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AbstractÐTernary phase diagrams, in conjunction with microscopy techniques and reaction product chem-
istries, were used to describe the possible ``di�usion paths'' and resulting morphologies that may occur
during formation of corrosion scales from high temperature gaseous exposure. Iron with 5 wt% of alumi-
num was exposed to reducing and oxidizing environments at 7008C. Characterization of the surface reac-
tion products was conducted using microscopy techniques with energy dispersive spectroscopy and electron
probe microanalysis. Under both conditions, iron di�used outward to form surface reaction products,
either iron sul®de or iron oxide. The ingress of sulfur or oxygen through the previously formed reaction
products was found to produce internal corrosion phases within the alloy. By plotting chemical infor-
mation acquired from the corrosion scales on ternary phase diagrams, development of the phase layer
sequence and morphologies of the multiphase corrosion scales was schematically explained. This analysis
was conducted using conventions summarized by Clarke (Trans. Am. Inst. Min. Engrs, 1963, 227, 1250) for
plotting di�usion paths in multiphase ternary di�usion studies from solid-state reactions. By presenting the
experimental data in this manner, the morphological development of the scales was related to the compo-
sition path on the ternary phase diagrams. 7 2000 Acta Metallurgica Inc. Published by Elsevier Science
Ltd. All rights reserved.
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1. INTRODUCTION

High temperature gaseous corrosion is a problem
encountered in fossil-®red boilers operating in the
utility industry. High wastage rates of the boiler

tube walls can occur by means of corrosion reac-
tions between the corrosive by-products produced
by burning coal and the tube material (typically a

low alloy steel) that form non-protective surface
scales. Therefore, many new corrosion resistant
compositions are being identi®ed and evaluated,

with the corrosion behavior of the alloy as a critical
factor in determining its use for industrial appli-
cation. Presently, iron±aluminum alloys, in the

form of weld overlay coatings, are one of these can-
didates. These materials have shown excellent cor-
rosion resistance to both oxidizing [1±5] and
sul®dizing [6±21] environments. However, a detailed

description of their scale development has not been
conducted.
It has been observed that an important factor

controlling the overall corrosion rate of a material

is the type and morphology of the reaction surface

product that forms on an alloy during exposure [22,

23]. Hence, characterization of these corrosion

scales is crucial in understanding the protective/

non-protective nature of the phase(s) that may

develop. This is usually conducted through alloy ex-

posure to the corrosive gas of interest at tempera-

ture followed by post-exposure analysis of the

corrosion products. Typical analysis for the scales

include microscopy (light optical and electron),

chemical analysis (e.g. energy dispersive spec-

troscopy, electron probe microanalysis, Auger spec-

troscopy, secondary ion microscopy), and crystal

structure determination (e.g. X-ray di�raction).

These techniques provide an understanding of the

corrosion reactions taking place, but do not shed

any light on the phase layer sequence or morpho-

logical developments. Other types of corrosion ana-

lyses [24], such as solid±solid di�usion couple

studies between the scale material and alloy, have

been conducted which investigated the phase layer

sequence, morphology, and phase equilibria of the
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corrosion reactions. This was examined through ap-
plication of solid-state di�usion couple techniques,

microscopy, and plotting of chemical composition
pro®les using di�usion path conventions described
by Clark [25]. The analysis entailed both the physi-

cal aspects of the corrosion products as well as
described their morphological development. As gas-
eous corrosion studies proceed from gas±solid reac-

tions at the alloy±scale interface upon initial
exposure to solid±solid di�usion couples between
the alloy and reaction scale formed at extended

times, a similar type of analysis was conducted for
samples exposed to high temperature gaseous ex-
posure. These studies were performed on iron±
aluminum alloys in both oxidizing and sul®dizing

environments.

2. EXPERIMENTAL PROCEDURE

The Fe±Al alloys used during this research were

produced at Oak Ridge National Laboratory (Oak
Ridge, TN) by arc melting high purity Fe (99.99%)
and Al (99.99%) under argon and drop casting into
a water cooled copper mold. Substrates, with

dimensions of 1 cm � 1 cm � 2 mm, were sectioned
from the bulk using a high speed diamond saw fol-
lowed by grinding of the surface to 600 grit.

