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~ >Wagner-Hebb type polarization measurements on the pure Na{2804 it was found that electron
, — conductivity was much higher than electron hole conductmty . The transport numbers calculated

were tQ = 37x10'4andte 7.0 x 106

L ; Addmonal tests were conducted to deterrmne (1) the effect of height of Na2804 melts, (2) the
* effect of electronic short circuiting the Na2804 melts with gold wires and (3) the effect of pre-
saturating the salt melt with corrosion products in the hot corrosion process. Basically, these tests
o3 showed that neither ionic nor electronic transport in the bulk melt controls the hot corrosion
process. However, the amount of NaSO4 present, which is directly proportional to the height of
the melt, does affect the rate of corrosion. This was demonstrated by the decrease in rate observed
when the melt was pre-saturated with the corrosion products. . -
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This report is divided into into two parts. Part I is a copy of a paper which will be published
in the Proceedings of the Electrochemical Society's symposium on "High Temperature
Materials/Corrosion-High Temperature Materials Chemistry IV". This section deals with some of
the transport properties of pure NapSQO4 at 900°C.

Part I covers the work related to the effects of aliering the transport properties of the NaySO4
melts. Such alterations were attained by varying the height of the melt, by electronically short-

circuiting the melt and by prior saturation of the melt with the corrosion products.
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» PART I

v
~ ELECTRICAL CONDUCTION IN MOLTEN SODIUM SULFATE
i" D-H Kim and G. Simkovich
The Pennsylvania State University
206 Steidle Building

University Park, PA 16802

L

Abstract

Wagner-Hebb type poiarization experiments and total electrical
conductivity measurements by A.C. impedance technique were carried out
on a pure NaySO4 melt as a function of NaO activity at 1173 K.

Haodl - |

It was observed that the total electrical conductivity of pure NaSO4
was of the order of 2.57 x 10-! (ochm-cm)-! and varied only slightly with
changes in the activity of Na0O. From the Wagner-Hebb type D.C.
polarization experiments on pure NazSOj4, the electron conductivity was
v shown to be much greater than the electron hole conductivity over the entire
. range of NasO activity.

Introduction
In general, alkali metals and alkaline earth metals, which commonly exist as
impurities in the environment and/or fuel, react with sulfur oxides formed during the
combustion process providing sulfates that can be deposited on the alloy surface. These
deposits are usually, or become molten, at the operating temperatures of gas turbines or jet

N engines and cause enhanced metal deterioration due to oxidation/sulfidation reactions,
> generally called hot corrosion.

The mechanism of hot corrosion is rather well accepted as that of a dissolution
process of the protective alloy oxides in the presence of the salt melts. One of the primary
salts leading to this hot corrosion process is Na2SO4 which melts at about 884°C.

Since little is known about the electronic transport properties in molten NazSOg,
this study was concemned with obtaining such information with the thought of aiding in the
elucidanon of the mechanism of the process. Thus, Wagner-Hebb type polarization
A studies (1,2) as well as total electrical conductivity measurement by an A.C. impedance
technique were carried out to evaluate the transport numbers of the electronic species in the
melt.

: The total electrical conductivity can be obtained by measuring the resistance of the

melt by the relation:
Y 1({L
: “R\A o
where o : conductivity of the melt (chm-cm)'!
R : resistance (ohm)

L/A : cell constant (1/cm)
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The cell constant was obtained by conducting an A.C. impedance measurement of a
standard 0.1 N KClI solution at room temperature under identical conditions to those
utilized for the cell at high temperature. The cell constant was then calculated by
multiplying the known specific conductivity (3).

An A.C. impedance technique was utilized to measure the resistance of pure molten
Na3S04 since NaySQy4 melts showed some polarization effects at the electrodes in our

preliminary D.C. experiments.

The parameters which characterize the corrosion behaviors of the electrodes and/or the
melts can be determined from a plot of the real impedance part, Z', versus wZ" where Z"

is the imaginary part of the impedance and the frequency f is expressed as w = 2nf (4).

The frequency range employed was from 5 to 105 Hz. A plot of Z' versus wZ" according
to

Z'=R, +RP-RPCWZ (2]

where Rq is the resistance of the electrolyte
Rp is the polarization resistance
C is the double layer capacitance

leads to a straight line with a slope of -Rp C and an intercept of Rp + Rq for w — 0 and at
high frequencies, Z' approaches Rq (4). A Bode plot (log Z versus log w) was also em-
ployed to check the data obtained from the above method.

The idea that an appropriate choice of electrodes enables the suppression of either
ionic or electronic transport in a galvanic cell provides the basis for the polarization
technique. This technique has been extensively employed to investigate electronic
<1:gnductivity in ionic solids (5-10) and has also been applied to a few molten systems (11-

).

