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SUMMARY

Sodium sulfate induced corrosion of a molybdenum containing nickel-base
superalloy, Udimet 700, have been studied in laboratory furnace tests and in a
high velocity (Mach 0.3) burner rig. The effect of SO, content in the
atmosphere on the corrosion behavior in the laboratory furnace tests has been
determined. Catastrophic corrosion occurs only when the melt contatins Mo0Oj
in addition to NaySO4 and NajMoO4. The conditions under which catastrophic
corrosion occurs are identified and a mechanism is described to explain the
catastrophic corrosion.

INTRODUCT1ON

Deposition of alkali sulfates on combustion turbine blades and vanes is
known to cause accelerated corrosion of these components, and this is known
as hot corrosion. Molybdenum containing nickel-base superalloys are exten-
sively used as gas turbine blading materials and the primary role of Mo is
to increase the strength of the alloy. Although the beneficial effect of Mo
in increasing the strength of the alloy i1s well known, there is considerable
controversy whether Mo is beneficial or detrimental for the hot corrosion
resistance of the alloy. Catastrophic corrosion is observed for the Mo con-
taining nickel-base superalloys in laboratory furnace tests in 1 atm 0p
(refs. 1 to 4). On the other hand, the burner rig tests do not always show
the detrimental effect of Mo. Bergman et al. (ref. 5) and Hardt et al.

(ref. 6) observed no detrimental effect of Mo at temperatures of the order

of 871 to 915 °C; but at higher temperatures, e.g., 950 to 1040 °C, cata-
strophic corrosion was observed. However, Hardt et al. (ref. 6) have pointed
out that catastrophic corrosion was not necessarily related to the Mo compon-
ent of the alloys since the alloys without Mo also suffered from catastrophic
corrosion at 1040 °C. Morrow et al. (ref. 7) have concluded that Mo was not
harmful in the burner rig hot corrosion tests. Indeed, in the tests of Mor-
row et al. (ref. 7), the addition of Mo decreased the hot corrosion attack

of some alloys. Burner rig tests in this laboratory in the past (refs. 8

to 10) also fail to show any detrimental effect due to the Mo component of
the superalloys.

Goebel et al. (ref. 1) have postulated an acidic fluxing mechanism to
explain the catastrophic corrosion of Mo containing alloys in laboratory fur-
nace tests in 1 atm 0. According to this mechanism addition of MoO3 to the
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NapS04 melt lowers the Nap0 activity of the melt, thus making the melt more
acid. The acidified melt then dissolves the protective oxides like Al03.
Later Fryburg et al. (ref. 3), in their studies on the hot corrosion of B-1900,
showed that catastrophic corrosion occurs by the conversion of Na;S04 to
NapMoO4 and formation of a NajMoO4-MoO3 melt. Bourhis and St. John (ref. 11)
have suggested that catastrophic corrosion occurs by the formation of a MoOj3
1iquid layer at the scale-metal interface. The mechanisms described above are
for an atmosphere containing 0, only. The gas turbine atmosphere always con-
tains small amounts of SO and SO3, the level depending on the fuel. There
have been several studies on the effect of SO plus SO3 on the NapSO4 induced
corrosion of nickel-base alloys (refs. 12 to 14). Most of these studies except
that of McKee et al. (ref. 12) were undertaken for alloys containing no Mo.
Although the superalloys used in the study of McKee et al. (ref. 12) contained
Mo, no particular effect of Mo on the hot corrosion process was described in
their study.

This paper describes the hot corrosion of a Mo-containing nickel-base
superalloy, Udimet 700 (composition in weight percent equals Cr 14.8, Co
17.5, Al 4.4, Ti 2.95, Mo 5.03, Ni balance). Laboratory furnace tests using
both 0, and 07+S05+S03 atm and high velocity burner rig (Mach 0.3) tests
are employed to study the hot corrosion of the superalloy. The conditions
under which catastrophic corrosion occurs are identified and a mechanism is
described to explain the catastrophic corrosion.