Specimens were prepared immediately before inser-
tion into the balance with prior steps of ultrasonic
cleaning in soapy water and methanol. A Netzsch

STA 409 high temperature thermogravimetric bal-
ance was used to maintain stringent control on the
testing parameters, i.e. temperature, gas compo-

sition, and exposure time. The samples were isother-
mally held at 7008C for 50 h in two gas types. For
the reducing atmosphere, an argon base gas con-
taining 0.1% H2±1.0% H2S±5 p.p.m. O2 (by

volume) was used to maintain a partial pressure of
sulfur [ p(S2)] and oxygen [ p(O2)] at 10ÿ4 and
10ÿ25 atm, respectively, at temperature. The p(O2)

was determined using a solid state oxygen detector
and the p(S2) was calculated using the SolGasMix
program [26]. The oxidizing atmosphere was pro-

duced by ¯owing zero grade air into the chamber.
Corroded samples were mounted in cold setting

epoxy with subsequent grinding procedures to
1200 grit with silicon carbide papers. A ®nal polish-

ing step was conducted using 1.0 mm diamond paste
on a low nap cloth. Further polishing with any type
of colloidal alumina or silica was avoided in order

to minimize any possibilities of contamination or
pullout of the scale. The use of 200 proof, dehy-
drated ethanol was used for both lubrication and

cleansing solutions during preparation of samples
from the reducing environment in order to avoid
degradation of the corrosion products from water

[27]. Post-exposure characterization of the polished
cross-sections was conducted using light optical and
scanning electron microscopy. For the latter, a
JEOL 6300F scanning electron microscope, with an

Oxford (Link) energy dispersive spectroscopy (EDS)
system capable of detecting light elements, was

employed. Quantitative chemical information was
obtained using a JEOL 733 electron probe micro
analyzer (EPMA) equipped with wavelength disper-

sive spectrometers (WDS). The accelerating voltage
and probe current were 20 kV and 50 nA, respect-
ively. Ka X-ray lines were analyzed and counts con-

Fig. 1. Cross-sectional secondary electron micrographs of
the corrosion scale formed on the Fe±5 wt% Al alloy in
the sul®dizing atmosphere after 50 h of exposure. The
points display the location of EPMA analysis as displayed
in Table 1: (a) full scale; (b) inner layer; (c) higher magni®-

cation of the inner scale.
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verted to weight percentages using a j (rz ) correc-
tion scheme [28].

3. RESULTS

3.1. Reducing environment morphologies

Examination of the Fe±5Al samples after ex-
posure in the reducing environment revealed the
development of a bilayered, thick surface scale,

Fig. 1. The compositional data for these phases can
be found in Table 1. The outer scale was composed
of irregularly shaped plates that had the appearance
of being somewhat columnar in cross-section.

EPMA data, point 1, indicated that they were iron
sul®de (Fe1ÿxS), with minor quantities of alumi-
num, approximately 1 wt%, dissolved in solution at

their base (point 2). A secondary electron micro-
graph of the inner scale revealed that it was a por-
ous, two-phase region of dark gray plates and light

gray particles with some porosity, Figs 1(b) and (c).
Quantitative chemical information of the inner
layer as a whole was obtained by sampling areas,

approximately 25 mm2, of this region. As described
below, the results placed it in a two-phase region of
tau (t ), a spinel-type compound (FeAl2S4), and iron
sul®de. Point analysis (point 3) of the dark gray

plates indicated that they were t, with some compo-
sitional variation. Quantitative compositions of the
light gray particles could not be obtained using

EPMA due to their size. However, from their color-
ing in LOM and qualitative EDS analysis of high
Fe and S counts and low aluminum, they were

assumed to be iron sul®de. Higher magni®cation of
the t-phase revealed light colored striations in some
of the plates, Fig. 1(c). While these striations were
too small to quantitatively analyze individually, it is

believed that they may be present due to a de-
composition process of the t-phase that occurred
upon cooling from high temperature exposure.

Mrowec and co-workers [29, 30] surmised this type
of decomposition during sul®dation experiments on
FeCr alloys where a complex Fe(FexCr2ÿx)S4 spinel

was believed to have decomposed into sul®des that
were more stable at room temperature (FeCr2S4,
FeS, and Cr2S3). Attack at the alloy±scale interface

[bottom of Fig. 1(b)] showed the protrusion of the
plates into the substrate. Again, quantitative chemi-
cal information could not be obtained from the tips
due to their size, but EDS analysis showed high

counts of aluminum, iron, and sulfur indicating the
possible continuation of the t-phase. Una�ected

base metal near the protrusions, point 4, showed no
increase in the amount of sulfur or decrease in
aluminum and iron when compared with the alloy

at far distances.

