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ABSTRACT

A computational approach has been undertaken to design and
assess potential Fe-Cr-Ni-Al systems to produce stable
nanostructured —corrosion-resistant coatings that form a
protective, continuous scale of alumina or chromia at elevated
temperatures. Phase diagram computation was modeled using
the Thermo-Calc”® software and database [1, 2] to generate
pseudo-ternary Fe-Cr-Ni-Al phase diagrams to help identifying
compositional ranges without undesirable brittle phases.
Computational modeling of the grain growth process, sintering
of voids, and interface toughness determination by indentation,
assessed micro-structural stability and durability of the
nanocoatings fabricated by a magnetron-sputtering process.
Interdiffusion of Al, Cr, and Ni was performed using the
DICTRA" diffusion code [3] to maximize the long-term
stability of the nanocoatings.

The computational results identified a new series of Fe-Cr-Ni-
Al coatings that maintain long-term stability and a fine-grained
microstructure at elevated temperatures. The formation of
brittle sigma phase in Fe-Cr-Ni-Al alloys is suppressed for Al
contents in excess of 4 wt.%. Grain growth modeling indicated
that the columnar-grained structure with a high percentage of
low-angle grain boundaries is resistant to grain growth.
Sintering modeling indicated that the initial relative density of
as-processed magnetron-sputtered coatings could achieve full
density after a short thermal exposure or heat-treatment.
Interface toughness computation indicated that Fe-Cr-Ni-Al
nanocoatings exhibit high interface toughness in the range of
52-366 J/m’. Interdiffusion modeling using the DICTRA
software package indicated that inward diffusion could result in
substantial to moderate Al and Cr losses from the nanocoating
to the substrate during long-term thermal exposures.

INTRODUCTION

Energy-producing steam and gas turbine components operate in
a severe environment at elevated temperatures. For protection
against environmental degradation, both MCr and MCrAl
(where M = Fe, Ni, Co or combination of these elements) are
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widely used in industry. A large number of oxidation—resistant
Ni-Cr-Al coatings are available for protection of gas-turbine
protection at service temperatures up to about 1100°C [4-12].
For these Ni-based coatings, the Cr content ranges from 3 to 22
wt.% and the Al content ranges from 2-20 wt.%, with no or
little Fe. Most of the Ni-Cr-Al coatings are processed using
conventional methods and exhibit normal grain sizes. Recently,
some investigators have processed Ni-Cr-Al coatings with a
nano-scaled grain structure [4—11].

Several Fe-Cr-Ni-Al coatings with nano-scaled grain structure
are also reported in the literature [13—15]. Liu et al. [14, 15]
reported the oxidation characteristics of sputtered-deposited
nanocrystalline Fe-Cr-Ni-Al coatings with 25-26 wt.% Cr, 19.3
wt.% Ni, and 3.4-4.2 wt.% Al, with and without 1.8 wt.% Mn.
The compositions of these coatings are essentially those of 310
stainless steels (Fe-25Cr-19.3Ni) with the additions of 3.44.2
wt.% Al and 1.8 wt.% Mn. Nanocoatings based on 304 stainless
steel compositions with 3 wt.% to 10 wt.% Al additions (Fe-
18Cr-8Ni-zAl, where z ranges from 3 to 10 wt.%) were also
reported [13]. By virtue of a nano-scaled grain structure, these
nanocoatings are capable of forming a continuous Al,O; oxide
scale in 100 hours at 800 and 900°C [14], and 50 hrs at 950°—
1050°C [15]. These authors did not report oxidation results for
longer times of thermal exposure.