EXPERIMENTAL PROCEDURE
Laboratory Furnace Tests

The test samples were coupons approximately of size 23.5 by 10.8 by
2.3 mm with a hole in one end. A1l surfaces were glass bead blasted to give
a uniform surface finish. The coupons were cleaned ultrasonically in tri-
chloroethylene, detergent, distilled water, acetone, and alcohol, and then
dried in an oven at 120 °C. The samples were coated with NapSO4 by air-
brushing a saturated solution of the salt onto the coupons, which were heated
on a hot plate to about 200 °C. The corrosion experiments were performed in
a vertical tube furnace and in flowing gas atmospheres containing either 0;
or 02+S0p+S03 mixture. For experiments with the 0-S07-S03 mixture, a
platinum catalyst was placed just beneath the corrosion sample in order to
maintain S0,-0p-S03 equilibrium. Continuous gravimetric measurements were
made with a microbalance. The temperature range of interest in the present
study is 900 to 950 °C.

Burner Rig Tests

The details of the Mach 0.3 burner rig used in the present study have been
described in several other publications (refs. 15 and 16), and only a brief des-
cription will be given here. Jet A-1 fuel (sulfur content of about 0.05 wt %)
and preheated air are mixed and ignited in the burner and the combustion
products exit through a L605 (cobalit-base superalloy) nozzle. The salt
solution is pumped into the combustor by a peristaltic pump at a calibrated
flow rate of 200 cc/hr. The solution s air atomised into a fine spray, the
atomising pressure being of the order of 30 psi. The concentration of Na in
the flame is varied by changing the concentration of the salt solution. The
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corroding sample is a cylinder with o.d. of 1.9 cm and a height of 1.3 cm,
and the sample is spring loaded in between two ceramic (Al1,03) spacers.

The entire sample assembly is rotated at about 200 rpm , and the size of the
sampie 1s such that all of the sample is immersed in the combustion flame.
This assumes uniform temperature as well as uniform salt deposition through-
out the sample. A1l the corrosion experiments were conducted at 900 °C, and
each corrosion cycle consisted of 2 hr at temperature followed by cooling to
ambient temperature.

RESULTS AND DISCUSSION
Corrosion in Laboratory Furnace Tests in 1 atm 0;

The corrosion kinetics, in general, can be divided into three distinct
periods, which is schematically shown in figure 1. The three different periods
in the kinetics are: (a) an initial period, during which there is rapid
increase in the weight of the sample, (b) induction period, and (c¢) pertod
of accelerated corrosion, during which large weight gains are observed and
the corrosion is catastrophic. The length of each period in the corrosion
kinetics and the total weight gain or the extent of corrosion during each
period are strong functions of the amount of NapSO4 and temperature. In
some cases, the length of the initial period was 2 to 3 hr, whereas, in other
cases, the length of the initial period was 40 to 50 hr. Similarly, the
length of the induction period in some cases was 2 to 3 hr, whereas in other
cases, it was 200 to 300 hr. The length of the induction period was observed
to be very small for smaller coating thicknesses; for example, at 950 °C, no
induction period was observed for a salt coating of 0.5 mg/cmé, as compared
to an induction period of 60 to 70 hr for a salt coating of 3.5 mg/cme.
Similarly, the length of the induction period increases considerably with a
decrease of temperature, e.g., the length of the induction period for a coat-
ing of 3.5 mg/cm? was observed to be 200 hr at 900 °C, as compared to 60
to 70 hr at 950 °C.