Wagner (1) has derived the appropriate relation for the polarization conditions from
transport theory. It states that, under steady state conditions, the total current due to
passage of electronic species through the polarization cell is given by

Ielect = Ie + Ie
RTA EE EE
—_I.T{og[ I—cxp( RT)]+G;[CXP( RT) 1]} (3]
where Ig.lg : electron and electron hole currents, respectively

09°,0¢9° : electron and electron hole conductivity, respectively
E : applied voltage
F : Faraday constant
R : gas constant
T : temperature (K)

L/A : cell constant.




In the derivation of equation (3) it is assumed (12,13) that

(i)  excess electrons and holes follow the laws of ideal dilute solutions,
(i)  their mobilities are independent of concentrations,
(iii)  the change in the concentration of atcmic defects arising from thermal disorder
with variation in the metal to nonmetal ratio is small,
(iv)  convection in the melt is negligible.

The division of equation (3) by [1-exp(-EF/RT)] and rearrangement gives

LF 1

RTA il E_F)
Ielec( [ l_exp ( - ﬁﬂ - Gg + Gg €xp ( RT [4]

and a plot of the left hand side of equation (4) versus exp (EF/RT) gives Gg° as the

intercept and 6g° as the slope. These values, combined with total electrical conductivity

results, permit the evaluation of the transport numbers of each electronic carrier in the
moilten Na3SOyq.

In the present work, steady state currents were measured on the polarization cell for
different applied voltages. The applied voltage was always below the decomposition
potential so that only electronic conduction is allowed.

Experimental Procedure

The thermodynamic activity of NaO in the NapSOy4 salt melt was set utilizing the
following thermodynamic data.

() Gas Preparation

From the thermodynamic considerations

NaZSO M= NazO(s) +50, +1/2 O2 [5a]

AG = 150300 - 51.82 T (cal) [5b]

with the equilibrium condition

(5¢]

12
2,0 Fso, Fo, ( AG‘I’)
K, = =exp| -
RT

Na,50,
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ZnSO,=ZnO + SO,+120, [6a]

AG; = 78300 - 63.81 T (cal) [6b]

K (6¢]

172

32:0 Pso, Po, ( AG‘Z’)
= = exp

2 47150,

If the activities of ZnO and ZnSQj4 are assumed to be unity, then equation [6¢] becomes

K, =P, Py’ =exp -AG; [6d]
50, "0, RT

The substitution of equation [6d] into [5d] allows the evaluation of the activity of Na2O as
a function of temperature, i.e.,

AG; - AG]
2Ny, 0 = CXP —5F aN,,50, (7]

Now, AG1° (14) and AG2° (15) are given by equation [5b] and [6b], respectively and the
activity of NapSQq is assumed to be unity when a pure Na3SO4 melt is involved.

Thus, atmospheres of SO, + O; employed to vary the activity of Naz0 in the melt
were obtained by flowing an inert gas, helium, over ZnSO4/ZnO mixtures held at constant
temperature in a furnace separate from the cell furnace. The helium gas was passed
through a series of conventional purifiers. The ZnSO4 and ZnO powders were supplied
by J. T. Baker Chemical Company.

(i)  Total Conductivity Measurements

A.C. impedance measurements were involved to obtain polarization free total
electrical conductivity. As shown in Figure 1, the three electrode system was utilized for
the A.C. impedance measurements. The reference electrode was a silver wire immersed
into a 10 m/o Ag2S04/Na2SO4 melt contained in the Na ion conducting membrane, mullite
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tube (0.7 cm LD.) (16). The working electrode and counter electrode were pure gold
wires. Platinum wires welded to those electrodes were employed as leads to connect to
the EG&G Model 273 potentiostat coupled with Model 5208 Lock-In amplifier.

The crucible utilized for these experiments was pure gold which is relatively inert
to the aggressive salt. The height of the molten salt in the gold crucible was 2.54 cm and
Au electrodes were immersed into the melt 1.27 cm from the bottom.

The quartz reaction chamber containing the gold crucible was heated by a
resistance wound Kanthal furnace. The temperature of 11731 K in the hot zone of the
furnace was monitored by a Pt-Pt 10% Rh thermocouple and regulated by an Omega
tModcl 149-713 Temperature Controller. A variac limited the incoming voltage for the cell
urnace.

(i)  Polarization Cell

As shown in Figure 2.a, the constant voltage was supplied to the polarization cell
via a Keithley 260 Nanovolt source. A Keithley Digital Multimeter, Model 177 was used
as an ammeter. A Solid State Electrometer, Model 610C was utilized to check the actual
voltage on the polarization cell. An alumina shield was involved (Figure 2.b), so that the
electronic species could travel from the edge of one electrode to that of the other.