He et al. [16] reported the synthesis of micro-crystalline Fe-Cr-
Ni-Al-Y,0; oxide-dispersion strengthened alloy coatings by
electric-spark deposition using Fe-20Cr-4.5A1-0.5Ti-0.5Y,0;-
0.23C-0.002S (in wt.%) as an electrode and Fe-1Cr-18Ni-9Ti as
the substrate. The coating produced was Fe-18.9%Cr-7.98%Ni-
2.41%Al. Because of its relatively low Al content, this
particular coating (Fe-18.9%Cr-7.98%Ni-2.41%Al) does not
form continuous Al,O;, but rather forms a combination of
mixed FeCr,O,4 and Cr,O3 [16]. Thus, it is unknown whether or
not that coating containing low levels of Al provides long-term
protection. There are also questions about the long-term
stability of the nano-sized grain structure at -elevated
temperature.
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Since elevated-temperature tests are expensive, there is a need
for an efficient approach to reduce the cost and lead time for
developing novel coatings with improved oxidation and
corrosion performance. One possible approach is to utilize
computational methods to design and optimize the
compositions and to interrogate the microstructural stability of
nanostructured coatings. In this paper, we report the use of an
integrated computational approach to develop a stable
nanostructured coating that produces a protective, continuous
scale of alumina or chromia. The computational efforts
included (1) the use of Thermo-Calc® software and database [1,
2] for computing pseudo-ternary phase diagrams for the design
of nanocoatings; (2) the use of grain growth model, sintering
model, and interface toughness model for optimizing
microstructural stability and interface integrity; and (3) the use
of DICTRA diffusion code [3] for maximizing the long-term
stability of the nanocoatings. The candidate nanocoatings were
fabricated by a magnetron-sputtering process.

COMPUTATIONAL
COMPOSITIONS

DESIGN OF NANOCOATING

Pseudo-ternary phase diagrams for Fe-Cr-Ni-Al systems were
computed using Thermo-Calc Windows Version 4 (TCW-4) [1]
and TCFES [2], which is a thermodynamic database for steels
and Fe-based alloys by Thermo-Calc Software. This effort was
intended to provide guidance on the phase relations of both
alumina and chromia formers over the operating temperature
range for selected aluminum contents. The intended
application of the Fe-Cr-Ni-Al coatings is fossil-fired steam
turbine boilers. Since the application temperatures can range
from 455°C to 750°C, the pseudo-ternary phase diagrams were
computed from 327°C to 927°C at 100°C increments. The
aluminum content was selected to range from 0 wt.% to 14
wt.% at 2 to 3 wt.% increments. One of the goals of the phase
diagram computation is to identify the minimum amounts of Al
addition required to suppress sigma phase formation in Fe-Cr-
Ni-Al alloys. To achieve this goal, the Fe-Cr-Ni-Al pseudo-
ternary phase diagram was computed for 727°C by increasing
the Al content from 0 wt.% to 10 wt.% at 1 wt.% increments.

The computational results have been utilized to establish the
minimum Al contents and temperature where ¢ phase would be
suppressed. The results are presented in Fig. 1, which indicate
that a 4 wt.% Al addition or greater suppresses the formation of
o phase in Fe-Cr-Ni-Al at 372—627°C. The amount of Al
addition required to suppress ¢ phase formation decreases with
increasing temperature to about 3 wt.% Al at 727°C and to
2 wt.% Al at 827°C, as shown in Fig. 1. At Al contents greater
than 4 wt.%, the microstructures of Fe-Ni-Cr-Al contain ferrite
(bee), austenite (fcc), or a combination of ferrite + austenite.
Alis a bce stabilizer that expands the bcc phase field, but
diminishes the o phase and austenite (fcc) phase fields in Fe-
Ni-Cr-Al. Typical pseudo-ternary phase diagrams for Fe-Ni-
Cr-Al at 727°C are presented as a function of Al content in
Fig. 2.

The general trend is that increasing Al content expands the bee
phase field and suppresses the formation o phase. Figs. 3(a),
(b), (c¢), and (d) present the pseudo-ternary phase diagrams for
Fe-Cr-Ni-10wt.%Al1 for 427, 527, 627, and 827°C. The
corresponding result for 727°C is shown earlier Fig. 2(d). At
700K, a phase field of two bcc phases (o is Fe-rich and o is
Cr-rich) and one fcc phase (y) exist in the central portion of the
phase diagram. The size of this phase field diminishes at
527°C and is completely gone at 627°C. At 627°C, 727°C, and
827°C, the equilibrium phases are a (bcc) and y (fcc).
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Fig. 1. Computational results of Al contents required to
suppress o-phase formation in Fe-Cr-Ni-Al at a
temperature in the range of 327-1027°C.
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Fig. 2. Computed pseudo-ternary phase diagrams for
Fe-Cr-Ni-Al alloys at 727°C: (a) 1 wt.% Al, (b) 3 wt.% Al,
(c) 6 wt.% Al, and (d) 10 wt.% Al
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Fig. 3. Computed pseudo-ternary phase diagrams for Fe-
Cr-Ni-Al alloys with 10 wt.% Al for various temperatures:
(a) 427°C, (b) 527°C, (c) 627°C , and (d) 827°C.

