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ABSTRACT

Quantitative studies of the formation of low melting point sulfates
were méde by equilibrating NiO-Na2304 mixtyres‘with'argon—502-503-ajr
mixtures of different compositions in the tempefatUre range ]000-1]73K.
Using these data andithe Na2804 phase diagram; the enthalphy bf fusion and
melting temperature of NiSO4 were estimated. The free’enérgy-of fusion of -
NiSO4 is given by |

AG® = -40695 + 36.95 T cal.

This has then begn used to calculate the minimum PSO3 required for liquid

sulfate formation. Similar calculations were carried out from existing

data for the CoSO4-Na_SO4 system, and verified by a limited number of

2
experiments. The minimum PSO required for liquid sulfate formation is

' 3
approximately an order of magnitude lower for Co-base alloys compared with
Ni-base alloys, and the imp]ications of this with regard to hot corrosion

are discussed.



1. - INTRODUCTION

- The hot corrosion of blades and first-stage guide vanes 6f gas turbines
exposed to marine and industrial atmospheres has received.considerab1e
attention in the recent pést. The accelerated oxidation or hot corrOsion-
is primarily dué to a deposit of Na2504 on the blade surface and depending
on. the temperature, the deposit is either molten or solid. (The melting

~ point of pure Na,S0, is 884°C.) 1In addition to the Na

the atmosphere within the gas turbine engine always contains oxides of

2504~deposit,»however,‘

sulfur, 502 and 503, as a result of sulfur impurities in the fuel. The
503/502,ratio depends on témperature and fs‘highef'af'lower temperatures.

Goebel and Pettit(])-ha?e described a f]uxingrméchanism for the accele-
rated corrosion of meta1s and a]]oys in the presence of mo]fen NéZSO4, in
which the protective oxides are dissolved in the Na2504‘me1t and, depending
" on thé Na20 activity in the me]t,.this dissolution 1s-éither by a basic or
by an aéidic F]uxing mechanism. - The acidic f]uking mechanism primarily _
involves dissolution of'ﬁetél oxides as sulfates, and éan be described by
the reaction: | ‘ |

MO(s) + Na,SO0,(1) = M§g4(1}(disso1ved in Na,S0,)
+ Na20 (1)

In contrast to hot~cofrosion above 900°C, where NaZSO4 is molten and
the corrosion proceeds by the interaction of metal oxides with the Na2504
melt directly, Tow temperature (650-850°C) corrosion requires fhe'formation
of Tow melting mixed su]fafes (2-5) by the reaction of metal oxides with SO3
in the atmosbhere via the reaction:

MO(s) + S04(g) = NSO, (1)(dissolved in Na,S0,)  (2)
which is simi]ar to that of acidic fluxing.

As is evident from reactions (1) and (2), predictioh of the corrosion
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behavior of alloys requires a knowledge of the thermodynamic properties of
the molten mixed sulfates and the systems of interest include Na2804-COSO4,
since alloys or coatings based on Fe, Ni, or Co alloyed with Cr and/or Al

-Fe2(50 Na2504—Cr2(SO4)3 and Na2504-A12(SO4)3,

are widely used for hot corrosion resistance. The standard Gibbs free
energy changes for reéctions (1) and (2) are not ayai]ab]e, since there are
no data for the Gibbs free energy of formatibnAof the various liquid meté]
sulfates (e.g. CoSO

NiSO4), Fe2(SO 3> Al

4 4) 2(
tion, the partial molar properties of the mixed sulfates have received little

S0,4)5 and“Crz(_so4)3). In addi-

attention and the only available data-are solubilities of NiO,'Co304(6),
A]203(7) and Cr203(7, 8) in molten Na2504 as a function of Na,0 activity at
1200 K, in the very dilute solution range. ' |

