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Abstract The segregation of sulfur and other elements at
the interface between thermally grown alumina and a few
coatings have been reviewed and compared with studies
made at oxide/metal interfaces formed on model alloys.
The coatings studied were NiPtAl on CMSX-4 or AMI
with two different bulk sulfur contents, and NiCoCrAlY on
PWA 1484. The segregation behavior at the oxide/
PWA1484 interface was also reported. Auger electron
microscopy was used to study the chemistry at the oxide/
coating interface after portions of the oxide were removed
in ultra high vacuum (UHV) by scratches made on the
oxidized sample surface. The extent of oxide spallation in
relation to the scratch width was utilized to evaluate the
interfacial strength, which was then correlated with the
interface impurity level. Results showed strong relationship
between sulfur segregation and the composition of the
alloy substrates. In addition to substrate sulfur content, the
degree of sulfur segregation was most significantly
increased by Cr co-segregation or decreased by Y doping
of the coating. Pt and Hf could stop segregation only when
present together. P was found as a significant segregand
in one case where sulfur segregation was prevented by
Y. These behaviors are discussed in terms of various
thermochemical interactions in the bulk and at the
interface.
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Introduction

Thermal barrier coatings (TBCs) are ceramic coatings that
have been successfully applied to the surface of high-
temperature metallic components. These coatings create a
temperature drop between the operating atmosphere and
the metal surface, thus allowing the component to operate
at higher temperatures, so that higher efficiency and lower
emissions can be achieved. Between the TBCs and the
substrate, there is often an oxidation resistant coating, the
bondcoat, that oxidizes to form a slow growing a-Al,O3
TGO (thermally grown oxide) layer at the ceramic/metal
interface. One of the key questions concerning the life-time
of TBC systems is whether the ceramic top coat can remain
adherent under operating conditions that commonly
involve thermal cycling. Spallation of the TBCs is often
associated with failure at the TGO/bondcoat interface [1,
2]. Stresses, microstructure, and chemistry at this interface
are all important factors dictating the extent of its failure
and the failure mechanism. While several other papers in
this issue address the failure mechanism and microstructure
changes associated with TGO growth, this article deals
with the chemical changes that take place at the TGO/
bondcaot interface and how the TGO adhesion is affected
by these changes.

Sulfur, a common impurity in metals and alloys, can
segregate to oxide/metal interfaces during TGO growth or
high-temperature annealing. Such segregation of sub-
monolayer coverage has been observed experimentally for
many model Al,Oj/alloy systems [3] and for diffusion
bonded Ni-sapphire interfaces [4, 5]. Similar to its detri-
mental effect on grain boundaries, sulfur at the oxide/metal
interfaces also significantly reduces the interfacial strength.
This effect has been demonstrated experimentally for dif-
fusion bonded systems [5] and for TGO Al,Os/alloy

@ Springer



1712

J Mater Sci (2009) 44:1711-1725

interfaces [3, 6]. First principles calculations have also
shown that S segregation to the oxide/metal interface is not
only energetically favorable, but also decreases the work of
adhesion [7], in agreement with experimental observations.

While the interface segregation behavior has been
studied on a number of model Al,O; forming alloys, with
results summarized in a recent review [3], much less work
has been done on TGO/bondcoat interfaces, where the
alloy on which the TGO is formed consisted of at least two
layers: an oxidation resistant bondcoat and a superalloy
substrate. During high-temperature exposures, components
from the two layers will diffuse into each other, changing
the bondcoat composition from a 3-5 element system to
one that may include all the elements in the superalloy
substrate. These extra elements may affect the segregation
behavior, such that results found on model alloys may not
always be applicable to coatings.