The Na3SO4 samples involved in these experiments were an anhydrous ultrapure
NaS04 (99.999%) supplied by Alfa Products.

Results and Discussion

Total electrical conductivities of a pure NapSO4 at 1173 K are depicted in Figure 3
as a functon of the activity of NajO in the melt. The total electrical conductivities remain
rather constant regardless of the changes in NayO activities. Figure 3.a displays this
conductivity on a more sensitive conductivity scale. The total electrical conductivity of a
pure NaSO4 melt was averaged as 0.257 (ohm-cm)-! which is about one order of
magnitude smaller than the literature values (17,18). This discrepancy is most probably
caused by the facts that the previous investigators had: (1) a relatively impure Na3SQOys, (2)
a reaction between their quartz capillary and molten sodium sulfate, and (3) a reaction with
their Pt electrodes. We have observed significant deterioration of quartz crucibles used to
contain the Na3SO4 melts in our preliminary work and that there was reaction of Na3SQOy4
melts with Pt electrodes.

From the Wagner-Hebb type polarization measurements on pure NazSO4 melt at
1173 K the partial conductivities of electrons and electron holes were obtained and are
depicted in Figure 4. It can be seen that electron conduction in pure NasSOy is
considerably larger than that of electron holes over the entire NayO activity range.
Furthermore, it is noted that both electron and electron hole conductivities remain relatively
constant regardless of the changes in NazO activities.

Utilizing the values of total electrical conductivities and electronic conductivities
provides the transport numbers of electronic species; these are plotted in Figure S for a

pure NaSOg4 melt. The transport numbers of electrons are of the order of 10-4 while
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those of electron holes are of the order of 10-6. Such indicates that the electronic
conduction in a pure NapSO4 melt arises primarily via electron transport over the whole \
NapSQOg activity range. The transport numbers of electronic species in molten salts have
not been measured extensively but the few that have been measured are somewhat larger
than those determined in this study, e.g., tg = 3 x 10-3 in the molten eutectic of LiCl-KCL
at 450°C (18).

7o, W

mm nd Conclusions

X The main thrust of this experimental program was to obtain some of the transport

properties in the aggressive molten salt NapSQO4. The total electrical conductivity

b, measurements by A.C. impedance technique and Wagner-Hebb type polarization

K- experiments provided the total electrical conductivity, electron conductivity, and electron

’ hole conductivity of a pure Na3SO4 melt at 1173 K. From these measurements the
ransport numbers of electrons, tg, and electron holes, tg, were calculated as follows:

tg=3.7x 104 t9 =7.0x 106
These experimental investigations have shown that a pure Na2SO4 melt has a somewhat

low total electrical conductivity and that electronic conduction in the molten salt occurs
primarily via the wansport of electrons.

Ongoing investigations concerning the effect of impurities in the Na2SO4 melt of
hot corrosion products are underway at this time,
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PART I1
&
‘f.
INTRODUCTION
.
The presence of molten salts in gas turbine engines may greatly accelerate high-temperature
"o corrosion of the metals and alloys that comprise the engine. This phenomenon is generally termed

"hot corrosion”. In most evaluations, the molten salt is considered to be Na>SQg4, which results
from salt ingested into the engine and sulfur from the combustion of the fuel. Molten salt has to be
present on the surface for accelerated corrosion to take place. Hot corrosion of nickel-base
superalloys has been studied extensively because these alloys represent the most resistant materials
available for high stress, high temperature use.

According to previous studies, the mechanisms of hot corrosion involve the dissolution of
normally protective scales and the formation of an unprotective porous scale and metal sulfides
next to the metal-salt interface. It would appear then that the initial reactions would necessarily
involve first the formation of the metal oxides which in turn require the transport of oxygen
through the liquid phase. Thus, the control of the process could manifest itself in either - (i) the
gas-salt interface, (ii) diffusion through the gas-salt interface, (iii) diffusion through the bulk
liquid. It can then be logically assumed that after the reaction between the oxide scale and the
molten salt, the product layer would be involved in the control of the process.

To aid in the overall understanding of the hot corrosion process determination of a number of
electrical transport processes in the NapSO4 phase have been undertaken. The experiments

conducted and the results are described in the following sections.

EXPERIMENTAL

High temperature hot corrosion studies were conducted on nickel, chromium and nickel-base
superalloys. All experiments were carried out using cylindrical silica crucibles, which are
relatively inert to the harsh salt environment. The crucible's use permitted the thickness of the
Na2S04 to be varied over a wide range. The thickness of the molten salt was determined by the

consideration of the volume of the crucible and the density of the molten salt at 900°C.
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The samples were prepared by first oxidizing the surfaces in a pure oxygen atmosphere at
1000°C for 12 hours. One surface was then ground to 600 grit while the remaining scaled surfaces
were then coate with a thin layer of gold. This was done in order to confine the hot corrosion
process to a single, clean reaction surface. The NapSO4 was stored at 200°C for 48 hours before

use in all experiments. Salt melts saturated with oxides were used in several experiments. These

melts were equilibrated with the appropriate gas mixture before experimental use. In addition,
several experiments were carried out using gold wires attached to the samples and extending
through the melt.

