LEHIGH

s
L1
|_.
Z
LLI
O
L
O
o
<C
LLI
P,
LL
o
>
Q
s
L]
Z
LLI

B University
Sy pe
&) S /) Bethlehem, PA

ORNL/Sub/95-SU604/03

Evaluation of Iron Aluminide Weld Overlays
for Erosion-Corrosion Resistant
Boiler Tube Coatings in Low NOx Boilers

April 28, 2000
Report Prepared by
J.R. Regina, M. Lim, N. Barbosa, J.N. DuPont, and A.R. Marder
Lehigh University
Energy Research Center
117 ATLSS Drive
Bethlehem, PA 18015-4729
under
19X-SU604V

for

OAK RIDGE NATIONAL LABORATORY
Oak Ridge, Tennessee 37831
Managed by
UT-BATTELLE, LLC
for the
U.S. DEPARTMENT OF ENERGY
under contract DE-AC05-000R22725

00-500-02-10




This report has been reproduced directly from the best available copy.

Available to DOE and DOE contractors from the Office of Scientific and Technical
Information, P.O. Box 62, Oak Ridge, TN 37831; prices available from (865) 576-
8401.

Avallable to the public from the National Technical Information Service, U.S.
Department of Commerce, 5285 Port Royal Rd., Springfield, VA 22161.

| T e e

R SO A PR——
This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor any agency
thereof, nor any of their employees, makes any warranty, expressed or implied,
or assumes any legal liability or responsibility for the accuracy, completeness,
or usefulness of any information, apparatus, product, or process disclosed, or
represents that its use would not infringe privately owned rights. Reference
herein to any specific commercial product, process, or service by trade name,
trademark, manufacturer, or otherwise, does not necessarily constitute or imply
its endorsement, recommendation, or favoring by the United States Government
or any agency thereof. The views and opinions of authors expressed herein do
not necessarily state or reflact those of the United States Government or any
agency thereof.




DISCLAIMER

Portions of this document may be illegible
in electronic image products. Images are
produced from the best available original

document.




ORNL/Sub/95-SU604/03

Evaluation of Iron Aluminide Weld Overlays for Erosion-Corrosion Resistant
Boiler Tube Coatings in Low NOx Boilers

April 28, 2000

Research Sponsored by the U.S. Department of Energy,
Office of Fossil Energy
Advanced Research Materials Program

Report Prepared by
J.R. Regina, M. Lim, N. Barbosa, J.N. DuPont, and A.R. Marder
Lehigh University
Energy Research Center
117 ATLSS Drive
Bethlehem, PA 18015-4729
under
19X-SU604V

for

OAK RIDGE NATIONAL LABORATORY
Oak Ridge, Tennessee 37831
Managed by
UT-BATTELLE, LLC
for the
U.S. DEPARTMENT OF ENERGY
under contract DE-AC05-000R22725




1.0 EXECUTIVE SUMMARY

Iron aluminide weld overlays containing ternary additions and thermal spray
coatings are being investigated for corrosion protection of boiler tubes in Low NOx
burners. The primary objective of the research is to identify overlay and thermal spray
compositions that provide corrosion protection of waterwall boiler tubes. In the current
phase of work, preliminary corrosion tests were conducted on a binary Fe-Al alloy in
multiple complex gases to determine which gases will be used for testing of the ternary
alloys. Preliminary solid-state corrosion tests were also conducted to simulate slag-metal
interactions seen in Low NOx furnaces. Two powder compositions were chosen for
testing of the ternary alloys. A matrix of alloys to be tested in both gaseous and solid-

state corrosion experiments was produced based on corrosion literature.

Research sponsored by the U.S. Department of Energy, Fossil Energy Advanced
Research Materials Program, DOE/FE AA 15 10 10 0, Work Breakdown Structure
Element LU-2.
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2.0 INTRODUCTION

Recent clean air regulations have required electric power companies to decrease
NOx emissions, which has led to a reducing/sulfidizing environment within the boiler.
Because of these new boiler conditions, protective oxide scales traditionally formed on
the low alloy Cr-Mo steel 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-aluminides are among the systems being considered as coatings. Iron-
aluminum alloys have demonstrated excellent corrosion resistance in high-temperature
reducing environments>®. Iron-aluminum alloys are unsuitable for structural 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 superalloy and stainless steel coatings, makes iron-aluminum alloys
excellent candidates for weld claddings?.