3.2. Oxidation environment morphologies

For the 5 wt% Al sample in the oxidizing atmos-
phere, nodule formations of oxide product were

observed on the surface, Fig. 2. This type of mor-
phology occurred due to the simultaneous develop-
ment of a thin, passive alumina (Al2O3) scale with

coinciding growth of iron oxide products [31]. In
cross-section, Fig. 3, the nodules were found to con-
sist of multi-layered phases with varying compo-
sitions. EPMA data obtained for these phases can

be found in Table 2. The outermost layer was com-
pact with analysis indicating that it was Fe2O3

(hematite). The darker gray phase below this was

magnetite, Fe3O4. Some porosity, possibly pullout
due to the metallographic preparation of the
samples, can be observed at the inner scale±outer

scale interface, Fig. 3(b). While the corrosion pro-
duct found protruding into the substrate appeared
to be homogeneous, Fig. 3(c), its composition

resided near the corner of a multiphase region
(Fe2O3±Fe3O4±Al2O3) on the ternary diagram.
Higher magni®cation of the next layer revealed in-

Table 1. EPMA data, in wt%, obtained for the corrosion scale formed in the reducing environment on the Fe±Al alloy. Points corre-
spond to Fig. 1

Point Scale feature Fe Al S Phase(s)

1 Outer columnar scale 61.720.5 0.0 37.720.3 Fe1ÿxS
2 Base of outer scale 61.720.5 0.920.2 37.620.4 Fe1ÿxS with Al

Scan of inner layer 45.120.3 8.320.5 43.320.7 t+Fe1ÿxS
3 Dark, inner layer plate 24.020.8 20.720.3 52.821.0 t
4 Substrate near scale 95.420.3 4.920.1 0.0 a-(Fe)

Alloy at far distances 95.720.3 4.920.5 0.0 a-(Fe)

Fig. 2. Secondary electron micrograph showing the devel-
opment of oxide nodules on the surface of the Fe±5 wt%
Al alloy exposed to the oxidizing environment for 50 h.
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ternal oxidation of the alloy, Fig. 3(d). While the
precipitates were too ®ne to analyze using microp-

robe techniques, a scan of the area revealed that the
composition resided in the two-phase region of
Al2O3 and a-iron (substrate). The alloy did not con-

tain signi®cant amounts of oxygen once past the in-
ternal precipitate region.

4. DISCUSSION

4.1. Use of Fe±Al±S ternary phase diagrams

Development of the multiphase corrosion scale

produced in the reducing gas can be understood by

plotting the EPMA data on the ternary phase dia-

gram (Fig. 4), in combination with the conventions

summarized by Clarke [25] for plotting di�usion

paths in multiphase ternary di�usion studies. By

presenting the experimental data in this manner, the

phase sequence and morphological development of

the scale can be related to the composition path on

the diagram. While this path should be plotted on

the isothermal section corresponding to the ex-

posure temperature, the only ternary phase diagram

available was found at 9008C. Raghavan [32] has

suggested that the diagram would deviate only

Fig. 3. Cross-sectional micrographs of the corrosion phases formed on the Fe±5 wt% Al alloy in the
oxidizing environment after 50 h of exposure. EPMA analyses of the phases are given in Table 2: (a)
light optical micrograph of full nodule; (b) secondary electron micrograph of outer scale±inner scale
interface with possible porosity/pullout; (c) secondary electron micrograph of the mixed oxide inner

scale; (d) secondary electron micrograph of the internal oxidation layer.

Table 2. EPMA data, in wt%, obtained for the corrosion scale formed in the oxidizing environment on the Fe±Al alloy. Features corre-
spond to Fig. 3

Scale feature Fe Al O Phase(s)

Outer light gray phase 69.920.2 0.0 30.420.3 Fe2O3

Outer dark gray phase 72.320.2 0.0 27.720.1 Fe3O4

Inner dark gray phase 66.420.2 4.020.1 29.220.5 Fe2O3+Fe3O4+Al2O3

Inner precipitate region 91.220.7 5.520.2 5.020.2 a-(Fe)+Al2O3

Substrate near ppt region 95.320.5 4.920.4 0.220.0 a-(Fe)
Alloy at far distances 95.120.5 4.820.6 0.220.1 a-(Fe)

2818 BANOVIC et al.: TERNARY PHASE DIAGRAMS



slightly at lower temperature isotherms, so it was
considered for this analysis.