The partial molar properties of the molten mixed sulfates can also be
'estimafed from an analysis of the existing binary Na2504-MSO4 or Na2504-
M2(SO4)3~phase diagrams (9). However, as indicated earlier, estimation bf
the SO3 pressure required td form the Tliquid sulfate mixture and hence a |
rationalization of the corrosion‘behdvior, also requires melting point and
entropy (or enthalphy) of fusion data for the metal sulfates. These are
only available for CoSO4(10) and Luthra and. Shores (4, 5) have used these to
analyze the corrosion behavior of Co and Co-base alloys in the temperature
range 600-900°C. Using the Na2504-COSO4 phase diagram, they estimated a
negative deviation from ideality in the molten sulfate.‘ Howevéf, their
analysis was based on the assumption that the melt consists of molecular
species, Nazso4 and-CoSO4, whereas in reality the molten salt is ionic and
must be treated as a random solution of Na* and Co™" ions. In addition,
their estimation of the Gibb's free énergy data for CoSO4(1) was based on

the me]tihg point (10) and an estimated entropy of melting of 3.5 cal. K'] g.

1 -1 . =1

mole  or 1.75 cal. K ' g. ion”'. Comparison with entropies of fusion
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(enthalpy of fusion + melting temperature) for other‘MSO4 sulfates (Table I)
shows that generally these are'somewhat greater than their estimate.

Thus, there is clearly a need for further analysis of the.Na2504-CoSO4
system, and a better estimation of the entropy of fusion of CoSO4, in order
-CoSO4 melt.

4
Unfortunately, for other sulfates of interest in hot corrosion, (e.g.,

‘td be able to predict the thermodynamic properties of the NaZSO

vNiSO4, Fe2($04)3, A]2(3‘04)3 and Cr2(504)3) melting point data aré not
available, and the Gibbs free energy of formation of the 1iquid.su1fatgs
must be determined experimentally. |

As a part of‘a larger program, aimed at deriving the thermodynamic
properties of the molten mixed sulfates of importance to hot corrosion, the
present paper is éoncerned with: (1) determination of the partial molar
properties of the‘NaZSO4-CoSO4 system from an analysis of the binary phase
diagram énd.estimation.of the free energy data for CoSO4(1),,with ]1mited
experimental verification, and (2) experimental determination of the Gibbs
free energy of formation of NiSO4(J) and the pértfal molar prdperties of
the Na2504?N1504'me1t, using a gas-equilibration technique. The relevance
of these-ana]yses'and meaSurements to_hot corroéion phenomena are also
discussed. The philosophy behind the work has beéh to extract as much

.information'as possible from existing phase diagram data.

- 2. THEORETICAL CONSIDERATIONS

The mo]tén salt mixtures considered in this paper are of the Na2504-MSO4
type and can be treated as mixtures of Na*, M++ and 504= ions. Thus, the
: sa]t.mixture'consists of cations of different charges, for whichAFor]and (11)
~has given a general thermodynamic description. Assuming a random distribu-

~tion of cations -(Na+ and M++), i.e. Temkin mixing, the partial molar entropies

.of Na2504 and MSO4 in the melt, S S0 and SMSO

N respectively, can be
42°Y% 4 »
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described by

- _n 2 T
= -R 1n(NNa+) and S

MSo. = -R In (NM++) (3)

S
N.a2504 4

NNa+ and NM++ are the cation fractions in the melt, and from mass balance

consideration are given by

ZXNa2504 *s0, S
Ny + = =——5—2  and Not+ = —— . - (4)
Na T+x M - T+x
S Na2504 _ Na2504
where xNa2504 and xMSO4\are the mole fractions of NaZSO4 and MSO4'in the
meTt.

In order to obtain the partiallmolar enthalpies of the components, an
equivalent cation fraction approach must be used to take into account

differences in charge between the cations. AccordingTy,

N'_+ = X 'en = ‘ e

where NNa and NM++ are the respective equivalent ionic fractibns. Then,
combining this with'a regular solution approximation, which is frequently
used in liquid melts (9), the partial molar enthalpies 6f the components,

