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1.0 EXECUTIVE SUMMARY

Iron duminide weld overlays containing ternary additions and thermal spray
coatings are being investigated for corrosion protection of boiler tubesin Low NOx
burners. The primary objective of the research isto identify overlay and therma spray
compositions that provide corrosion protection of waterwall boiler tubes. 1n the current
phase of work, preliminary corrosion tests were conducted on abinary Fe-Al dloy in
multiple complex gases to determine which gases will be used for testing of the ternary
dloys. Prdiminary solid-state corrosion tests were aso conducted to smulate dag-meta
interactions seen in Low NOXx furnaces. Two powder compositions were chosen for
testing of the ternary dloys. A matrix of adloysto be tested in both gaseous and solid-

state corrosion experiments was produced based on corrosion literature.



2.0 INTRODUCTION

Recent clean air regulations have required eectric power companies to decrease
NOx emissons, which has led to a reducing/sulfidizing environment within the boiler.
Because of these new boiler conditions, protective oxide scaes traditionally formed on
the low dloy Cr-Mo sted boiler tubes are now being replaced by less protective sulfide
scales’. These sulfide scales are causing unacceptable waterwall wastage rates, which
have led to costly forced outages. Therefore, to reduce the corrosion of the boiler tubes,
new materials are being considered as corrosion resistant coatings?.

Iron-auminides are among the systems being considered as coatings. Iron
auminum dloys have demondrated excdlent corroson resstance in high-temperature
reducing environments®®. Iron-auminum aloys are unsLitable for structura applications
as they show a sharp drop in strength above 600°C and have low room temperature
ductility?. Fortunately, recent work has shown that they possess good weldability up to
10wt% Al”. Their good weldability coupled with the fact that they are less expensive
than Ni-based superdloy and stainless stedl coatings, makes iron-duminum dloys
excd lent candidates for weld daddings®.

Therma spray coatings have also been considered as protection for boiler tubesin
Low NOx furnaces. Therma spray coatings can be advantageous to weld overlays
because they are relaively easy to gpply and are not susceptible to cold cracking, unlike
weld claddings. Plasma spray coatings have typicaly been used for corrosion and
eroson protection, but they possess oxide inclusions and porosity, which can cause
flaking of the coating®. Recently, High-velocity Oxy-fuel (HV OF) processes have been

used to create dense, low-oxide coatings that contain little porosity®. These HVOF



therma sprays have outperformed plasma spray coatings during high-temperature
corrosion testing®®. Therefore, HVOF thermal sprays are being considered for coatings as
well.

The objectives of this research are: (1) to determine the effects of boiler
conditions (i.e. gas composition, dag composition, and temperature) on the corrosion
rates of iron-aluminum based weld overlays and HV OF thermal sprays and (2) to
determine weld overlay and HV OF therma spray compositions that can be used as
coatingsin Low NOx burners. The current research presented in this paper involves
preliminary testing of abinary Fe-Al dloy in both gaseous and solid-state experiments.
The dloy was corroded in four complex gases ranging in Po; and Ps; in order to
determine which gases caused the aloy to form non-protective scales. The two
environments that produced the least protective scales were chosen for corrosion testing
of al dloys sdlected for this study. The binary Fe-Al dloy was a0 reacted with Six
types of powered dags. The two powders that produced the thickest reaction scales were
chosen for solid-gate corroson testing of dl dloysin thisstudy. This paper will identify
two gaseous environments and two powders that will be used during future corrosion

experiments. A matrix of aloysto be used in these experimentsis dso identified.