There are two major types of common bondcoats in
commercial TBC systems: the overlay MCrAlY type
coatings, where M = Ni, Co or both, and the Pt-modified
diffusion aluminide coatings, usually of the f-(Ni,Pt)Al
phase, but more interests are now placed on the y/y’-
(Ni,Pt)Al bondcoats, because Pt in the 7y/y/ system
decreases the chemical activity of Al, thus causing an
uphill Al diffusion from the substrate to the bondcoat [8],
so that the bondcoat can have ample supply of Al to sustain
the Al,O3 TGO growth. In the MCrAlY type coatings, Y is
added to help improve the TGO adhesion. It is considered a
“reactive element”, whose function is to improve the
oxidation resistance by reducing the Al,O5 growth rate and
improving the scale adhesion [9, 10]. The way it improves
oxide adhesion may be 2-fold: by reducing the S activity in
the alloy, thus preventing it from segregating to the inter-
face [3, 11], and by segregating to the interface itself,
hence strengthening it [12, 13]. Both of these effects have
been demonstrated experimentally on model alloys with Zr
[13] and Hf [14] as the reactive elements, and by first
principles calculation with Hf [7]. In the aluminide coat-
ings, Pt is added also to improve the oxidation resistance.
The beneficial effect of Pt on Al,O3 scale adhesion has
been known for several decades [15], but the mechanism is
still unclear. It has been suggested that Pt additions elim-
inate interfacial pore formation [16, 17], but this is only
true in most but not all cases. In terms of S segregation in
NiAl alloy systems, the effect of Pt seems to vary with Al
concentration and alloy phases. In off stoichiometric f-
NiAl, Pt eliminates interfacial S segregation, and there is
no Pt but Al enrichment at the interface [18]. However, in y
or 7'-NiAl, Pt only reduces the degree of S segregation but
not eliminate it; the interface is slightly enriched with Pt,
but not Al [3, 14].

In this article, limited experimental studies to date on
the segregation behavior at TGO Al,O; and bondcoat
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interfaces will be presented and discussed. These include
f-(Ni,Pt)Al bondcoats on three different single crystal Ni-
based superalloys and one NiCoCrAlY coating on PWA
1484. These results will be compared with segregation
studies made on model alloys to evaluate the effect of
superalloy substrate components on segregation and any
synergisms between segregating elements.

Experimental procedure

The f-(Ni,Pt)Al bondcoats, on two types of single crystal
Ni-based superalloys: AM1 and CMSX4, were deposited
by platinum electroplating followed by low-activity CVD
aluminizing [19]. On the CMSX4, a NiAl coating without
the Pt was also deposited and studied for comparison [20].
The superalloy compositions are listed in Table 1. Bond-
coats on two AMI alloys were examined: one had a
common S level of 4 ppm, the other only 0.2 ppm. They
are referred to, respectively, as standard-S (s-S) and low-S
(I-S) alloys. The initial coating thicknesses were between
50 and 60 pm. They consisted of an outer single-phase
aluminide layer with an average composition of 37 Ni, 11
Pt, and 45 Al (in at.%), and an inner multi-phase diffusion
zone; the coating surfaces had a distinct network of grain-
boundary ridges. These features are typical of outward-
growing CVD nickel aluminides [16].

A NiCoCrAlY coating deposited on PWA1484 was also
studied. The substrate composition is given in Table 1. The
bondcoat, ~ 100 um in thickness, consisted of (in at.%)
40.4 Ni, 18.8 Co, 16.4 Cr, 23.3 A1,0.3 Y, 0.1 Hf, and 0.7 Si
[21]. It was deposited by vacuum plasma spraying and
subsequently shot peened and then treated with a standard
densification heat treatment at Pratt and Whitney, USA.

Tests coupons, cut to about 10 x 10 mm, were oxidized
in laboratory air between 1,050 and 1,150 °C with fast
cooling, where the samples were pulled out of the furnace
after their desired oxidation times. Other than those on the
AM1 substrate, where the bondcoat surface was polished to
a 1 pm finish with diamond paste, the samples were used in
their as-received state. All samples were cleaned ultra-
sonically in acetone and then ethanol before oxidation.