The test samples, corroded for different lengths of time, were washed
with hot distilled water, and the resulting solutions were analyzed for vari-
ous water soluble species 1ike Na, Cr, SOf, Mo, Ni, and Co. No significant
amounts of Ni and Co were detected in the waterwashed solution. Figure 2
shows the amount of various species in millimoles as a function of time for
U-700, coated with two different amounts of NapSO4 (3.5 and 0.5 mg/cmz),
and corroded at 950 °C. The corresponding corrosion kinetics are also shown
in figure 2. The important feature of the results of the chemical analysis
is that the beginning of the period of accelerated corrosion is marked by a
rapid rise in the Mo content of the waterwashed solution. The SO7 and
Mo in the solution are due to the presence of Na»S04 and NapMoO4+MoOj,
respectively. The Cr in the solution is primarily due to the presence of
NasCr04. Evidence of this could be obtained from the yellowish deposit
on the sample, which was identified by x-ray diffraction to be NapCr04.

The Na in the solution is due to NapSO4, NapCr0O4, and NapMoOs. The compounds,
NayCr0g4, NayMoO4, NapS04, and MoO3 have melting points below 900 °C (ref. 17),
and, therefore, at temperature, these compounds would have existed as a melt.
The melt at any point during corrosion would be a mixture of NapS04-NayCr0y-
NapMo04-Mo03, and from the chemical analysis of the various species, the
chemical composition of the melt at a given time can be obtained, which is
described as follows: From stoichiometry:
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2 "Wa = "Wa.s0., ' "™Wa.cr0o, * "Na.Mo0 (1)

2504 2670, oMo0,
Mo = "Na,Mo0, * "Moo, (2)
cr © nNa2Cr04 (3)
“so: * ™a,s0, (4

where ny, gives the number of moles of the species x 1in the waterwashed
solution. From the solution of equations (1) to (4), the number of moles of
NapS04, NapCr04, NapMoO4, and MoO3 in the melt can be obtained. Table I
shows the mole fraction of various components in the melt as a function of
time for U-700, coated with 3.5 mg/cm2 NapSOs, and corroded at 950 °C. From
table 1, it 1s seen that the melt composition changed with time. The melt
was NajS0q at the beginning, NajS04-NapCrO4 containing small amount of
NapMoO4 during the initial period, NayCr04-NajMoO4 during the induction
period, NayCr0g-NapMoO4-Mo0O3 containing small amount of NapSO4 at the begin.
ning of the period of accelerated corrosion, and NapMo0O4-MoO3 containing
small amount of NayS04 and NayCr04 at a later time during the period of
accelerated corrosion. Only Na and Mo were detected in the waterwashed so]u—
tion during the period of accelerated corrosion for a coating of 0.5 mg/cm
(fig. 2(b)). From stoichiometry the chemica] composition of the melt after
5 hr of corrosion for a coating of 0.5 mg/cm NayS04 was determined to '
be NapMo04-59 mole percent MoO3.

From the results of the chemical analysis it becomes apparent that all or
most of the Na;SO4 are converted to NapMoO4 during the course of corrosion.
Therefore, 1t would be instructive to examine the corrosion of NapMo0O4 coated
samples. The corrosion kinetics for the NapMoOs coated sample and the results
of the chemical analysis are shown in figure 3. An induction period is observed
before the onset of accelerated corrosion, and the chemical analysis shows that
the onset of accelerated corrosion is marked by a rapid increase in the Mo con-
tent of the melt. Because the composition of the melt was NapMoOs to begin
with, the increase in the Mo content of the melt must be due to the addition of
MoO3 to the melt. It appears that the end of the induction period is associated
with the addition of certain amount of MoO3 to the NapMoO4 melt. To further con-
firm the role of MoO3 in inducing catastrophic corrosion, additional experiments
were conducted in which a slurry of MoO3 was airbrushed onto the sample, and
above this, a NapMoOs layer was applied by airbrushing. The mixture applied
corresponds to NajMoO4-23 mole percent MoO3. The kinetics of corrosion by the
NapMo04-Mo03 melt are shown in figure 4. For comparison, the weight gain
data for NapMoO4 only are also presented in figure 4. It can be seen from
figure 4 that when Mo03 was added to the NapMoO4 melt, the length of the induc-
tion period decreased considerably. These results further demonstrate that the
melt must contain some MoO3 in addition to NapMoO4 for the catastrophic
corrosion to occur.