Thermal spray coatings have also been considered as protection for boiler tubes in
Low NOx furnaces. Thermal spray coatings can be advantageous to weld overlays
because they are relatively easy to apply and are not susceptible to cold cracking, unlike
weld claddings. Plasma spray coatings have typically been used for corrosion and
erosion protection, but they possess oxide inclusions and porosity, which can cause
flaking of the coating®. Recently, High-velocity Oxy-fuel (HVOF) processes have been

used to create dense, low-oxide coatings that contain little porosity9 . These HVOF

s aderens s - TR i e e T T N S
T SHTIUT R PR, TR - M (SNVADM N SIS N S LI s Pl




thermal 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, slag composition, and temperature) on the corrosion
rates of iron-aluminum based weld overlays and HVOF thermal sprays and (2) to
determine weld overlay and HVOF thermal spray compositions that can be used as
coatings in Low NOx burners. The current research presented in this paper involves
preliminary testing of a binary Fe-Al alloy in both gaseous and solid-state experiments.
The alloy was corroded in four complex gases ranging in Po, and Ps; in order to

-determine which gases caused the alloy to form non-protective scales. The two
environments that produced the least protective scales were chosen for corrosion testing
of all alloys selected for this study. The binary Fe-Al alloy was also reacted with six
types of powered slags. The two powders that produced the thickest reaction scales were
chosen for solid-state corrosion testing of all alloys in this study. This paper will identify
two gaseous environments and two powders that will be used during future corrosion

experiments. A matrix of alloys to be used in these experiments is also identified.

3.0 EXPERIMENTAL PROCEDURE
The alloy used for the preliminary gaseous and solid-state testing was Fe-
10wt%Al (designated Fel0Al). The Fel0OAl alloy was cast by arc-melting high purity
components under argon and drop casting into a water-cooled copper mold. Cast alloys

were used due to results from previous work, which found that high-temperature
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corrosion behavior of weld overlays could be explained using cast alloys of equivalent
composition™'!. Gaseous corrosion experiments were performed using a Netzsch STA
409 high-temperature thermogravimetric balance, which records weight gain over time.
Prior to placing the samples in the balance, the samples were ground to 600 grit with
silicon 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 a milligram with a digital balance. The samples were heated at a rate of 50°C/min and
were isothermally 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 their
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 II'>. Light Optical
Microscopy (LOM) was used to analyze the surface and polished cross-sections of the
scales. Scale thickness measurements were made on the polished cross-sections using a
light optical microscope and an imaging program.

Fe10Al samples that 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 a milligram using a digital
balance. Six powder mixtures (called slags) based on FeS and FeS, were selected to
simulate slag 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 a milligram using a digital scale. The




components were ball milled for one hour to obtain homogeneous mixtures. The slag
compositions prior to milling can be seen in Table III.

The solid-state experiments were conducted using a diffusion couple technique
first used by Laheij et. al.">. A cylindrical 316L stainless steel reaction vessel was filled
halfway with the powder slag and the sample was placed in the center of the vessel.
Powder was placed on top of the sample and uniaxial pressure of 300 MPa was applied
using 316L stainless steel die plungers. The powder was compressed against the sample
and the reaction vessel was sealed (via a tolerance fit) simultaneously 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 the vessel. The
reaction vessels were then placed into an annealing box, where N, gas flowed through the
box at a constant rate. The annealing box was placed in a furnace and heated to 500°C
for 450 hours. Light Optical Microscopy (LOM) was used to analyze the surface and
polished cross-sections of the scales. Scale thickness measurements were made on the

polished cross-sections using a light optical microscope and an imaging program.
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Table I — Gas compositions in volume percent.

Gas Component Gas 1 | Gas 2 | Gas 3 | Gas 4
Highly Reducing < P Highly Oxidizing
T e e -- 1.0
Co 15.0 13.1 10.2 2.1
CO, | e 2.0 5.1 13.5
H, 33 25 | e i s
H,S 0.12 0.12 0.12 0.06
SO; | e oo i 0.06
HO | 0.5 20 | e --
N, 81.6 81.8 82.6 83.2

Table II — Calculated Oxygen and Sulfur Partial Pressures in atmospheres.