HNa2504 and.HMSO4? in the Na,S0,-MS0, melt are given by

— , L .2 —
H = (1-x )" and H
'Na2504 L Na2504 MSO

W is an interaction enefgy parameter which is assumed to be independent of

L )
= w (1-x )¢ (6)
2 L MSO4

témherature and composition. Combining together eqns.(3), (4) and (6) gives

the activities in the molten sulfate melt:

kth S0 2 )
: a W,

L. 24 Loyt 2
nay, 50, = In L tr7 (xyas0. ) (7)
250, T+x 250,

Na,S0,
L
X
MSO w :
L 1 oL 2
In aygg = In . * qr O-xys0 ) (7)
4 1+xN 4
. a2504



S0 ,-CoS0

3. ANALYSIS OF THE Na2 4 4

PHASE DIAGRAM

The Na2504~CoSO4 phase diagram (12) is shown in Figure 1. The CoSO4-
rich side of fhe diagram is not well established. The Na2504-rich side
shows a terminal So]id solution. Thus, at any temperature, Na2504 in solid
soTution is invequilibrium with the Na2304 in the me]t; and for the solid-

liquid equilibrium,

' Na2504(s) +'Nazso4(1) ) (8)
. aNa2504
-AGfusion (Na2504) = -RTIn D (9)
' Na2504 '

The stahdard Gibbs free enérgy.of fusion of Na2504 at temperatures other
than the melting point (884°C) is obtained from the expréssion:

o _f '
363y5ion(N250) = [T deydT - T./: s, dInT (10)
| - M M

where TM:is the mé]tfﬁg point ahd Acp the difference in heat capacity.between
liquid and solid Na2504. The heat capacity of Na2504(1) was assuméd to‘bé
constant, and an expression for that of the solid waé obtained from Barin and
Knacke (10). The activity.éf Na2504 in thé melt can be.described by-éqn.(7).
The sd]id solution, can be approximated to a dilute solution, when the
solvent, Na2504, approximates to Raoultian behavior. Thus, again using the

Temkin model for this ionic solid (13) gives

2x§a 0, |2
s 250, (2. |
Na. S0, " S (1)
2774 1+x ' ‘ C .
Na,SO ' ,

o 2774
Combining egns. (7),(9) and (11) and using the liquidus and solidus data -
from the phase diagram, allow the interaction parameter for the liquid
su]fate.me]t; wL,-to be calculated. -Values calculated at different tempera-
tures are shown in Table II. According to the model, W should, of course,

be constant. However, there is no systematic variation with temperature,
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1 has been adopted. Use of this

and an average value of -6.2 ¥ 2 kcal. mole”
average value to recalculate the liquidus curve shows close agreement with

the original phase diagram.

4. ESTIMATION OF THE ENTHALPY AND ENTROPY OF FUSION OF CoSO4

Since the melting point of CoSO4(1266K) is known (10), the enthany of

° =

fusion can be obtained from an estimate of the entropy of fusion (AHfusion

TM AS;Qsion)’ based on the entropies of fusion of other sulfates of the
MSO4-typeA(Tab1e I). However, it appears that these data were estimated by
Kelley (14) and were based on enthalpies of fusion obtained from freezing
point 1owering data. Unfortunately, Kelley failed to recognize the ionic
nature of the molten salts in his analysis. As a consequence, it has been
necessary to recalculate the enthalpies of fusion and hence the entropies.
In addition, data‘(me1ting points and phase diagrams) for two other sulfates,
CdSO4 (15) and Cus0, (16) are now available. |

Thus, on the MSO4—ri¢h side 6f the binary MSO4--N2504 (N = Li, Na or K)
diagram, if there is no terminal solid solution, the solid-liquid equilibrium
- is. described by |

MS0,(s) = MSO,(1) - (12)

and the stahdard Gibb's free energy of fusion is given by
' L

AG?"usion(MSO4) = -RTln a-MSO4 (13)
The free energy and enthalpy of fusion are of course interrelated through
: : L
2863, i 0n/T) -3l aygg
usion” ' _ iho = -R 4 (14)
0 (1/T) fusion 3 (1/T)

Using the jonic model for the molten salt melt, and assuming that in the
dilute solution range Temkin mixing is ideal, the actfvity of MSO4-1n the

melt is given by



X
L MSO4

a S a0 -~ (15)
MSO, T+x
4 N2504 _
o *Ms0, |
Thus, a plot of 1In T o versus (1/T) should be linear, with
» *N,S0

a slope of AHfus1on(MSO4 /ﬁ Departure from this linear relationship at
higher solute (N2504) concentrations are due to deviations from ideal beha-
vior. Table IIl summarises the estimated enthalpies and entropieslof fusion,
comparing the former values w1th the original est1mates of Kelley (14);
Kel]ey S est1mated entropies were given in Table I.