MoO3 is highly volatile; for example, the equilibrium vapor pressure of
MoO3 at 900 °C is of the order of 0.05 atm. Thus, any MoO3 formed can




evaporate instantaneously; however, the evaporation studies by the present
author (ref. 18) have shown that the rate of evaporation of MoO3 is con-
siderably decreased when dissolved in NajMoO4. The rates of evaporation

of NapMoOg, MoO3, and NapMoO4-MoO3 melts with different MoO3 concen-
trations at 900 °C are shown in table II. From table 11, it is clearly seen
that the rate of evaporation of MoO3 is considerably decreased when
dissolved in NapMoO4; for examplie, a comparison of the rate of evapora-

tion of MoO3 at XMo0.. = 0.4 with that at unit activity shows that the rate

of evaporation is decreased by a factor of 10-3. Thus, the principal role
of NayMo0, appears to be to stabilize the MoO3 in the melt by decreasing
the equilibrium vapor pressure of Mo0j3.

A typical scale morphology for the corrosion beneath a NasMo04-Mo0Oj3
melt is shown in figure 5. A pitting type of corrosion morphology is evident
from figure 5, and the pit is seen to be Mo rich. Ni and Cr are also present
inside the pit. A thick, porous oxide layer can be seen above the pit. The
porous oxide layer consists of primarily N10 and Crp03. The detailed exam-
ination of the pit at a higher magnification (fig. 6) shows abundance of Ni,
Na, Mo, and Cr throughout the pit. N3 and Mo appear to be uniformly dis-
tributed throughout the pit, whereas, Cr is present as discrete particles in
the pit. The pit s seen to be in direct contact with the underlying alloy.
No Cr depletion is observed in the alloy regions beneath the pit. The x-ray
maps in figures 5 and 6 show only the important elements; the other elements
1ike Co, A1, and Ti are present in small amounts and x-ray maps for these
elements are not shown in order to maintain simplicity and emphasize the
primary constituents. Co is usually observed to be present along with Ni..

Corrosion in Laboratory Furnace Tests in 02-50,-S03 Atmosphere

The corrosion kinetics for U-700, coated with 0.7 mg/cm? NaySO4,
and oxidized in 0 plus 0.108 percent S0-S03 at 950 °C is shown in
figure 7. The alloy corrodes at a slower rate during the first 10 to 15 hr,
which may be called the induction period, after which the rate gradually
starts to increase until it becomes linear. The rate of corrosion during the
linear period is considerably higher (of the order of 4 to 5 mg/cm-hr), and
the corrosion can be termed as catastrophic. 1In general, the corrosion kin-
etics can be divided into an induction period and a final period of cata-
strophic corrosion with a transition period in between. The results of the
chemical analysis for the corrosion of U-700 in 0,+0.18 percent S05-S03
are shown in table I11. During the period of catastrophic corrosion the melt
at all times consists of MoO3 in addition to Na;SO4 and NajMoO4, whereas,
during the induction period only NayS04 is present. It appears that the
melt must contain MoO3 in addition to NapS04 and NajMo0O4 for the cata-
strophic corrosion to occur, which is also very similar to that of corrosion
in an atmosphere containing 0 only. The critical role of MoO3 in induc-
ing catastrophic corrosion of U-700 in 0p-S02-S03 atm can be elucidated
from the corrosion experiments in which a NajMoO4-coated sample is oxidized
in 0,+5S0,+S03 atm, as explained below. The oxidation of a NapMoOs-coated
sample in 0p+S0,+S03 atm would generate MoO3 along with NaySO4 from
the beginning because of the reaction:

Na2M004(1) + 503(9) = Na2$04(l) + M003(1) (5)