Gas 1 | Gas 2 | Gas 3 | Gas 4

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

Table III - Slag Compositions in weight percent.

Component | Slag 1 Slag 2 Slag 3 Slag 4 Slag 5 Slag 6
FeS 100 50 425 | --—- -
FeS, | - — | == i B 100 50 42.5
FesO4 | - 50 425 | - - 50 42.5
C | ---- ol s - 15 | - i - 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 S00°C. The weight gain of the alloys
in the various environments can be seen in Figure 1. It can be seen from this figure that

the alloy exposed to Gas 1 demonstrated almost no weight gain at 500°C over 100 hours.
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The LOM micrograph of the reaction product (Figure 2) showed that Fe10Al formed a
thin, uniform scale with a thickness of approximately 2 pum in this environment.

The corrosion behavior in Gas 2 and Gas 3 seemed to produce similar weight
gains and morphologies. Both Gas 2 and 3 exposures produced high weight gains (see
Figure 1), which were on the range of 4.3 mg/cm® over 100 hours. Observations of the
scales using LOM helped confirm that similar reactions took place. The scales that
formed in Gas 2 and 3 (Figure 3) had very similar morphologies; they both showed a
large grained outer layer (light gray), what appeared to be a mixed phase layer (dark
gray), and small needles protruding into the substrate. The overall thicknesses of both
scales were on the range of 30 pm, and the thickness of each layer was also similar. Gas
2 had an outer layer thickness of 15.5 pm and a mixed inner layer of approximately 15.2
pm in thickness. Whereas, Gas 3 produced an outer layer thickness of 15.4 pum, while it
had a mixed inner layer that was 14.8 um thick. The alloy exposed to Gas 4
demonstrated a low weight gain of less than 1 mg/cm® 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 a thin uniform inner layer (also light gray). The overall
thickness of the scale formed in Gas 4 was relatively thin, as it was measured to be
approximately 14.2 pm thick.

From these results it can be seen that a protective scale formed during the
exposure to Gas 1. Reactions in Gas 4 produced moderately protective scales, whereas
reactions in 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 similar scales, only one of these gases were selected for




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

of the matrix of alloys and thermal sprays.

1I. Preliminary Solid-State Corrosion Results

The solid-state corrosion behavior of Fe10Al was investigated in six slag mixtures
at 500°C. The solid-state 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 slag mixtures demonstrated 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 slags. On the other hand, samples that were

-tested with FeS,-based slags showed that significant reactions took place. The reaction
layers that formed during exposure to FeS,-based slags can be seen in Figure 6. It can be
seen from the images shown in Figure 6 that the reaction layers that formed during
exposures to FeS, and FeS,;+Fe;04+C were considerably thicker than the reaction layer
that formed during exposure to FeS;+Fe;0;.

The reaction layers shown in Figures 5 and 6 were measured using a light optical
microscope and an imaging program. The thickness measurements made on the alloys
can be seen in Table IV. The thickness measurements supported the light optical
observations. The FeS-based slags produced reaction layers that were difficult to
measure because they were under a few microns thick. The standard deviation was larger
than the thickness measurements for these samples, so the actual thickness values could
not be determined. The reaction layers produced during exposures to FeS; and

FeS;+Fe304+C were approximately 128um and 127pm thick, respectively. On the other




hand, the sample reacted with FeS,+Fe;04 showed a reaction layer thickness on the order
of 54pm.

These thickness measurements show that Fel0Al exposed to FeS-based slags
demonstrated little to no reaction during 450 hour exposures at 500°C. Therefore, the
corrosion rate of Fe10Al in FeS-based slags is very low so they would not be good
candidate slags for future corrosion testing. Conversely, extensive reactions took place
between Fel0Al and FeS,-based slags. Specifically, the slags that produced the most
corrosion product were FeS; and FeS,+Fe;04+C. The two slags that produced the

thickest reaction layer, FeS, and FeS;+Fe304+C, were chosen for future corrosion testing

of the matrix of alloys and thermal spray coatings.