3.0 EXPERIMENTAL PROCEDURE
The dloy used for the prdiminary gaseous and solid-state testing was Fe-
10wWt%Al (designated Fe10Al). The Fel0Al aloy was cast by arc-mdting high purity
components under argon and drop casting into a water-cooled copper mold. Cast dloys

were used due to results from previous work, which found that high-temperature



corrosion behavior of weld overlays could be explained using cast aloys of equivaent
compositior™ . Gaseous corrosion experiments were performed using a Netzsch STA
409 high-temperature thermogravimetric baance, which records weight gain over time.
Prior to placing the samples in the balance, the samples were ground to 600 grit with
dlicon carbide paper and cleaned in ethanol. The sample dimensions were measured to
the nearest hundredth of a millimeter, and the samples were weighed to the nearest tenth
of amilligram with adigitd baance. The samples were hegated at arate of 50°C/min and
wereisothermally held at 500°C for 100 hours. Water was injected into the furnace
through capillary tubes attached to a syringe pump. Four types of complex gases were
premixed and injected into the furnace at a controlled rate. The types of gases and thelr
components are listed in Table I. The oxygen and sulfur partial pressures were calculated
using the HSC Chemistry program and can be seen in Table 1112, Light Opticdl
Microscopy (LOM) was used to andyze the surface and polished cross-sections of the
scaes. Scae thickness measurements were made on the polished cross-sectionsusing a
light optical microscope and an imaging program.

FelOAl samplesthat were used for solid-state experiments were prepared using
the same casting process. Samples were ground to 600 grit and cleaned in ethanol prior
to being measured and weighed. The sample thickness was measured to the nearest
micron and the sample was weighed to the nearest tenth of amilligram usng adigitd
baance. Six powder mixtures (called dags) based on FeS and FeS, were selected to
smulate dag compositions found on boiler walls. The powder compositions were based
on results of field tests from various power generation companies. The powder mixture

components were weighed to the nearest tenth of amilligram using adigitd scde. The



components were ball milled for one hour to obtain homogeneous mixtures. The dag
compositions prior to milling can be seeniin Tablelll.

The solid- state experiments were conducted using a diffuson couple technique
first used by Lahdij et. d.*3. A cylindrica 316L stainless stedl reaction vessal was filled
hafway with the powder dag and the sample was placed in the center of the vessd.
Powder was placed on top of the sample and uniaxial pressure of 300 MPawas applied
using 316L dtainless sted die plungers. The powder was compressed againg the sample
and the reaction vessel was seded (via a tolerance fit) Smultaneoudy during the
compression with the die plungers. The entire preparation of the reaction vessel was
conducted under a N, atmosphere to reduce the amount of air present in thevessd. The
reaction vessa's were then placed into an annedling box, where N gas flowed through the
box at a congtant rate. The annealing box was placed in afurnace and heated to 500°C
for 450 hours. Light Optica Microscopy (LOM) was used to andyze the surface and
polished cross-sections of the scales. Scale thickness measurements were made on the

polished cross-sections using alight optical microscope and an imaging program.



Table I — Gas compositions in volume percent.

Gas Component Gas 1 | Gas 2 | Gas 3 | Gas 4
Highly Reducing < » Highly Oxidizing
O e e e 1.0
CO 15.0 13.1 10.2 2.1
co, | -------- 2.0 5.1 13.5
H, 3.3 A e
H,S 0.12 0.12 0.12 0.06
N e e 0.06
HO |  -------- 0.5 20 | -----ee-
N, 81.6 81.8 82.6 83.2

Table II — Caculated Oxygen and Sulfur Partid Pressures in atmospheres.

Gas 1 | Gas 2 | Gas 3 | Gas 4

Gas Type Highly Reducing < p Highly Oxidizing
log Po> -27.9 -23.2 -19.2 -16.9
log Ps, -6.3 -3.3 -8.6 -13.2

Table III - Sag Compositionsin weight percent.

Component Sag 1 Sag 2 Sag 3 Sag4 Sag 5 Sag 6
FeS 100 50 425 | mmmmmmem | e | s
FeS, | -------- | mmmmeeem | mmeeeee- 100 50 42.5

FesOs | -------- 50 425 | -------- 50 42.5
C | - | - 15 | e | e 15

4.0 RESULTS and DISCUSSION

1. Preliminary Gaseous Corrosion Results

The gaseous corrosion behavior of Fe10Al was investigated in four gases ranging

from highly reducing to oxidizing environments at 500°C. The weight gain of the dloys

in the various environments can be seen in Figure 1. It can be seen from this figure that

the dloy exposed to Gas 1 demonstrated dmaost no weight gain at 500°C over 100 hours.