Interfacial chemical analyses were performed using a
PHI 660 Auger microscope. To expose the interface, the
oxidized sample surface was scratched with a Vickers
micro-indenter that was specifically designed and mounted
on a linear translator inside the ultra high vacuum (UHV)
chamber of the microscope [3, 22]. Scratches made this
way, when applied with sufficient load, caused pieces of
the oxide film around the scratch to spall; an example can
be seen in Fig. 8b. The scale/alloy interface was exposed if
adhesive failure took place. The method is similar to a
scratch adhesion test done under constant load, where the
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O LIS scratch width is proportional to the load and the extent of
spallation is related to the interface strength. The ratio of
the width of a scratch over the width of spalled areas

© around that scratch, therefore, was used as a measure of the
o g relative interface strength of different samples.

” M The exposed alloy surfaces were analyzed using a 0.5—
1 pum AES probe, whether on oxide imprinted areas,
where the oxide was in contact with the alloy prior to the
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oxide pieces that spalled from the scratch motion would
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Sl v, scale underside) to be examined. These locations always
consisted of only O and Al, so segregands at the inter-
face, if any, all resided on the alloy side after scale
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observed on the NiAl coating after 100 h isothermal oxi-
dation and sample weight loss became noticeable after
600-700 cycles [20].

Oxide scales on the NiAl coating can be easily scratched
off, even on the 10 h sample where spontaneous spallation
during cooling did not take place. Figure 1 shows an
interface area on this sample after portions of the scale
spalled from the scratch motion. No voids were detected
anywhere; the interface consisted of imprints no more than
I pm in size made by grains of the TGO film. Auger
analyses on several different areas of the interface all
showed a small amount of sulfur, with an average surface
concentration of 0.9 & 0.3 at.%, which amounts to
approximately 0.1-0.2 monolayer based on attenuation of
the Ni peak. An example of the interface composition is
shown in Fig. 2a. Compare to the composition of the bulk
coating (Fig. 2b), obtained from analysis made on the
bottom of the scratch track, the interface is seen to be

NiAl interface
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(b) NiAl bulk
w
=
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Fig. 2 Typical AES spectrum after scratching and TGO spallation on
(a) NiAl coating interface (b) NiAl coating within scratch mark, and
(c¢) NiPtAl coating interface. Both coatings deposited on CMSX4 and
oxidized at 1,150 °C for 250 h
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enriched not only with S, but also N, Ti, Cr, and possibly
Co as well. The oxygen and carbon are usual UHV con-
taminants, since their levels increased with exposure time
in the AES chamber. A group of peaks (marked by the
arrow in Fig. 2a) with energies close to that of Ta, W, and
Re were consistently present. Closer examination of the
peak energies seemed to suggest that they may correspond
to Rhenium. Nano-sized Re [16] and Cr [16, 23] particles
at Al,O5/NiPtAl interfaces have been previously detected
by TEM, but their fraction at the interface is not known.
After longer isothermal exposures (100 and 250 h),
extensive scale spallation took place on the NiAl coating
almost exclusively along coating grain-boundary ridges,
whether or not there were interfacial voids that formed
preferentially on them [20]. Figure 3 shows the location
and morphology of one of these voids on the 100 h sample.
Auger analysis on oxide imprinted areas (those surrounding
the voids and similar to that shown in Fig. 1) again
detected small amounts of sulfur, at 1.1 £ 0.4 and
0.9 £ 0.3 at.%, respectively for the 100 h and 250 h
samples. Other than S, the interfaces were also enriched
with other elements like those found on the 10 h sample.
Variations of the interface concentrations of S, N, Ti, Cr,
Co, Ni, and Al with oxidation time are illustrated in Fig. 4,
and compared with those detected within the coating.
Concentrations were calculated from differentiated Auger
peak heights and tabulated sensitivity factors [24]. Since
these factors were not calibrated for the current system, the