The assumption, in this work, of an ionic model for the salt melt gives

AH‘f’,us1on values slightly higher than those of Kelley (14)‘and as a consequence
an average value for Asfus1on for‘sulfates of-the>MSO4—type appears to be
-1 -1

approximately 3 cal K 'g. ion . Kubaschewski et.al.(24) have also suggested

an approximate'value of 3 cal. K| g. ion™! for ionic compounds of this type.

Thus, based on this va]ue and the melting point of 1266K, the entha]py of

fusion for CoSO4 is est1mated as 7.6 K cal. mole 1.

?. Na2504 —_N'iSO4 SYSTEM.

The me]fing point of NiSO4 is not available, and thus the Gibb's free
energy of formation of NiSO4(1) has to be déterminéd experimentally. Thus,
using a.gas equilibration technique, the equflibrium N1’SO4 content of a
Na2504 N1‘SO4 melt was measured as a function of‘temperaturg and 503 partial
pressure, enabling the Gibb's free energy of formation of NiSO4(1) and the
partial mo]ak properties of the Na2504jNiSO‘ melt to be determined.

4
A. Exper1menta1 Procedure

A schematic diagram of the exper1menta1 apparatus is shown in Figure
2. A platinum crucible, containing a mixture of reagent grade Na2504
ahd NiO, was placed inside the mullite reaction tube in the furnace. The

experimental gas mixtures consisted of air, 502, 503 and argon. To

-7-



maintain the equilibrium concentration of 303, an air + SO2 mixture, in
the required proportions, was passed through a furnace containing disc-
shaped honeycomb platinum cata]ysts,_before entering the reaction
furnace. The catalyst furnoce was maintained at the same temperature
as that of the reaction furnace.  Another catalyst was placed just . -
above the platinum crucible in the reaction furnace. A1l the connecting
tubes were heated to 150°C, with heating tapes in order to avoid any
503 condensation. After the gas mixture had passed through the system
for sufficient time, the platinum crucible, containing the oxide/NaéSO4
mixtures, and the-cataiyst assembly, was lowered into the hot zone of
.the furnace by‘means,of the magnet and pulley assembly, as shown in
Figure 2. This assembly also facilitated rapid removal of the crucible
from the hot zone at the end of the expefiments. The crucible contoining
the.sa]t mi xture was weighed before and after reaction with the gas
mixture, the chanée in mass being used to_determine the mass of NiSO4
formed. In addition, the equiiibrated salt mixture was dissolved in
distilled water and analysed for Ni++ ijon concentration by atomic
absorption spectroscopy. The equilibration expériments were carried
out until a_constant mass was obtained. At 9005C, the time required for
the attainment of equi]ibrium was about 6“8 hrs., correspondingly longer
times were required at lower temperatures. All the experiments were
carried out at 503 partial oressures below that required for the forma-
tion of NiSO4 at unit activity. The equi]ibrium concentrations of SO2
and 503 were calculated using thermodynamic data from Barin and Knacke
(10). '

Experiments were also carried out to investigate the possible forma-
tion of pyrosulfates, which would presomab]y affect the equilibrium

measurements. However, there was no detectab]e'mass change, when Na2504
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~ alone was placed inside the reaction chamber, with'the'flowing air/502/503
mixture, thus indicating that within the 303 partial pressure range
investigated, pyrosulfate formation was not responsible for any mass

change.