To confirm that MoO3 can be obtained by the reaction of NayMo04 and SOj3,

a Pt coupon was coated with about 7.6 mg of NapMoO4 and exposed to 0 plus
0.108 percent S05-S03 at 950 °C, and after 4 hr of exposure, the coupon was
washed in distilled water and the solution was analyzed for Na, SOf, Mo. From
the results of the chemical analysis and from equations (1) to (4), the com-
position of the melt is obtained to be "Na.MoO. - 0.0194 mM, "Na. S0

0.0176 mM, "MoO. © 0.0168 mM (mM represent52m1l?1mo]es.) Thus thg c31t1cal

role of MoQ3 1n31nduc1ng catastrophic corrosion can be confirmed, if no
induction period is observed for the corrosion of the NapMoOs-coated sample
in 0,+S0,+503 atmosphere. Figure 8 shows the corrosion kinetics for the
NagMoOy-coated sample in 0o and 02+0.108 percent S0,-S03 atm; and indeed,

no induction period is observed for corrosion in 0,+0.108 percent S0,-S03
atm as compared to a long induction period for corrosion in 1 atm 0p. This
clearly demonstrates the critical role of MoO3 in inducing catastrophic cor-
rosion of the alloy.

A porous scale is developed during the period of catastrophic corrosion
in 05 plus 0.108 percent S0,-S03, and a significant portion of the scale
spalled during cooling. The scale morphology (fig. 9) shows a porous outer
scale and internal sulfides in the alloy. Also, a Mo-rich layer is observed
at the scale-metal interface.

The effect of SO plus SO3 concentration in the atmosphere on the
corrosion kinetics is shown in figure 10. For 02 plus 105 ppm S0>-S03, cat-
astrophic corrosion is observed after an induction period, and a pitting
type of morphology (fig. 11) is observed during the period of catastrophic
corrosion, the pit being Mo-rich. This type of morphology is very similar
to that obtained in an atmosphere containing 0p only. The scale morphology
for corrosion in 02+0.24 percent S0,-S03 was observed to be very similar
to that of 0,+0.108 percent S03-S03; however, the rate of corrosion in 0p+
0.24 percent S0,--SO3 was observed to be lower than that in the atmosphere
containing 0.108 percent S0p+S03. From figure 10 it is seen that cata-
strophic corrosion is not observed in atmospheres containing 1 and 2 percent
S0 plus SO3, and the rate of corrosion is considerably lower (of the
order of 0.18 to 0.2 mg/cm2-hr); however, the rate is stil11 higher than
that of pure oxidation. For example, the weight gain for U-700 after oxida-
tion in air for 90 hr at 950 °C is only of the order of 1.5 to 2 mg/cmz.

The scale morphology for corrosion in 0 plus 1 percent S0,-SO3 and 0p

plus 2 percent S02-S03 (fig. 12) shows considerable internal attack with an
internal sulfidation zone ahead of an internal oxidation zone. This type of
morphology is typical of a sulfidation-oxidation type of attack as observed
by several investigators (refs. 20 and 21). The chemical analysis of the
waterwashed solution of the corroded samples as a function of the SO5+

S03 content of the atmosphere is shown in table IV as mole fraction of
various components, e.g., NapS0O4, MoO3, and NagMoOs. An increase in the
S02+S03 content of the atmosphere leads to a decrease in the mole frac-
tion of NapMoO4 and MoO3 in the melt. It is interesting to note that no

Mo could be detected in the water washed solution for corrosion in 02 plus
1 percent and 0+2 percent S0-SO3 atmospheres.