Fig. 3 SEM micrograph showing preferential TGO spallation and
interfacial void formation on grain-boundary ridges of the NiAl
coating on CMSX4 after 100 h oxidation at 1,150 °C (courtesy V.K.
Tolpygo [20])
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Fig. 4 Variation of interface composition with oxidation time (at
1,150 °C) on the NiAl coating on CMSX4 compared with compo-
sitions within the coating
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Fig. 5 SEM micrograph of a scratch-induced spallation area on
NiPtAl deposited on CMSX4 after 250 h 1,150 °C oxidation (cour-
tesy V.K. Tolpygo [20])

results of some elements may have systematic errors.
Figure 4 clearly shows that S and N segregated to the
interface while Ti, Cr, and Co were also enriched there.
The interfacial Al level was consistently lower than that in
the bulk, most likely due to Al consumption by oxidation.
Within experimental errors, all elements showed no vari-
ations with oxidation time, indicating that the interface
composition was already at a steady state after 10 h at
1,150 °C. Occasionally, P, Si and/or Ca were also detected,

but their levels were always low, <1 at.%. Of all the areas
analyzed, 23% contained P, 2% had Si and 4% had Ca;
there was no apparent relationship between these fre-
quencies with oxidation time.

Interfacial voids were only observed on the 100 h and
250 h samples. Most of the void surfaces were covered
with a thin layer of oxide, due to spallation or cracking of
the scale above the voids during cooling. Only one void
was found to be oxide-free during the AES investigation,
and its sulfur content, up to 15 at.%, was significantly
higher than that found on the interfaces. This high con-
centration on the void face is similar to that found on
binary model Ni-40Al and Ni-22Al alloys, where the sulfur
contents on their void faces were 8-12 and 14 at.%,
respectively [3]. These concentrations are close to a full
monolayer at the NiAl surface.

The oxide scales on the NiPtAl coating were much
more difficult to scratch off, indicating strong interface
adhesion. Scratching only induced small areas of spalls
(Fig. 5 is an example), which showed oxide imprints
with no voids. Contrary to the NiAl coating, no sulfur
was detected at the Al,O3/NiPtAl interface (Fig. 2c).
Due to the presence of a group of low-energy Pt Auger
peaks between 150-250 eV, the detection limit for S, at
~0.2 at.%, was twice as high as that on NiAl. These
peaks also overlapped with those of Re, W or Ta, which
appeared on the NiAl coating. Table 2 summarizes the
average compositions found at the TGO/NiPtAl coating
interface and compared them with that detected inside
the coating. Similar to the NiAl coating, the interface
was slightly enriched in Ti, Cr, and Co, depleted in Al
and contained N. Unlike NiAl, the Cr and Co enrichment
was much lower; there was also no S, as stated earlier.
The Pt concentration seems to be slightly higher at the
interface. Similar enrichment has been found on y and y'-
NiPtAl alloys [3, 14], but not on -NiPtAl [3, 18], where
instead an Al enrichment was present. With these limited
results (also see Fig. 12), it appears that Pt segregates to
the oxide/metal interface only when it is not enriched
with Al

At a few locations, on the NiPtAl as well as the NiAl
coating, high levels of Cr, from 14 up to 40 at.%, were
detected, but were not included in the average concentra-
tion calculation. These areas may be at or close to a Cr-rich
precipitate at the interface.

Table 2 Concentration (in at.%) from Auger analysis of the NiPtAl bondcoat on CMSX4 and the bondcoat/Al,O; interface. Data averaged over

samples oxidized from 10 to 250 h at 1,150 °C

S N Ti Cr Co Ni Al Pt
Inside coating 04 £04 20+£03 1.5£02 393 £5.7 502 £ 0.2 4.8 £0.7
At interface <0.2 1.6 £0.3 12+04 4.0=£02 1.9+0.1 36.1 £ 0.7 48.1 £ 0.1 6.8 £ 1.1
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Segregation on f-NiPtAl coatings on standard
and low-S AM1

Before oxidation, the external -NiPtAl layer of the coating
also included 4.6, 1 and 1 at.% of Co, Cr, and Ta,
respectively, which have diffused into the coating from the
substrate during the aluminizing process [25]. Surfaces of
the as-received coatings were lightly polished to a 1 pm
finish before oxidation at 1,100 °C in air for 1, 10, and
50 h. Detailed characterization by TEM of the micro-
structural changes of the coating deposited on the standard-
S alloy has been published [23, 26]. After 1 h, the outer
layer of the coating remained a single f§ phase, but con-
tained TCP phases along some grain boundaries and at
triple-grain junctions. With longer exposures, as the coat-
ing Al content decreased, the 7/ (NizAl) phase started to
form preferentially at 5/ grain boundaries and within the §