Corrosion of FelOAl in Gases 1-5 at 500C
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Figure 1 — Weight Gain data for various environments at 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 scales that formed during exposure to (a) Gas 2 and (b) Gas 3.

Figure 4 — LOM of scale that formed during exposure to Gas 4.
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Reaction Layer Reaction Layer

FelOAl Substrate 50 um FelOAl Substrate ) 50 pm

(a) (b)

Reaction Layer

Fel0Al Substrate 50 um

(©)

Figure 5 — LOM of reaction layers after exposure at 500°C with (a) FeS, (b) FeS+Fe30s,
and (c) FeS+Fe;04+C. Note that there appears to be little or no reaction layer.
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+ FelOAl Substrate 50 m FelOAl Substrate 50 pim

* —

' * FelOAl Substrate 50um

(©)

Figure 6 — LOM of reaction layers after exposure at 500°C with (a) FeS,, (b)
FeS,+Fe304, and (¢) FeS,+Fe;04+C (carbon not shown). Note that the
reaction layers in (2) and (b) are significantly thicker than in (c).
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Table IV — Reaction Layer thickness measurements (blue) and the respective standard
deviations (red). All measurements are reported in microns. Reactions with FeS-based
slags could not be measured because the reaction layer was too thin.

Slags Reaction Layer Thickness
(Standard Deviation)
FeS 1 e
FeS+FesO, | e
FeS+Fe;0,+C |  ceemmmeeen
FeS, 127.8
10
FeS, + Fe;04 53.9
5
FCSZ + FC304 +C 126.6
10

5.0 CONCLUSIONS

The goal of this current phase of the research project was to determine two
gaseous environments and two slags that will be used to test various iron-aluminum
based alloys and thermal sprays. Fe-10wt%Al was used for all of the preliminary
corrosion testing. The preliminary gaseous corrosion testing was performed in four
complex gas environments at 500°C. Of the four complex gases, the alloy 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 similar, Gas 2 and
4 were chosen for future gaseous corrosion tests. Preliminary solid-state testing showed
that the three FeS based slags produced little to no reaction at 500°C over 450 hours. On
the other hand, the alloys reacted with FeS, and FeS, + Fe;04 + C produced the thickest
reaction products. These two slags were therefore selected to be used for future corrosion

testing.
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6.0 FUTURE WORK

Future research will involve extensive gaseous and solid-state corrosion testing of

multiple iron-aluminum based alloys and thermal sprays. The alloys to be used in the

next phase of this study will contain 7.5 — 12.5 wt%Al with small additions of Cr, Ti, and

Si. The alloys are presently being prepared at Oak Ridge National Laboratory (ORNL)

and will be characterized and tested when received. The HVOF thermal sprays to be

tested will be based on Fe-16wt%Al (Fe;Al) and possibly Fe- 25wt%Al (FeAl). HVOF

coating samples based on Fe-16wt%Al were prepared at Idaho National Engineering and

Environmental Laboratory (INEEL) and are presently being characterized. A matrix of

the alloys and the HVOF thermal sprays to be used in the next phase of this project can

be seen in Table V. Through these corrosion tests, iron-aluminum based weld claddings

and HVOF thermal sprays will be identified as coatings for the protection of Low NOx

boiler tubes.

Table V — Matrix of alloys and HVOF thermal sprays to be tested in next phase. All

values are in weight percent.

Alloy Fe Al Cr Ti Si
1 Bal. 7.5 N | e
2 Bal 7.5 1.0 | - - | - -
3 Bal. 7.5 20 | - — | _
4 Bal. 7.5 O — |
5 Bal. 75 e - 20 | ceeeee _
6 Bal. 75 | - I - 1.0
7 Bal. 30 2 I IR— — R
8 Bal. 10.0 1.0 | - | —
9 Bal. 10.0 2.0 R
10 Bal. 10.0 50 | - - ——
11 Bal. 10.0 ——— 20 1 - —
12 Bal. 100 | - SR — 1.0
13 Bal. | S R — U R —
HVOF 1 Bal. 16.0 e I R -
HVOF 2 Bal. 250 | - — | — | e —
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