B. 1Resu1ts and Discussion

Thé equilbrium NS0, contents of the melt at various S0, partial
pressures are shown in Table IV. A1l the compositions reported here
are in the liquid region of the Na2504-NiSO4 system.- ‘As given ear]iér,

the activity of NiSO, in the meit can be described as
L

L M50, L2
4 T+x 4
Na 2504

”The sulfation reaction for NiO can:be wr1tten as

N10(s) + S0 (g) = N1SO (1) (d1sso]ved in Na2504)(17)

and the free energy change for reaction (17) can be expressed as

L
o *Niso, | “]
-AGY RTIn - - RTInP
(]7) X, S0, >3
2774
| L 42 ’
- Xap 3 4
: NISO4 2 .
Thus, a plot of [RTIn (———If——~—) - RT]nPSO ] versus (1- XN1SO ) should
" Na,s0, 4

gfve a straight Tine. F1gurg 3 'shows this re]at1onsh1p at three d1fferent
temberatures. There appears to be. an excellent agreement between the
'theory and experimental data in the concentration and temperature range
‘investigated. The best straight line thfough the experimental points was
.obtaiﬁed by a least squares method and Table V shows the AG?]7) and the
interaction energy parameter values at three different temperatures.

According to Table V, an average value of W =--5.21 kcal. mo]e—] is

-9-



obtained. Usingvthis value, and the single experimental points at
other temperatures, AG?]7) at other temperatures can be obtained from
eqn.(18). Figure 4 shows a plot of AG?]7) versus temperature which
demonstrates a 1inear're1ationship in the temperature range 1100-1173K
and Which is given by the least squares expression.
AG7p7y= -46095 + 36.954T cal. | (19)
in the temperature range 1100-1173K.

At the lower temperatures (1050 and 1023K), .the concentration .of
_ NiSO4 in the melt at the experimental SO3 partial pressures used was
relatively high (greater than 30 mole %), since at these temperatures
the concentration of N1'SO4 at the liquidUS is reiative1y high (for
example at 1023 K, Xh1504 is.0.25). Thus', under these conditions, the.
equilibration experiments can only be performed at high concentrations
of Ni504 in the melt, when a concentration-independent, regular solution
interaction‘parameter may not be a good approximation. As a consequence,
at the lower temperatures, the equi]ibration experiments were restricted
to one datum point only. |

There are no direct measurements of the standard free energy change
for reaction 17, which can be used>for comparison with the present
results. There are, however, data on the solubility of NiO in molten
Na2504 at 1200K as a funetion of Na20 acti?ity ih the di]ute}solution
region (6), and these can be compared with the solubilities calculated
from AG?]7) extrabo]ated to 1200K and the interaction_energy parameter,
W » determined in the present work. The SO3 partial pressure and Na20

activity are related by the reaction:

Na2504(1) = Na,0(1) + S04(g) | (20)
: aNa20 . PSo3 :
20 a0 o
2774
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Table VI combares the calculated solubilities of NiO in molten Na2504

- at 1200'K, with those determined by Gupta and Rapp (6). There is reason-
ably good agreemeﬁt between the two values within the limits of experi-
‘mental uncertainties. | |

Assumihg that the entropy of fusion for NiSO, in equal to 3 cal.

-1

K g.1'on'1 (see ear]ier),-the enthalpy of fusion and the melting point

of N1'SO4 can be estimated from the solubility measurements. Using the
}AG?17) data at 1173K, and Ke]]ogg'é data (25) for the standard Gibb's
free”energy change for the reaction

CNiO(s) + S04(g) = NiSO, (22)

o v. ‘ .. ) ‘. -]
MG sjon Tor NiSO, at T173K is calculated to be 801 cal mol. * Thus,

assum1ng a temperaturefindependent entropy and.entha1py of fusion, the

--melting point and the'enthalpy of fusion are estimated to be 1306K and

-1

7.84 kcal. mole respective]y. Since the error introduced in the

magn1tude of AGS by the assumption of a temperature 1ndependent

fusion
entropy and entha]py ‘of fusion, is negligible at temperatures c]ose to

‘the melting point, the GO value for the highest exper1menta1

“fusion-
temperature (1]73K) was utilized to estimate the enthalpy and entropy of

~fusion of\NiSO4.