Fig. 6 Morphology of outer NiPtAl coating on standard-sulfur AM1
after 30-50 h oxidation at 1,100 °C, (a) SEM and (b) TEM images
(courtesy R. Molins [23])
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grains as platelets. Its volume fraction increased with
oxidation time. After 50 h, grain boundaries of the outer
layer has completely transformed into the )’ phase, and
some 7’ gains also existed at the TGO/BC interface;
examples of these morphologies are shown in Fig. 6. It is
seen in this figure that many small Cr particles were present
within the § grains. Most of them precipitated next to the '
platelets; some were also found at the TGO/bondcoat
interface. The majority of these particles are believed to
have precipitated during cooling, since their volume frac-
tion greatly decreased when the oxidized sample was
cooled by quenching in water rather than in ambient air
[27]. Similar development of the oxide and coating mor-
phology was also observed on coatings deposited on the
low-S alloy [27].

Analytical STEM analysis performed with coatings on
the standard-S alloy [23, 26] have shown the presence of
sulfur at the following locations: around the Cr and TCP
precipitates in the f phase, at /8 grain boundaries and 7'/f3
phase boundaries and at /TGO and Cr/TGO interfaces.
However, no S was detected by TEM at the TGO/f inter-
faces. It is important to note that the Cr particles were
identified by diffraction as «-Cr. Sulfur was always found
next to the Cr particles, but not within them, indicating that
they were not chromium sulfides. Figure 7 is a clear
demonstration showing S segregation around a Cr particle
that had precipitated at the TGO/coating interface. Some of
the Cr particles were also enriched with Co and Mo. Other
segregands that have been detected by TEM were Cr and
Co at y'/y’ grain boundaries and Cr, along with S, at the '/f3
interface.

Unlike the NiPtAl coating deposited on CMSX4, the
Al,O3 scale formed on this bondcoat showed severe
spallation. The degree of spalling increased with oxidation
time. Interfacial voids were numerous, and their average
size and surface fraction in the spalled areas increased with
time [26]. Figure 8a gives an example of the large interface
voids that formed after 50 h oxidation. In contrast, Al,O3
scales on bondcoats deposited on the low-S substrate did
not show any spallation during cooling [28]. Even so, the
oxide layer could be scratched off relatively -easily
(Fig. 8b); the interface contained no voids, only oxide
imprinted areas (Fig. 8c).

With the coating deposited on the standard-S alloy,
sulfur was detected at the TGO/coating interface (oxide
imprinted areas) and on interfacial void faces. The amount
on voids was quite low after 1 h (Fig. 9), but quickly
reached a steady state level of ~ 15 at.% from 10 to 50 h.
The amount on interfaces also built up slowly with time,
but the level was always less than that found on voids. By
50 h, experimental data could be separated into two dis-
tinct groups based on their sulfur concentrations, which
averaged 2 and 12 at.%, respectively. The high-sulfur areas
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Fig. 7 (a) Cross sectional TEM micrograph of NiPtAl coating on
standard-sulfur AM1 after 32 h oxidation at 1,100 °C, showing Cr
precipitate at the TGO/coating interface. (b) Corresponding EDS-
STEM line profile showing S enrichment around the particle (courtesy
R. Molins [23])

have been shown to be associated with the tiny Cr pre-
cipitates or the 7’ phases at the TGO/bondcoat interface
[26]; distributions of these features can be seen in Fig. 6.
Auger line scans taken across bondcoat grains showed
higher levels of S at the grain boundaries; an example is
given in Fig. 10. Along the line were other areas high in S.
These may be patches of y' phases present at the interface,
or areas near Cr particles that were too small to be resolved
by a conventional SEM. While no apparent relationship
existed between the amount of S and other elements at the
interface, S and Cr were found to increase concomitantly.
This relationship is illustrated in Fig. 11, where the Auger
peak heights of S and Cr, normalized by that of Ni, are
plotted against each other. Depth profiles through the
interface area always showed that Cr was located