The kinetics of the system were measured thermogravimetrically with an automatic recording
balance. The specimens were connected to the balance by gold and platinum wire. Experiments
were conducted with NayO activities of 6.3 x 10-16 and 5.01 x 10-11. These conditions were
maintained by flowing a gas mixture of O2 and .15% SO over platinum gauze prior to entering
the quartz reaction chamber. A gas preheat zone was used to raise the gas temperature. This
prevented the establishment of any temperature gradients between the gas and sample. To measure
the reaction temperature a Pt-10%Rh thermocouple was attached outside the reaction chamber in

the hot zone of the furnace.

TS AND DI ION

Hot Corrosion Studies of Transport Mechanisms

Hot corrosion experiments were performed using nickel, chromium and nickel-base
superalloys as samples. These experiments examined changes in molten salt thickness, short-
circuiting of the melt with gold wire, effects of presaturated melts and variations in the Na2O
activity.

Hot corrosion experiments were carried out with varying levels of NaaSQOy4. This was done
in an effort to examine the role of bulk ditfusion through the melt and its effect on the hot corrosion
process. In Figures 1-3, results from experiments in which molten salt levels were varied from i

0.5 cmto 2.0 cm are reported. Itcan seen from these figures that an increase in the height of the
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molten salt resulted in an increase in the weight gains per unit area of the corroding samples i.e. the
kinetics of the system increase with increasing thickness. Therefore, one concludes that an
increase in the diffusion path by increasing the thickness does not retard the hot corrosion process
but rather accelerates the reaction. It can also be seen by comparing the results from the nickel and
chromium samples that chromium appears less affected by the increase in the NapSQO4. The nickel-
base superalloys are affected in a similar manner when subjected to the same conditions.

To further examine the transport through the bulk melt, gold wires were added to the
samples. This was done in order to short circuit electronic transport the melt and to allow the
evaluation of other transport species and their effect on the hot corrosion process. These
experiments were also conducted as a function of NapSOg4 height and NayO activity. The results
are presented in Figure 4. The kinetics of the system appear relatively unchanged by the addition
of the gold wires. This seems to indicate that electronic transport through the melt is not rate
determining. In addition, these results together with the salt height results imply that the gas-salt
interface has very little control on the hot corrosion process.

Results from previous experiments show the kinetics of the system increase with salt
thickness and transport through the bulk molten salt and the gas-salt interface has little or no effect
on the reaction. Therefore, considering the possible role of the dissolution of the scale, it may be
that the capacity of the NapSO4 and its ability to accept the soluble product leads to an increase in
weight gain per unit as the amount of salt increases. Thus, once the molten salt has been
completely saturated, the hot corrosion process should be retarded. A series of experiments were
run using both nickel and chromium samples with NapSQOy4 saturated with their respective oxides.
The results of these experiments are presented in Figure 5. The kinetics of the system appear to be
drastically slowed down when compared to samples run in pure NapSO4. This indicates that the
hot corrosion process may be a function of the amount of Na3SOg4 and thus, its ability to accept a
soluble product.

In addition, experiments were run at an NazO activity of 5.01 x 10-11. This corresponding

change in activity led to a change in the kinetics of the system. Figure 6 shows a comparison of
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nickel and chromium samples run at both activities under various conditions. It can be seen from

the results that there is a substantial difference in weight gain between the activities, but the effect

"

of the varying thicknesses as well as the effect of saturating the salt melt with the appropriate

r e

oxides is still manifested in a decrease in kinetics.

CONCLUSIONS
E? The results attained are collectively providing a clarification of the hot corrosion process. We
- are able to conclude with respect to the hot corrosion process the following.
g 1. The gas-Na3SO4 melt interface is not rate controlling.
::._ 2. Diffusion in the boundary layers at the gas-melt interface is not rate controlling.
- 3. Electronic transport through the bulk melt is not rate controlling.
j 4. Anincreasing amount of NapSO4 results in a greater weight gain per unit area for a given

activity of Naz0 in the NapSQOg4. This indicates that the capacity of the NapSQg, prior to
precipitation of products, to accommodate the products of the hot corrosion does influence the
rate of reaction.

5. The above points appear to indicate that the processes occurring at or near the metal-salt

interface seem to be of prime importance.
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