corrosion of pure Ni in 1 atm. O,.
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So] #F=7t 283 FolxN¥E NiO utg
WE2 AFs 7|2 F49) Nigh g3 NiS
& YA NiS7l P48 QoM 0079
25=rt Adidez wolAr7] @& basic
fluxinge] o3 o] dojur NiO 4t3iw gt
of &8st deojdrt

2Ni0 + 0% + 1/2 0% — 2Ni0,”

£3E Ni0,” oj2¢& Adidoz Ni0, 9 &
FTEI 2 £8Y9/7tA Ao ol §dd o
Al NiOE MZA)Z1c}. ol Na,S50, &8 9A%0
A AgFRoeg MZE NOs AF Riyvel
7150l fle 71&o B2 43 Eo] #Hr} Flux-
ingdl] o] & NiO9] &&= Atsetm F4o Ad
Wz &899 JFE JIssA 39 HAvE
F iA @k ojgA =HA NiO dslwte 74
o] dojuAY g=A =Heo s AYPHrh
Astebe] F@ol dojupd 4bavt ATk} NiS
o} olef e} o] whgEe NiOS} SE AAA e}

NiS + 1/2 0, — NiO + 1/2 S,

olf AAHE St JIANFES WHE2R sty
NiSE M43, olgd Udde whgol wiEH
o2 AYHH Ni2 basic fluxings] ¢}zl F
&3 BA"EG,

AlLO; ¥ Cr,0; 34 n2AEdA YEl=
basic fluxing & 42

ALO; + 0% — 2A10,”

Cry0; + 0% — 2Cr0,~ (M4 H5to] ¥ed))
Cr 0, + 20% + 3/20,— 2Cr02~ (XA 25}
E&9)

o] ¢} Z£ basic fluxinge At3tE 9] &3] =7}
7t/ 28d AddA Bo A5HE/489 AW
dA g 52 4= FulE /AE AgHo

BREzygte] g7 dojdnt; &, EWd F
¥ &899ty FAE Xt ¥ o AsE/&
49 A9 E X=08 o9 & L=}

(d oxide solubility/dx) .o < 0.

Z27AE DFI{= FUd A&£FHoF2 basic
fluxingoe] Al &=},

33.2 M 2¢4 E8YEY

Al 284 £§IF AL NaSO7t §H o8
A AP ZH FARAHAG SO; £l
2 AS FELHET BEEd 43ES &
st FAPSEL L, dud oz AL
A dojutlsle “low temperature hot corro-
sion(LTHC)" o]glz  #th. SO, &gto] E&
LTHC& #F 2 acidic fluxingdl ¢33l £317}
AP ed, et e gy o] BEHA

MO — M?** + 02

NiO¢l 7Z £ acidic fluxinge olalis} & ut
2 9)dte A3 Eo] &= .

NiO + SO, — NiSO,

o 4§ 700~800C Atelel &&= FUAME
27t $&F5 8049 #5te] wolx HA o
Az Waioy, NiSO,-Na,S0,0] E#d4ggol 8
4E® 671Cd A FPHEE 7HA BRI Asy
o] HAHWE &39S FH£EAY APV S L
A ohgd e Wgo oy F&HL F
£E2 FAdd.

9Ni + 2NiSO4 = Ni3S, + 8Ni0

Fig 5& NiSO,-Na,50, % g0l Py ¥ 2
o @3 A3t Yojue Wae HAFET.
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107!
{!’SOJ pressure at which il
liq sulfate observed 7
+ 4Py, (NiSO )
/|
2 Luthra 4
10 + Shores, # N1,80,+ NiSO ,
/:'f liquid solution
7/ |:
/s
/ "
g 2t
]
~103 b
'/ e
a. 7/ ~
Na,S0,+ NiSO
solid solution
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Fig. 5. Comparison of theoretically estimated val-
ues of the critical SO; pressures needed to form
molten Na,S0,-NiSO, and the lowest SO; pres-
sures at which formation of molten sulfates was
observed{points of arrows)
took place.
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