Al contents have been reported to produce alumina formation in
Fe-Ni-Cr-Al alloys [15, 17-23]. A minimum of 4 to 5 wt.% Al
is required to form a continuous alumina scale on Fe-Ni-Cr-Al
alloys. It has been reported that a minimum of 5 wt.% Al is
required to form a continuous alumina scale on coatings with a
normal grain size (> 1 pm). The critical Al content is reduced
from 5 wt.% to 3.5 wt.% Al for coating with nano-sized grain
size because of a greater Al diffusion kinetics through grain
boundaries [15, 23]. The critical Al content for Fe-Ni-Cr-Al
alloys can be further reduced to the 2.5 wt.% to 4.0 wt.% range
by controlling the contents of microalloying elements such as
Ti, V, and Nb [24-26]. The minimum Al content required for
Al,O; formation is also about 3.5 wt.% Al for aluminide
coatings on Fe-based alloy substrates [27]. To ensure a
sufficient Al source, we have tentatively selected 10 wt.% Al as
the desired Al contents for the Fe-Ni-Cr-Al nanocoating
compositions.

The candidate nanocoatings were fabricated using a magnetron-
sputtering process, which previously produced nanostructured
Fe-18Cr-8Ni-xAl coatings for several Al contents as part of a
small business technology transfer program [28]. These
coatings typically contained a columnar-grained microstructure
with small amounts of pores in the as-processed condition. The
grain size was in the micrometer range in the columnar grain
growth direction, but was on the nanometer range (average
grain size = 350-550 nm) in the transverse direction. Efforts
are currently underway to further reduce the grain size by
altering the deposition parameters. Computational methods

applied to assess the evolution of the microstructure, the
durability, and the long-term stability of these nanocoatings are
highlighted in the following four sections.

Grain Growth Modeling

The expression for grain growth kinetics is generally given by
[29]

d?—dg =kt (1

where d and d, are current and initial grain diameter,
respectively, t is time, and k, is a microstructure parameter
given by [25]

4
kg nggbygb(n_6) @

where My, and y4, are the mobility and energy of the grain
boundaries, respectively, and n is the number of the grain
neighbor. The grain boundary mobility is related to the
diffusion coefficient (D) as given by

@ Q
M =0 exp| - — 3
® 5RT Xp( RT) ©)

where Q is the molar volume, §, is the grain boundary
thickness, D, is the pre-exponent coefficient for diffusion, Q is
the activation energy for diffusion, R is the universal gas
constant, and T is absolute temperature.

The activation energy for grain growth is closely related to the
activation energy for the controlling diffusive mechanisms. In
Fe-based alloys, the activation energy for grain growth can vary
from 91 kJ/mol to 404 kJ/mol [30]. The high value is associated
with grain growth in a columnar-grained structure [30].

Eqgs. (1)—~(3) were utilized to compute the grain diameter as a
function of anneal times for equiaxed and columnar
microstructures of as-processed magnetron-sputtered Fe-18Cr-
8N-10Al coating at 750°C. The results are compared against
experimental data for the columnar-grained nanocoating in
Fig. 4. The grain sizes of the columnar grain structure in the
nanocoatings were measured on a plane normal to the columnar
growth direction via Orientation Image Microscopy (OIM).
The distribution of the grain diameter for the as-deposited Fe-
18Cr-8Ni-10Al nanocoating is presented in the Fig. 5. The
corresponding mean diameter is 1.23 pm with a standard
deviation of 0.43 um. The theoretical calculation indicates that
very little grain growth occurs in the columnar microstructure
at 750°C, which is in agreement with the experimental data. In
contrast, substantial grain growth occurs in an equiaxed
microstructure. The different grain growth kinetics is due to
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the large difference in the activation energy for grain growth,
which is 404 kJ/mol [30] for columnar grain structure and
245 kJ/mol for the equiaxed grain microstructure [30].
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Fig. 4. Predicted grain growth kinetics using the activated
energy values for equiaxed and columnar grain structures
compared to experimental data for Fe-18Cr-8Ni-10Al
nanocoatings with a columnar grain structure at 750°C.
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Fig. 5. Grain diameter distribution for Fe-18Cr-8Ni-10Al
nanocoating in the as-coated condition.