Mechanism of Corrosion by NasMo04-MoO3 and Na)S04-
NapMo04-Mo03 Melts

Based on transport considerations and Rapp-Goto criterion for fluxing
(ref. 22), a corrosion mechanism has been proposed by the present author
(refs. 18 and 19). It is suggested that Mo exists in the melt as Mo*% and
Mo*6 (or equivalently dissolved MoO, and Mo03). The equilibrium between
dissolved MoOp and MoO3 in the melt can be described by the reaction:

MoO2 + 02 = MoO3 (6)

N |-

Since the P0 at the melt-gas interface is higher than the melt-alloy

interface, tﬁe concentration of MoO3 would be greater at the melt-gas inter-
face and the concentration of Mo0Op would be greater at the melt-alloy/-
oxide interface. This would result in migration of MoO3 inward from the
melt-gas to the melt-oxide/alloy interface and migration of MoO, outward
from the melt-oxide/alloy interface. The schematics of the formation of
MoO3 at the melt-gas interface and various gradients across the melt are
shown in figure 13. Based on the existence of Mo as Mo*4 plus Mo*6 and
possible electronic conductivity for the MoO3 containing melts, a corrosion
mechanism is proposed in which Ni dissolves as Ni*t* at the melt-alloy/-
oxide interface and Ni10 is formed at the melt-gas interface. The trans-
port of Ni** through the melt is suggested to occur in conjunction with
electron conduction in the melt, the electron conduction arising due to the
MoO3 component of the melt. The schematics of the suggested mechanism is
shown in figure 14. '

Corrosion in High Velocity (Mach 0.3) Burner Rig Tests

The weight change data for the burner rig tests for two Na levels (1
and 3 wppm) are shown in figure 15. The alloy loses weight at a steady rate
from the beginning, and after certain time period (100 hr for 1 wppm, 60 hr
for 3 wppm), the alloy starts to gain weight. For 3 wppm Na, the rate of
weight gain during the weight gain period was observed to be very high,
e.g., of the order of 22 mg/hr. The scale morphology during the period of
constant weight loss, i1lustrated in figure 16, shows a thin external scale
and an internal penetration zone consisting of small sulfide particles. The
internal penetration zone is depleted of Cr. During the period of weight
loss the corrosion proceeds by the increase in the depth of the internal
penetration zone. The scale morphology after the occurrence of rapid weight
gain shows severe corrosion and extensive sulfidation, which is illustrated
in figure 17. The corrosion occurs mostly by internal penetration, as was
evidenced by the presence of metallic regions in the scale. A sulfide net-
work is observed beneath a thick internal oxide region; this type of morphology
suggests a suifidation-oxidation type of mechanism (refs. 20 and 21) in which
rapid oxidation occurs due to preferential oxidation of the sulfides. The total
depth of internal penetration in figure 17 is observed to be of the order of
1.5 mm, and therefore, the corrosion can be termed as catastrophic. Although
the alloy suffers from catastrophic corrosion, the morphology of corrosion is
entirely different from that obtained in the laboratory furnace tests during
the period of catastrophic corrosion. 1In the laboratory furnace tests acceler-
ated corrosion occurs by the formation of a porous oxide layer above a Mo rich
melt as compared to heavy sulfidation observed in the burner rig tests.
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The results of the chemical analysis for corrosion in the burner rig
are shown in table V. The amount of NayS04 on the corroding sample
during the period of weight loss is very small, the maximum being of the
order of 0.3 mg/cm2. There is a significant increase in the amount of
NapS04 and other Na compounds e.g., NapCrO4 and NajMoO4, during the period
of weight gain. The increase in the amount of salt deposit on the corroding
sample during the weight gain period can be attributed to the development of
a thick scale, which helps in retaining the salt in the oxide. Significant
quantities of Mo are detected in the waterwashed solution during the period
of rapid weight gain; however, from stoichiometry, all of the Mo is observed
to be present as NajsMoOs. The melt does not contain any MoO3 during the
period of weight gain, and this probably explains why the typical scale mor-
phology for corrosion by the MoO3 containing melts was not produced in the
burner rig tests.