Figure 5 shows various portions of the diagram
to aid in schematically tracing the path from the
outer iron sul®de scale into the underlying alloy.

One end of the ``di�usion couple'' may be con-
sidered to start at the gas±scale interface with the
formation of a surface scale of iron sul®de, as

found in Fig. 1(a), due to the outward di�usion of
iron. Since no aluminum was found in the phase
near the gas±scale interface, a point located on the

Fe±S tie line at the iron sul®de composition can be
found plotted on the ternary diagram, a in Fig. 5(b).
As time increased, iron continuously di�used out-
ward, thus thickening this outer scale. At the inner

scale±outer scale interface, up to 1 wt% Al was
found dissolved in the iron sul®de phase. This com-
positional variation measured in the iron sul®de

phase is depicted by a solid line crossing the single
phase region of iron sul®de with aluminum in sol-
ution, terminating at the two-phase ®eld of

Fe1ÿxS� t [b in Fig. 5(b)].
A linear interface was observed between the outer

iron sul®de scale and the t-phase at the intersection

of these products. According to Clark [25], this is
depicted by a dashed line, parallel to tie lines, cross-
ing the two-phase ®eld of Fe1ÿxS� t and terminat-
ing at the single phase region of t, Fig. 5(c). The

exact interfacial compositions of the phases are
determined by the placement of the ends of the tie
line, b in Fig. 5(b) and c in Fig. 5(c). In order to

describe the inner scale, Figs 1(b) and (c), consisting
of t plates and iron sul®de particles, the layer may
be considered as a single phase matrix of t with

precipitates of iron sul®de. For this morphology to
occur, a solid line [line c±d in Fig. 5(d)] must dip
into the single phase region of t and return to the
two-phase region of t� Fe1ÿxS, indicating the vis-

ible thickness of the t-phase at the interface. The
di�usion path re-enters the two-phase region of

Fe1ÿxS� t and then returns to the t single phase
region [line d±e±f in Fig. 5(d)], representing the iso-

lated iron sul®de precipitates in the inner scale,
Fig. 1(c). It is assumed that the path continues
through the single phase t region, through g, and

terminates at the two-phase region of t� �a�-Fe (h).
A path of this type to describe the inner scale
would incorporate the EPMA data obtained for the

scan of the inner scale, represented by e, and for
the t plates, as indicated by g.
For the alloy±scale interface, a solid line crossing

the two-phase region of t� �a�-Fe, so as to cut tie
lines in Fig. 5(e), can represent the locally equili-
brated columnar two-phase region observed at the
scale±alloy interface. As observed on the bottom of

Fig. 1(b), this describes the nonplanar interfacial
development of the t plates with the alloy. This
type of attack into the substrates helps to show

why the two-phase inner scale is in the form of t
plates and iron sul®de particles. Penetration of the
substrate in this manner would also indicate the

inward di�usion of sulfur, most likely along phase
boundaries �Fe1ÿxS and t ) or through the porosity,
to form new product at the alloy±scale interface.

Again, the interfacial compositions of t and the
alloy would be denoted by the ends of the tie line, h
and i in Fig. 5(e). However, according to the dia-
gram, the maximum amount of aluminum in the

alloy is approximately 4 wt%. Therefore, it is poss-
ible that an aluminum depletion layer may exist in
the alloy but is not detected by the electron microp-

robe (1 mm reaction volume).
An additional point to be made concerns the

amount of aluminum found in solution in the iron

sul®de near the inner scale±outer scale interface,
point 2. According to the ternary phase diagram
supplied by Patnaik and Smeltzer [34], they quote
1.0 at.% Al �00:6 wt%� as a maximum at 9008C.
In this study, relatively high values of approxi-
mately 1 wt% Al �02:0 at:%� was found at the
lower temperature of 7008C. In addition, Stra�ord

and Manifold have also observed 1 wt% Al in sol-
ution for similar temperature regimes during ex-
posure to purely sul®dizing gases [6], and have

found up to 4 wt% in solution for growth of FeS
scales on Fe±Al alloys at 10008C [7]. A possible ex-
planation for these discrepancies may reside in the

fact that the construction of the Fe±Al±S ternary
phase diagram by Patnaik and Smeltzer [34] was
conducted using Fe±Al alloys and bulk crystals of
the sul®de phases. This may suggest that a ther-

mally grown iron sul®de phase can dissolve more
aluminum in solution than can a synthesized, bulk
phase.