To understand the high activation energy for the columnar grain
structure, OIM was also utilized to characterize the grain
orientation, and the grain boundary characters in the Fe-Cr-Ni-
Al nanocoatings. Fig. 6 shows the color-coded orientation map
for the as-processed Fe-18Cr-8Ni-10Al coating, which shows a
random distribution of grain orientations. In contrast, the grain
boundaries in the columnar structure are mostly low angle
boundaries with 49% of the grain boundaries having less than a
15° misorientation angle. Fig. 7 shows that about 39% of the
grain boundaries are mis-oriented by 4° or less. The distribution
is fairly uniform at misorientation angles higher than 4°. The
higher activation energy for grain growth in the columnar
structure appears to be the result of the presence of a large
fraction (about 50%) of low angle boundaries (< 15%

misorientation) in the microstructure. Thus, a key to maintain a
fine-grained structure that resists grain growth is to have a high
population of low-angle grain boundaries in the nanocoatings.
On the contrary, a high population of high-angle grain
boundaries may lower the activation energy for grain growth
and promote grain coarsening.

Color Coded Map Type: Inverse Pole Figure [001]
Body Centered Cubic

Fig. 6. Colored—coded orientation map for as-coated Fe-
18Cr-8Ni-10Al nanocoating on 304 stainless steel substrate.
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Fig. 7. Distribution of grain boundary misorientation
determined by EBSD for as-coated Fe-18Cr-8Ni-10Al
nanocoating on 304 stainless steel substrate.

Sintering Modeling

Connected grain boundary pores are undesirable in coatings
because they promote internal oxidation by providing access of
oxygen to interior grains. Experimental data indicated the
presence of voids and gaps between columnar grains in the as-
deposited magnetron-sputtered nanocoatings. The volume
fractions of voids ranged from 10% in the as-processed
condition to about 2% after cyclic oxidation at 750°C for 1500
one-hour cycles, Fig. 8. The decrease in void density was the
result of sintering after high-temperature exposure.

An existing sintering model was utilized to compute the linear
shrinkage rate (AL/L) according to [31]
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where D is self-diffusion coefficient, y, is surface energy, r is
grain radius, a is lattice parameter, t is time and k is
Boltzmann’s constant. The relative density is given in terms of
the linear shrinkage rate as [31]

_ '[I‘ALT ©®)
P =pi 3

where p; is the initial density.

Using Egs. (4) and (5), the relative density was computed as a
function of time for Fe-Cr-Ni-Al nanocoatings and the results
are compared against experimental data in Fig. 8. The as-
coated Fe-18Cr-8Ni-10Al coating was about 90% dense, but
the relative density increased with increasing times cyclic
oxidation to almost 98% dense after about 1373 hours of
thermal exposure at 750°C. The model prediction is in good
agreement with the experimental data. The presence of pores in
the coating allows oxygen penetrations and internal oxidation
deep inside the nanocoatings. To eliminate oxygen penetration
through connected pores, the grain boundaries pores must be
eliminated or sealed off from the interior grains. The sintering
model was utilized to estimate the time required to eliminate
the pores. The results indicate that the initial density of the as-
fabricated coating must be greater than 98% dense (i.e., less
than 2% porosity) in order to eliminate all pores in less than 45
hours at 750°C. The sintering time increases to 320 hours at an
initial relative density of 95%. Unlike ceramic coatings, the
strain compliance of the metallic nanocoatings is not expected
to decrease after sintering to achieve full density since the
nanocoatings are inherently ductile.