Conditions for Catastrophic Corrosion Due to The Mo Component of The Alloy

The present study has shown that the melt must contain MoO3 in addi-
tion to Na»S04 and NapMoO4 for the catastrophic corrosion to occur; for-
mation of NapMoO4 only does not result in catastrophic corrosion. In
the laboratory furnace tests in 1 atm 0 a NapMo0y-MoO3 melt is formed
and catastrophic corrosion occurs. On the other hand, in the laboratory fur-
nace tests using 05-S05-S03 atm, a MoO3 containing melt is formed only for the
lower SO containing atmospheres. Chemical analysis showed that the stabil-

ity of MoO3 decreases and that of Na2504 increases with an increase in PSO

in the atmosphere. At 950 °C, for SO, content greater than 1 percent,
NapS04 was observed to be the most stable melt, and no Mo could be

detected in the melt. The relative stability of NapSO4, NapMoOs, and MoOj3
are governed by the equilibria for reaction 5. From thermodynamic con-
siderations, it can be derived that at lower temperatures, Na;SO4 would

be the most stable melt even for lower SO contents in the atmosphere.
Thus, for many low temperature applications in which the turbine atmosphere
contains significant amount of SO0p, e.g., marine gas turbine and many
industrial gas turbines, the Mo component of the alloy might not be detri-
mental for the hot corrosion resistance. 1In the burner rig tests, although
Mo is detected in the melt, all of the Mo is observed to be in the form of
NapMoO4. This is due to two reasons. First, although the rate of evaporation
of MoO3 in the laboratory furnace tests is considerably reduced then dis-
solved in NajMo0O4, the rate evaporation may be higher in the high velocity
environment of the burner rig. Second, according to the proposed corrosion
mechanism (fig. 13) MoO3 is formed at the melt-gas interface. 1In the burner
rigs there is continuous deposition of NapSOs at this interface, and any MoOj3
formed would react with NapS04 to form NajMoO4 and SO3. Thus the melt

would contain NapMoO4 in addition to Na»S04, but not any Mo03. In the

burner rig tests catastrophic corrosion is observed due to severe internal
sulfidation; however, this is not due to the Mo component of the alloy since
severe sulfidation can also be produced for alloys containing no Mo. From

the above discussions it can be concluded that catastrophic corrosion due to
the Mo component of the superalloy occurs only in limited situations.
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TABLE I. -
COMPONENTS IN THE MELT AS A FUNC-

[xNaZSO4’ xNaZCroa’ xNaznoo

X

TION OF

MOLE FRACTIONS OF VARIOUS

TIME FOR U-700, COATED

WITH 3.5 mg/cm2 Nazsob, AND
OXIDIZED AT 950 °C

are

Mo0

Na_SO

3
2778

, and
4
the mole fractions of

Na_Cr0O,, Na MoO , and HoO3

2 4 2 4

in the melt, respectively.]

Time,
hr

xNa SO

X X
2774 2 4 2

0
0.75
3

7

15
50
60
93

0.151 0.015 | -———~
237 .052 | ————
614 077 ) —eee
846 .143 | e
694 .306 | ————
478 .355 0.147
026 469 471

TABLE II. —~ EVAPORATION OF
N82H004—HOO3 MELT AT 900 °cC

xHoO Rate of evaporation,
3 mg/hr
0 0.024
0.1 0.031
0.2 -7« 0.075
0.4 0.51
0.5 0.75
0.6 3.6
0.65 6.6
0.7 12.0
0.8 34.0
0.9 101.19
1.0 320.0

by A




TABLE III.

[Number of millimoles (mM) of Na,S0,, Naj;MoO,,
and Mo03 at different times for corrosion of
U-700, coated with 0.7 (410 percent) mg/cm?
Na,S04, and oxidized in 0j plus 0.108 percent
S0,-S05 at 950 °C.)

T;?e’ "a,s0, | "Wa,Mo0, | "Moo,
S (induction | 0.019
period)
46 .5 .0057 0.0118 0.0152
50 .0056 .0174 .0086
68 .0021 .0129 .0101
96 .0032 .0158 .0062

TABLE IV.