4.2. Use of Fe±Al±O ternary phase diagrams

Similar to the substrate attack in the reducing at-
mosphere, degradation of the Fe±Al substrate in

Fig. 4. Fe±Al±S ternary phase diagram at 9008C with
overlaid EPMA data for the corrosion products and
underlying substrate [32]. Axes are in weight percentages.
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the oxidizing gas can also be analyzed by plotting

the EPMA data on the ternary phase diagram con-

taining oxygen, Fig. 6. However, due to the di�er-

ence in corroding species (oxygen vs sulfur), the

reaction products formed are now oxide phases.

Figure 7 shows various portions of the diagram

to aid in schematically tracing the path from the

outer Fe2O3 scale into the underlying alloy. The

``di�usion couple'' may again be considered to start

at the gas±scale interface with the formation of the

outer scales of Fe2O3 and Fe3O4, Fig. 3(a), due to

outward di�usion of iron. These phases were rep-

resented by a and b, respectively, on Fig. 7(b). The

linear interface that exists between the two iron

oxide phases suggests parallel movement along the

tie line between them. Again with time, these phases

continue to thicken as iron di�uses outward. The

next phase encountered was the darker gray oxide

that grew inward into the Fe±Al substrate, Fig. 3(c).

Development of this product was due to the pen-

etration of oxygen into the alloy. The composition

for this phase placed it near the corner of the three-

phase region of Fe2O3±Fe3O4±Al2O3 [c on

Fig. 7(b)]. The linear interface between these two

phases again suggests movement parallel to tie

lines, as seen by the arrow in Fig. 7(b) between b

and c.

According to microprobe data, the next compo-

sition lies within the two-phase region of a-
(Fe)+Al2O3, denoted by d in Fig. 7(c). These data

Fig. 5. Schematically drawn portions of the Fe±Al±S ternary phase diagram indicating the change in
composition and plotting of a possible di�usion path.
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were taken from the inner precipitate region

observed in Fig. 3(d). However, in reviewing the
Fe±Al±O diagram, it is impossible to traverse from
the corner of the three-phase ®eld, c, directly into
the two-phase region, d. Therefore, another phase

must exist between these two regions. Considering
the literature, as well as the phase diagram, the

most probable phase to form would be an alumina
layer between the mixed oxide region and the in-

ternal precipitate layer. To support this possibility,
investigations by Tomaszewski and Wallwork [5]
have shown that a thin layer of alumina may form

between the iron oxide phases and the alloy. With
this assumption, the path appears to continue paral-
lel to tie lines towards the alumina phase [arrow

from c towards e in Fig. 7(b)]. Due to the appear-
ance of a linear interface between the mixed oxide
region (with possible thin alumina scale formation)

and the internal precipitate region, the path again
travels parallel to the tie lines through the two-
phase region of a-�Fe� � Al2O3, line e±f in Fig. 7(c).
From this path, it appears that localized regions of

the matrix would be aluminum depleted due to the
interfacial compositions being dictated by the ends
of the tie line, as the alumina phase is richer in

aluminum than the initial base material. In the two-
phase region, the isolated precipitates observed in
Fig. 3(d), which are most likely alumina formed

due to the inward di�usion of oxygen, are depicted
by a solid line dipping into the two-phase ®eld of
a-�Fe� � Al2O3 and terminating at the alloy compo-

sition of Fe±7.5Al (line f±d±g). Again, this type of
path would encompass the EPMA data obtained
from the scan of the individual layers, as well as the
observed phase sequence.

5. SUMMARY

Conventional analysis of corrosion products
formed on alloys due to high temperature gaseous

exposure generally rely upon a number of mi-
croscopy and surface characterization techniques.
These latter methods typically provide the quanti-

tative chemical information and crystal structures
necessary to gain an understanding of the corrosion
reactions taking place. This paper has shown that

through the integrated use of microscopy, electron
probe microanalysis, and ternary phase diagrams,
another viable approach to facilitate in the under-
standing of not only the corrosion reactions occur-

ring, but also the corresponding phase layer
sequence and resulting morphologies that the pro-
ducts attain, can be utilized as well.
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