Interface Toughness

The adhesion and spallation characteristics of the as-deposited
nanocoatings were investigated by performed indentation tests
using the Rockwell C indenter at 150 kg load. Indentation
usually resulted in the formation of a circular indent of radius r,
and a debonded zone of radius ry4, as illustrated in Fig. 9.
Results of 1, and 14 for various nanocoatings were measured and
the ratios of ry/r, are summarized in Table 1. The ratios of 14/,
can be utilized to compute the interface toughness (elastic strain
energy release rate) during steady-state interface debonding
under indentation. Using an established procedure described by
Drory and Hutchinson [32], the interface toughness values for
Fe-20Cr-8Ni-10Al nanocoatings and the preliminary results are
presented in Table 1. In general, the interface toughness of the
Fe-20Cr-8Ni-10Al nanocoatings are in the 52-366 J/m” range,
which are quite high compared to typical values of less than 1—
10 J/m? for brittle coatings [33], but are consistent with 14215
J/m? for ductile W/Cu coatings [33].
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Fig. 8. Theoretical relative density based on the sintering
model compared to experimental data of Fe-18Cr-8Ni-10Al
coating on Fe-18Cr-8Ni substrate. The initial relative
density of the as-processed coating must be greater than
98% in order to achieve the full density in less than 45
hours of exposure at 750°C.

Magn |———{ 500 um
50x DE-3

Fig. 9. Rockwell C indentation on a Fe-20Cr-8Ni-10Al
nanocoating on Fe-18Cr-8Ni substrate resulted in a circular
indent of radius r, and a cracked/debonded zone of radius
rq. The ratio of ry/r, was utilized to deduce the elastic strain
energy release rate or interface toughness during steady-
state interface debonding using the procedure developed by
Drory and Hutchinson [32].

Table 1. Ratios of ry/r, and interface toughness of Fe-20Cr-
8Ni-10Al nanocoatings processed under various voltage and
ion bombardment conditions.

Nanocoating ra/rp Ty, J/m’
DE-1 1.861 £ 0.230 109.6 £ 65.7
DE-2 1.438 £ 0.083 365.51£96.2
DE-3 1.832 £ 0.084 104.7 £ 26.8
DE-4 2.086 £ 0.146 52.1+21.7
DE-5 1.496 £ 0.031 2946 £29.9
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Interdiffusion between Coating and Substrate

The microstructural stability of a coating on a particular
substrate during long-term high-temperature exposures was
evaluated by performing interdiffusion computation treating the
coating and the substrate as a diffusion couple. As illustrated in
Fig. 10, the coating was taken to be 30 um on top of a substrate
that is considered to be much thicker than the coating. For the
purpose of minimizing the computation times, the substrate
thickness was taken to be 150 pm. Interdiffusion computation
was performed using DICTRA 24 [3] with TCFES [2]
thermodynamic database and MOB2 mobility database. In
these computations, only interdiffusion diffusion due to
chemical gradients was considered, but outward diffusion due
to oxidation was ignored.

Interdiffusion of Al, Cr, and Ni were computed for Fe-18Cr-
8Ni-10Al coating on Fe-18Cr-8Ni (304SS) substrate at 750°C
for exposure times of 625, 825, 1250, 2500, and 8760 hrs.
Figs. 11(a), (b), and (c) show the concentration profiles for Al,
Cr, and Ni, respectively. The initial Al concentration (dotted
line) in the coating was 10 wt.%. Inward diffusion of Al
occurred fairly rapidly and the Al concentration deceased to
about 4.1 wt.% after 625 hrs and to 2 wt.% after 8760 hrs
(1 yr). Like Al, Cr and Ni also diffused inwardly into the
substrate, but their concentration files are more complex, as
shown in Figs. 11(b) and (c). The coating contains mostly
a (bec) with about 10-20 mole % y (fcc). In contrast, the
substrate is predominantly y (fcc) but the mole fraction of o
(bce) phase increases with time as more Al diffuses inwardly
into the substrate.

Coating Substrate

30 um 150 pm

—

Fig. 10. Diffusion couple used in the interdiffusion
computation using DICTRA.