The LOM micrograph of the reaction product (Figure 2) showed that Fe10AIl formed a
thin, uniform scae with a thickness of gpproximately 2 mm in this environment.

The corrosion behavior in Gas 2 and Gas 3 seemed to produce smilar weight
gans and morphologies. Both Gas 2 and 3 exposures produced high weight gains (see
Figure 1), which were on the range of 4.3 mg/cnt over 100 hours. Observations of the
scdes using LOM helped confirm that Smilar reactions took place. The scaesthat
formed in Gas 2 and 3 (Figure 3) had very smilar morphologies; they both showed a
large grained outer layer (light gray), what appeared to be a mixed phase layer (dark
gray), and samdl needles protruding into the subgtrate. The overdl thicknesses of both
scales were on the range of 30 mm, and the thickness of each layer wasdso smilar. Gas
2 had an outer layer thickness of 15.5 nm and amixed inner layer of approximately 15.2
nmm in thickness. Whereas, Gas 3 produced an outer layer thickness of 15.4 mm, whileit
had amixed inner layer that was 14.8 mm thick. The aloy exposed to Gas 4
demonstrated alow weight gain of less than 1 mg/en? over 100 hours. The micrograph
seen in Figure 4 shows that the scale consisted of a uniform outer layer (light gray), an
inner mixed oxide layer, and athin uniform inner layer (aso light gray). The overdl
thickness of the scde formed in Gas 4 was rdatively thin, asit was measured to be
gpproximately 14.2 mm thick.

From these resultsit can be seen that a protective scale formed during the
exposureto Gas 1. Reactionsin Gas 4 produced moderately protective scales, whereas
reactionsin Gases 2 and 3 resulted in non-protective scales. The two environments that
resulted in the worst corrosion behavior were to be selected for future testing. Because

Gas 2 and Gas 3 produced very smilar scaes, only one of these gases were sdected for



future tests. Therefore, Gas 2 and Gas 4 were chosen to use for future corrosion testing

of the matrix of dloys and therma sprays.

1I. Preliminary Solid-State Corrosion Results

The solid-gtate corrosion behavior of Fe1l0Al was investigated in Sx dag mixtures
at 500°C. The solid-gtate corrosion behavior was classified in terms of the thickness of
the reaction layer that formed during exposure. It could be seen from light optical
micrographs that the samples tested with FeS-based dag mixtures demondirated little to
no reaction layer. This can be seen in Figure 5, which shows the reaction layers that
formed from exposure to the three FeS-based dags. On the other hand, samples that were
tested with FeS,-based dags showed that sgnificant reactions took place. The reaction
layers that formed during exposure to FeS,-based dags can be seen in Figure 6. It can be
seen from the images shown in Figure 6 that the reaction layers that formed during
exposuresto FeS, and FeS;+Fe;04+C were considerably thicker than the reaction layer
that formed during exposure to FeS;+Fe;04.

The reaction layers shown in Figures 5 and 6 were measured using alight optical
microscope and an imaging program.  The thickness measurements made on the dloys
can be seenin Table IV. The thickness measurements supported the light optical
observations. The FeS-based dags produced reaction layers that were difficult to
measure because they were under afew micronsthick. The standard deviation was larger
than the thickness measurements for these samples, so the actud thickness vaues could
not be determined. The reaction layers produced during exposures to FeS, and

FeS,+Fe;04+C were approximately 128nm and 127nmm thick, respectively. On the other



hand, the sample reacted with FeS,+Fe;O,4 showed areaction layer thickness on the order
of 54mm.

These thickness measurements show that Fe10AIl exposed to FeS-based dags
demondtrated little to no reaction during 450 hour exposures at 500°C. Therefore, the
corrosion rate of Fe10Al in FeS-based dagsis very low so they would not be good
candidate dags for future corroson testing. Conversdly, extensive reactions took place
between FelOAl and FeS;-based dags. Specificdly, the dags that produced the most
corrosion product were FeS, and FeS;+FesO4+C. The two dags that produced the
thickest reaction layer, FeS; and FeS;+Fe;O4+C, were chosen for future corrosion testing

of the matrix of dloys and therma spray coatings.