[Mol fractions of Nazsoa, Hoo3 and NaznooA

in the melt as a function of So2 content

of the atmosphere.]

SO, content | Time, Xuazso4 XN32H004 X400

hr 3

105 ppm 30 0.032 0.469 |0.471
0.108% 46 .5 .174 .362 .464
0.24% 65 .642 .245 .113
1% 80 5 I [

2% 80 1 | e |




TABLE V. - RESULTS OF THE CHEMICAL ANALYSIS FOR THE CORROSION
OF U-700 IN THE BURNER RIG
Na, | Time, Total NayS04 Total Total Total
wppm hr Na,S04, per unit NajyCrO4, | NajMoO,, | MoOj,
mg surface area, ng mg mg
mg/cm2
1 8 0.858 0.110
23 1.037 .133
44 1.445 .186
60 2.524 .325
80 4,31 .556 1.9 0.309 | ———=
100 6.72 .867 2.01 .815 { ===
3 10 2.272 .293 .348
16 2.27 .292 B 11 S Y "
25 2.54 .327 .189
28 2.29 .295 .233
50 2.26 .291 .264
70.5 | 24.7 3.18 2.883 8.446 | ———w-
79 31.2 4.02 3.17 9.012 | —=-—-
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Figure 1. - Schematics of the hot corrosion kinetics in
1 atmosphere O, for U-700.
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Figure 2. - Amount of water soluble species and the weight gain as a function of
time for the corrosion of U-700 in 1 atmosphere O, at 950 Sc.
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Figure 3. - Amount of water soluble species and the
weight gain as a function of time for the corro-
sion of U-700, coated with 3 mg/cm® NasMoO, and
oxidized in 1 atmosphere 0, at 950 °C.
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Figure 4. - A comparison of the corrosion kinetics for U-700,
coated with N86M004 and NagMo0O4 +Mo03, and oxidized in
1 atmosphere 0, at 950 °C.
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S.E. Image Molybdenum Sodium
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Figure 6. - Details of the pit in figure 5,
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Figure 7. - Kinetics of corrosion for U-700, coated with

0.7 mglcmZNa2504,and oxidized in 07 plus 0.108 %
S0, - 503 at 950 °C.
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Figure 8. - Kinetifs of corrosion for U-700, coated
with 1.5 mg/cm“NayMoO 4, and oxidized in O,
plus 0.108 % SO, - 503 and 1 atmosphere 0,
at 950 °C.




(b) Magnified view of the enclosed area in (a) and the molybdenum x-ray map.

Figure 9. - Typical scale morphology during the period of catastrophic corrosion for corrosion in O9 plus
0. 108 percent SO,-S03 atmosphere.
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Figure 10. - Effecf of SO, + 503 concentration on the corrosion kinetics for U-700, coated
with 0.7 mglcm Na,S0,4,and oxidized at 950 y
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Figure 11, - Scale morpholog)%for U-700,
coated wtih about 0.7 mg/cm
and oxidized in 0 plus 105ppm
for 30 hr at 950° C

S04
%02 -S05

Figure 12, - Scale morpholog)é for U-700,
coated with about 0.7 mg/cm“ Na NUB
and oxidized in O plus 1% S0,-S0 ZS
for 60 hr at 950° %
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Figure 13, - Schematics of the mechanism for the formation of Mo03.
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Figure 14. - Schematics of the mechanism of corrosion beneath the
N32M004 - M003 melt.
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Figure 15. - Weight change data as a function of time for corrosion of
U-700 in the burner rig at 900 °C.
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S.E. Image Cr x-ray map

Figure 16. - Typical scale morphology during the period of weight loss for the corrosion
of U-700 in the burner rig.
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(c) Scale-metal interface showing large
sulfide network.

Figure 17. - Scale morphology during the period of weight gain for the corrosion of U-700
in 3 wppm Na in the burner rig at 900° C.
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