For Fe-25Cr-40Ni-10Al on Fe-18Cr-8Ni at 750°C, inward
diffusion of Al, Cr, and Ni into the substrate after 825 hrs of
exposure is presented in Figs. 12(a), (b), and (c), respectively.
As shown in Fig. 12(a), there is some inward diffusion of Al
into the substrate, but the rate of Al loss to the substrate is
considerably lower compared to coatings with lower Cr and Ni
contents. In addition, Figs. 12(b) and (c) indicate that the Cr
and Ni loss to the substrate is also lower. The phase fraction
results indicate that the formation of an fcc layer at the
coating/substrate interface. This fcc layer appears to act as a
diffusion barrier that limits the inward diffusion of Al and Cr
into the substrate at 750°C.
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Fig. 11. Computed concentration profiles for Fe-18Cr-8Ni-
10Al coating on Fe-18Cr-8Ni substrate after various times
of exposure at 750°C: (a) Al distribution, (b) Cr
distribution, and (c) Ni distribution.
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Fe-25Cr-40Ni-10Al Coating

Comparison of Model

Experiment

Computation Against

Limited efforts were also initiated to compare the theoretical
computations against experimental data of Fe-Cr-Ni-Al
coatings produced in a small business technology transfer
program [28]. In this program, Fe-18Cr-8Ni-xAl coatings were
investigated at several Al contents. Without Al additions, Fe-
18Cr-8Ni (304 SS) coating showed the presence of ¢ phase in
the as-deposited and thermally exposed conditions. The micro-
structure was predominantly bec ferrite and o phases, as shown
in Fig. 13(a). The o phase was suppressed by an Al addition as
small as 3 wt.% Al At 10 wt.% Al, Fe-18Cr-8Ni-10Al contained
mostly ferrite (bcc) with small amounts of austenite (fcc) after
990 one-hour thermal cycles at a peak temperature of 750°C, as
shown in Fig. 13(b). These experimental findings are in
agreement with phase-diagram computations obtained via
Thermo-Calc®.
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Fig. 12. Computed concentration profiles for Fe-25Cr-40Ni-
10Al coating on Fe-18Cr-8Ni (304 SS) substrate after 825
hours at 750°C: (a) Al concentration, (b) Cr concentration,
and (c) Ni concentration.

2Theta, Degree

(b)
Fig. 13. XRD patterns of Fe-18Cr-8Ni (304SS) and Fe-18Cr-
8Ni-10A1 (304SS+10Al) show the presence of o phase
without Al addition in 304 SS and the absence of ¢ phase in
Fe-18Cr-8Ni-10A1 with 10 wt.% Al addition. These
specimens have been subjected to 990 one-hour thermal
cycles at a peak temperature of 750°C.
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The computed concentration profiles of Al, Cr, and Ni based on
inward diffusion are compared against experimental data from
cyclic oxidation specimens of Fe-18Cr-8Ni-10Al on Fe-18Cr-
8Ni (304 SS) substrate tested at a maximum temperature of
750°C. All chemical compositions were determined by energy-
dispersive X-ray spectroscopy (EDXS). Fig. 14(a) shows a
comparison of the predicted and measured Al profiles in the
coating and in the substrate after 825 hrs of thermal exposure.
In general, the predicted Al profile is in good agreement with
the observed profile. The Al content in the coating is predicted
to decrease from 10 wt.% to 3.7 wt.% in the coating. The depth
of the interdiffusion zone is predicted to be about 70 pm. Both
predictions are in excellent agreement with the experimental
data as shown in Fig. 14(a). The corresponding concentration
profiles for Cr and Ni are compared against experimental data
in Figs. 14(b) and (c), respectively. For both Cr and Ni, the
complex profiles detailed by the computations could not be
verified by the experimental data. On the other hand, the model
predictions of minimal Cr and Ni loss to the substrate by
inward diffusion are confirmed in general.

DISCUSSION

The oxidation resistance of an Fe-Cr-Ni-Al coating depends on
the formation of a continuous alumina layer on the coating
surface. A critical Al content in excess of 3.5 wt.% to 5 wt.%
is typically required for continuous alumina formation with the
critical value of the Al content deceasing with increasing grain
sizes in the coating [15, 23]. The critical Al content is further
decreased to about 2.5 wt.% in micro-alloyed Fe-Ni-Cr-Al
alloys by eliminating Ti or V additions [24-26]. An estimate of
coating life due to Al loss by inward diffusion can thus be made
by using an Al content of 3.5 wt.% as the minimum amount
required in an oxidation-resistant Fe-Cr-Ni-Al nanocoating [15,
23]. For Fe-18Cr-8Ni-10Al on Fe-18Cr-8Ni, the Al content in
the coating decreases to less than 3.5 wt.% after about 1250 hrs
at 750°C due to inward diffusion, Fig. 11(a). For Fe-25Cr-
40Ni-10Al on Fe-18Cr-8Ni, the time to the critical Al content is
much larger than 825 hrs due to the presence of an fcc layer,
which acts as a diffusion barrier, at the coating/ substrate
interface. This finding is consistent with a previous study,
which showed that for aluminide coatings on Fe-based
substrates, an austenitic substrate acts as a diffusion barrier to
the ingress of Al and slows down the interdiffusion [34].