6. APPLICATION TO HOT CORROSION

The relevance of the solubility of NiO and Co304 in molten Na,S0, to the
hot  corrosion process above the melting point of Na2504, and thejcorhesponding
stability diagrams for the Na-Ni-S-0 and Na-Co-S-0 systems has been discussed
by Gupta and Rapp (6) and need not be elaborated here. ‘However, the thermo-
dynamic properties of b1nary Na2504~N1SO4 and Na2504.—CoSO4 melts are of even:
greater significance in the low temperature hot corrosion process, since the

formation of molten mixed sulfates is a necessary pre-requisite for the
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corrosion to initiate.

In the absence of any other thermodynamic fnformation for the Na2504—
ANiSO4 system, the present data in the temperature rahge.1100-1173°K can be
tentatively extrapo]ated'to other temperatures, and used to predict the
minimum SO3 partial pressure in the atmosphere necessary for liquid
formation at différent temperatures. The liquidus composition can be
obtained from the Na2504-N1'SO4 phase diagram (12) and, using the wy value
obtained in the present study, the minimum 503 partial pressure necessary
for ]iquid formation ca]culated frdm eqn.(18). The results for the Na2504-
NiSO4 system are presented in Figure 5, which is essentially a stability
diagram similar to that of Luthra and Shores (4, 5) for the Na,S0,-C0S0,
system. ' |

‘The minimum P503 for Tiquid formation rises from a value of about 3 x 10'4
atm. at 700°C to a maximum of about 8 x 10'4 atm. at 800°C, decreasing again
at higher temperatures. 'Essentially, there are two opposing factors: firstly,
the minimum Ni-SO4 content for liquid formatjon decreases with increasing
temperature, - but secondly the stability of'NiSO4 ét-a given PSO3 in the
atmosphere also decreases with increasing temperature. Jones (3) has measured
the minimum 302 +_SO3 concentration in the gas necessary for liquid sulfate
formation at 991K; his value of approximately 1000 ppm (SO2 + 503) is 1in
good agreement with Figure 5. |

4
C0501(1), dissolved in Na2504; can be written as

For the NéZSO —CoSO4 system, the sulfation reaction for the formation of

1/3C0304(s)'+ 503(9) = C0501(1) + 1/602(9) (23)

under conditions where Co304 is the stable oxide, and

Co0(s) + S03(g) = CoS0(1) | o (24)
where Co0 is the stable oxide. Using the melting point and enthalpy of
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- fusion for CoSO4 given earlier, énd;the interaction parametér for the liquid
sulfate melt calculated from the phase diagrém, the équi]ibrium partial
pressure of SO3 for a giVen concentration of CoSO4 in the melt can be
calculated. Figure 6 shows these values at the liquidus composition on the
Na2504-richvside of the Na2504--CoSO4 phase diagram. Since the equilibrium 503}

partial pressure for reactions involving Co304 is inversely proportional to

1/6
02 ’
0.21(air) and 0.021 atm. The Tine for the Co0 reaction is also shown.

P the results are shown for two different oxygen partial pressures,
Several gas equilibration experiments, similar to those for the Na2504;
NiSQ4 system, were carried out, and the measured solubilities of Co304 at
. three different temperatures are compared with‘calcu1ated_va1ues in Table
VII. The'agreement is acceptable at 1173K, but at lower temperatureé, 1123
and 1073K, where thgre is appfetiably higher concentrations of CoSQ4 in the
liquid sulfate at the experimental 503 partial pressures, the calculated
solubilities are considerably greater thén the measured values. It seems;
therefore, that at higher solute concentrations, the simple regular solution
model may not be a very good approximation.. Nevertheless, the simplicity of
the model justifies its use, since the basic purpose of the present analysis
is to predict an order of magnitude of PSO3 necessary for liquid formatioh.
Measurements by Jones (3) indicate a value of 200 ppm (SO2 + 303) at 991 K,
wﬁich is consistent with the present analysis.
Figurevﬁ also compares the P363 necessary for liquid formation ca]cu]ated
in the present study with that calculated by Luthra and Shores (5). The
values in thebpreseht study are some 3-4 times higher, and these differences are
presumably related to (a).the use of a higher value for the entropy of |
fusion of.CoSO4(See earlier) and (b) the use of the Temkin ionic model instead |