Corrosion of Fel0Al in Gases 1-5 at 500C

5.0

Weight Gain (mg/cm2)
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Figure 1 — Weight Gain data for various environments a 500°C for 100 hours.
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Figure 2 — LOM of thin protective scale formed during exposure to Gas 1.
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Figure 3 — LOM of scalesthat formed during exposureto (a) Gas 2 and (b) Gas 3.
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Figure 4 — LOM of scde that formed during exposure to Gas 4.
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Figure 5 — LOM of reaction layers after exposure at 500°C with (@) FeS, (b) FeSt+Fe;04,
and (c) FeS+Fe304+C. Note that there appearsto be little or no reaction layer.
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Figure 6 — LOM of reaction layers after exposure at 500°C with (a) FeS,, (b)

FeS,+Fe304, and (¢) FeSy,+Fe304+C (carbon not shown). Note that the
reaction layersin (a) and (b) are Sgnificantly thicker than in ().



Table IV — Reaction Layer thickness measurements (blue) and the respective standard
devidions (red). All measurements are reported in microns. Reections with FeS-based
dags could not be measured because the reaction layer was too thin.

Slags Reection Layer Thickness
(Standard Devidtion)
FeS | e
FeS+FesO, | e
FeS+ FesO,+C | emmemeeeeeee
FeS, 127.8
10
FeS, + FesO4 53.9
5
FeS, + FesO4 + C 126.6
10
5.0 CONCLUSIONS

The god of this current phase of the research project was to determine two
gaseous environments and two dags that will be used to test various iron-auminum
based dloys and therma sprays. Fe-10wt%Al was used for dl of the preiminary
corrosion testing. The preliminary gaseous corrosion testing was performed in four
complex gas environments at 500°C. Of the four complex gases, the dloy provided the
least protection in the two intermediate gases and moderate protection in the oxidizing
gas (Gas 4). Because the reactions in the intermediate gases were very smilar, Gas 2 and
4 were chosen for future gaseous corrosion tests. Preliminary solid- state testing showed
that the three FeS based dags produced little to no reaction a 500°C over 450 hours. On
the other hand, the dloys reacted with FeS; and FeS; + Fe;O4 + C produced the thickest
reaction products. These two sags were therefore selected to be used for future corrosion

teding.



6.0 FUTURE WORK

Future research will involve extensve gaseous and solid-state corrosion testing of
multiple iron-auminum based dloys and thermd sprays. The dloysto be used in the
next phase of this sudy will contain 7.5 — 12.5 wt%Al with smal additions of Cr, Ti, and
Si. Thedloysare presently being prepared at Oak Ridge Nationa Laboratory (ORNL)
and will be characterized and tested when received. The HV OF therma sprays to be
tested will be based on Fe- 16wWt%Al (FesAl) and possibly Fe- 25wt%Al (FeAl). HVOF
coating samples based on Fe-16wt%Al were prepared at |daho Nationa Engineering and
Environmenta Laboratory (INEEL) and are presently being characterized. A matrix of
the alloys and the HV OF therma sprays to be used in the next phase of this project can
be seenin Table V. Through these corrosion tests, iron-auminum based weld claddings
and HVOF therma sprayswill be identified as coatings for the protection of Low NOx
boiler tubes.

Table V — Matrix of dloys and HVOF thermd spraysto be tested in next phase. Al
vaues are in weight percent.

Alloy Fe Al Cr Ti Si
1 Bd. 75 | e | e | e
2 Bdl. 7.5 1.0 | e | e
3 Bd. 7.5 20 | e | -
4 Bd. 7.5 50 | om0 e
5 Bd. 75 | eeeeeee- 20 | e-
6 Bdl. T — 1.0
7 Bd. 100 | e | e [ e
8 Bd. 10.0 1.0 | e | e
9 Bd. 10.0 X D
10 Bd. 10.0 50 | e | e
11 Bd. 100 | - 20 | ool
12 Bd. 100 | ccoeeem | coeeee- 10
13 Bd. (P I S
HVOF 1 Bd. e
HVOF 2 Bd. 2 e e
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