The formation of an interdiffusion barrier layer has also been
observed in aluminide coatings on Fe-based alloys [34, 35]. In
the case of aluminide coatings, the interdiffusion barrier layer is
comprised of a two-phase microstructure containing bee ferrites
and B2 nickel aluminides [34] or iron aluminides [35]. Thus,
the type of interdiffusion barrier layer formed at the
coating/substrate depends on both the coating and substrate.
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Fig. 14. Calculated concentration profiles compared against
experimental data for Fe-18Cr-8Ni-10Al coating on Fe-
18Cr-8Ni substrate after 825 hrs at 750°C: (a) Al content,
(b) Cr content, and (c) Ni content.

Copyright © 2009 by ASME

Downloaded From: https://proceedings.asmedigitalcollection.asme.org on 07/02/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use



The loss of Al from Fe-Cr-Ni-Al coatings may render them
susceptible to excessive oxidation resulting from difficulties in
forming a continuous alumina film formation. On the other
hand, the presence of a high Cr content in the coatings may
provide resistance against oxidation and corrosion. Thus, it is
worthwhile to compare the Cr concentration profile against the
critical content for chromia formation. The corrosion resistance
of an Fe-Cr-Ni coating depends on the formation of a
continuous chromia layer on the coating surface. A critical Cr
content in excess of 16 wt.% is typically required for
continuous chromia formation [36], but the critical Cr content
also depends on the Ni content [37]. For resistance against
type II corrosion, the critical Cr content in excess of 25 wt.% is
required [38, 39]. An estimate of coating life due to Cr loss by
inward diffusion can be made by using a Cr content of 16 wt.%
(or 25 wt.%) as the minimum amount required in a corrosion-
resistant Fe-Cr-Ni coating. For Fe-18Cr-8Ni-10Al on Fe-18Cr-
8Ni, the critical Cr content of 16 wt.% for Cr,O; formation and
reformation is met in this coating/substrate system over the
time periods considered. For Fe-25Cr-40Ni-10Al on Fe-18Cr-
8Ni, a Cr content of 16 wt.% can be maintained in the coating
after 825 hrs because of the formation of an fcc phase diffusion
barrier at the coating/substrate interface, Fig. 12(b). Additional
computations to longer time periods are required to pinpoint the
oxidation or corrosion life of this coating.

CONCLUSIONS

The conclusions reached as the results of the computational
modeling efforts are as follows:

1. Pseudo-ternary phase diagrams computed via Thermo-
Calc® software provides detailed information on the
constituent phases in Fe-Cr-Ni-Al alloys at various
temperatures.

2. The formation of sigma phase in Fe-Cr-Ni-Al alloys is
suppressed for Al contents in excess of 4 wt.% for
temperatures in the range of 600 to 1200 K.

3. Grain growth modeling indicated that the columnar-
grained structure observed in Fe-18Cr-8Ni-(4-10)Al
nanocoatings is stable and resistant to grain growth
because of a high activation energy for grain growth due
to a low grain boundary energy resulting from a high
percentage of low-angle grain boundaries.

4. Sintering modeling indicated that the initial relative
density of the as-processed coating must be greater than
98% in order to achieve full density in less than 2 days
of thermal exposure at 750°C.

5. Interface toughness computation indicated that Fe-Cr-Ni-
Al nanocoatings produced by magnetron sputtering at

SwRI exhibit high interface toughness in the range of
52-366 J/m’.

6. Interdiffusion modeling using the DICTRA software
package indicated that inward diffusion results in Al and
Cr losses from the nanocoating to the substrate during
thermal exposure at 750°C.
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