of the molecular model used in the earlier work (5). Luthra and Shores (4, 5)

attempted to justify their calculated curve by oxidizing Co or Co0 coupous

- -13-



in air or oxygen to produce a thin film of Co304 on the surface. These
samp]os were then sprayed with 2.5-mg/cm2 of Na2504 and eXposed to 02-802-503
environments for a few hours. The salt on the surface of the samples was
then examined under a low power microscope for signs of'me1ting. Liquid was
observed at a PSO of 5 x 10'5 atm. at 770°C. This value corresponds to thé

3 :

minimum PSO calculated in the present work, for the formation of a liquid

3
su]fate»from Co0, and it is suggested that the oxygen activity between the

Na,S0, deposit is somewhat lower than its value in the bulk gas stream.

7. CONCLUDING REMARKS

As indicated in the Introduction, the formation of a molten sulfate is
a necessary precursof to accelerated rates'of oxidation or hot corrosion in
this intermediate temperature regime (650-800°C): solid sulfate deposits
are essentially innocuous. The forhation of a liquid sulfate depends
critfca]]y on the SO; partial pressure in the gas stream and it is clear
from a coﬁparision of Figures 5 and 6 that in Co-based systems the minimum
PSO3 required is almost an order of‘magnitude 1owef than in corresponding
Ni-based systems, making Co-base alloys much more susceptible to this Tow
temperature hot corrosion, as indeed observed 15 practice. Furthermore, in
Co-base systemé, the minimum PSO3‘a]S° depends on the oxygen partial.pressure
and if the presence of the deposit effective]y_reduces the P02 at tho
deposit/oxide interface, Co-base alloys would be even more susceptible to hot-
corrosion. 'Inoeed, Co304 is often found as precipitates.in the outer part
of the corrosion products after hot corrosionvtesting (5, 26), indicating
that whilst the conditions at the salt/oxide interface were conducive to
dissolution, where the salt contacted the bulk atmosphere, Co304 was re-

precipitated.

Clearly, the formation of the liquid sulfate also depends on the relative

-14-



proportions of CoO(or NiQ) and Na2504. In this lower temperature range of
650-800°C the oxidation behavior of Co-and Ni-base resistant'alldys; which
~at high témperature normai1y rely for their protection on the formation of

a continuous jayer of A]ZO3 or Cr203,-has not been well characterized.
HoWevér, it is anticipated that formation of a continuous layer of the
protective oxidé'wi1T be difficult at 1easf in the early stages of oxidation.
Thus, formation of the base metal oxides NiO or CoO will continue for some
appfeciab]e time. What appears then to be important is the rate of forma-
tion of the Co0 (or NiO) relative to the rate of‘Na2504 deposition, since
this determines whether the surface deposit would pass through a composition
negime Containing.the Jiqufd phase. . Higher concentrations of Na2504 would
maintéin the deposit in a solid form, although this would hardly recommend

itself as a preventive measure.
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TABLE I. Entropy of Fusion for Sulfates of MSO,-Type (10)

ASeysion (cal. K] g. ion’])
CaSO4 2
PbSO4 ‘ _3.52
Ba304 2.98
- MgSO4 1.25 .

"TABLE II. Calculated Interaction Parameter Values, , , for Naésoq-coso,‘,‘MeTts

~ Temperature, K | w_keal. Mo]e'i
873 | - 5.9
923 | - 9.3
973 o - 7.4
1023 | | - 8.1
1073 v - 5.5
1098 - 4.7
1125 - 3.2
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TABLE III.

Estimation of Enthalpies and Entropies of Fusion for Su]fates of the MSOAAIype from the

Phase Diagrams

System

Ref.  MSO,
K,S0,-Cas0, 17 CaSO,
Li,50,-Cas0, 18  CaSO,
K,S0,-Mgs0, 19 | MgS0,
Na2504 MgSO4 20 MgSO4.
KyS0,4-PbSO, 21 PbSO,
Na,S0,-PbS0, 22 PbSO,
K,S0,-Bas0, 23  BasQ,
K,S0,-Cus0, 16 CusO,
uzso4 Cdso, 15  Cdso,

TM,K

1735
1723

1397
1403

1353

1350
1853

1044

1273

AHZ,sionkcal mole

(present estimate)-

11.8
8.3
7.9
8.3
10.6
10.3
1.5
5.9
7.5

-1

AHC -1

fus10n,kca] mole”

(Kelley' s(]4)est1mate)

6.7
3.5

9.6

9.7

]
ASfus1on

, cal.K

-1 g.

(present estimate)

3.
2.
2.

N oW

41
39
83

.97
.93
.82
.09
.83
.94

ion
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TABLE 1IVv. NiSO4 Content of Na2§g4 Melt as_a Function of SO, Partial Pressure

| L
Temperature, K fffgf(atm') xN1504
1173 3.67x107% 0.02
7.35x107% 0.037
1.47x1073 0.068
2.246x1073 0.092
3.425x1073 0.123
4.224x1073 0.136
4.875x1073 0.154
5.275x10"3 0.157
1150 8.7x10™" 0.052
1.58x1073 0.084
2.64x1073 0.117
3.32x1073 0.133
4.075x10°3 0.152
5.025x10"3 10.173
5.826x10"3 0.187
6.275x1073 0.196
1123 3.42x1073 0.172
4.129x1073 0.192
4.975x10"3 0.213
6.175x1073 0.237
7.125x1073 0.257
7.72x1073 0.266
1100 2.37x1073 0.224
1050 3.63x10”3 0.307
1000 4.77x1073 0.38
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TABLE V. " Interaction Parameter for Na,,_S_g4 N1SO Melts'and'the'Free Energy of
Formation of NiSO, (1) v ‘_

-1 -1

. Temperature, K wL; kca]. mole AG?]7), kcal. mole
1123 -5.13 _ -4.25
1150 -  -5.26 o -3.43

173 -5.25 N I i

TABLE VI. Comparison of Calculated and Measured Solubilities of NiO in
Molten Na,S0, at 1200 K

2224
-lo aL P atm. va -, measured(6) xL calculated
9 Na.0 S0.° < NiSO,° NiSO,®
2° 3 4 N1SUy
14.5 © 3.52x1073 0.103 0.087
1.6 4.43x1078

0.000251 . 0.00026 -

TABLE VII. Compar1son of Experimental and Predicted So]ub1]1t1es of Co39_4

in Na,S0,
' . L ’ L : '
: n 5 atm. X , measured X S ca]cu]ated
Temperature, K SO3 COS04 COSO4
1073 2.5x107° 0.427 0.503
1123 7731073 0432 0.576
| 7.35x10°%  0.272 0.207 -
BRIV 1.47x10°3  0.374 S 0321
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FIGURE CAPTIONS

FigUre
Figure
Figure

Figure

Figure

Figure

The Na,S0,-CoSO, phase diagram (12).

Schematic diagram of the gas equi]ibration apparatus.
Verification of regular solution behavior for Na,S0,-NiSO, melts;

Standard free energy of formation of NiSO4(]) as a function of
temperature. :

Minimum Poy required for liquid sulfate formation as a function of
temperature3in the_Na2504'-N1'0—SO3 system.

Minimum P, required for Tiquid sulfate formation as a function of
temperature3in the Na2504—CoO(Co3O4)-SO3 system.
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log_ pSOB(atm.) |

NaZSOA—NiSO4 (l).

NastA (s) + NIO(S)
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Fiqure 5. XBL 8110-11902
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"2l oS0, ls) + NayS0,-CoSO, i

NapS0;, — CoSO,) (1) 1
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™
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Figure 6. XBL 8110-11903
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