Fig. 8 SEM images of NiPtAl coating after 50 h at 1,100 °C on (a)
standard-sulfur AM1 (courtesy R. Molins), and (b), (¢) low-sulfur
AM1

immediately beneath the surface sulfur. One such example
from the 1 h sample is given in Fig. 12. After this short
oxidation time, the coating in contact with the TGO was
still B-NiPtAl without any 7’ phase or Cr precipitates
[23, 26]. This Cr enrichment, therefore, must not have
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Fig. 10 SEM image and Auger sulfur line scan across a NiPtAl grain

deposited on standard-sulfur AM1 after its 1,100 °C-50 h TGO was
removed in vacuum
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Fig. 11 Auger peak height ratios of Cr/Ni versus S/Ni showing a
relationship between S and Cr segregation. Data points from the
1,100 °C-50 h NiPtAl/standard-sulfur AM1 sample
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Fig. 12 Auger depth profiles through NiPtAl coating deposited on
standard-sulfur AM1 after TGO (1,100 °C~1 h) removal in vacuum

come from a particle, but was Cr segregated near the
interface. The Al concentration was higher at the interface,
but there was no Pt enrichment at or near the interface,
similar to results on Al,Os/alloy interfaces formed on
model NiPtAl alloys [18].

An Auger spectrum from one of the low-S regions on
the 50 h sample is shown in Fig. 13a. Other than the
coating elements (Ni, Al, and Pt) and S, nitrogen, tita-
nium, chromium and cobalt were also present.
Occasionally, low levels of P or Si (less than 1 at.%) were
found. Of all the areas examined, 18% had P and 25%
had Si. Figure 13b shows a typical spectrum taken from
the coating deposited on the low-S alloy. Although oxi-
dized under the same condition as the sample shown in
(a), these interfaces did not display any noticeable amount
of sulfur, nor P or Si. The interface sulfur content, if any,
should be less than the detection limit of 0.2 at.%. The
two spectra in Fig. 13 demonstrated that the type and
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level of all interfacial elements, other than S, were similar
for coatings deposited on the standard or the low-sulfur
substrates. In other words, the substrate sulfur concen-
tration only affects the degree of S segregation, but not
the overall interface composition.

Segregation on PWA1484 and on the NiCoCrAlY
coating deposited on it

The vacuum plasma sprayed NiCoCrAlY is a two-phase y
and f§ coating. Nano-sized spherical y’-Ni;Al precipitates
are present in the y phase. The y' precipitates are richer in
Ni and Al, but Cr and Co partition preferentially to the y
matrix [29]. The coating oxidizes to form an alumina TGO.
After exposure at 1,100 °C for 100 h isothermally, a layer
of 7y, about 3 um thick, is developed immediately below the
TGO due to Al depletion [29].

The coated sample was cut such that one main face of
each test specimen was the coating while the other side
exposed the superalloy substrate. The substrate surface was
polished on SiC paper, but the coating surface was
untouched. Each specimen was cleaned prior to oxidation.
Three isothermal oxidation conditions were used: 1,050 °C
for 100 h, 1,100 °C for 100 h, and 1,100 °C for 2.5 h
followed by 1,050 °C for 97.5 h. In all cases, noticeable

Kinetic Energy (eV)

oxide spallation took place on the substrate surface after
cooling. Only small areas of spalls were observed on the
coating surfaces, with the 1,050 °C sample showing the
most spalls. The TGOs that formed on the coating or the
superalloy were always Al,O3. The oxide scale consisted of
thick and short platelets (after 1,100 °C or 1,100 then
1,050 °C) or long and thin whiskers (after 1,050 °C) on its
surface, beneath which was a thin layer of fine equaxed
grains, followed by a columnar grain layer at the oxide/
metal interface. An example of the 1,100 °C scale is
illustrated in Fig. 14a.

Spallation of TGOs on the coating and the superalloy
side both took place at the oxide/metal interface regardless
of whether it happened during cooling or scratching. A few
interfacial voids were observed on the specimen oxidized
at 1,050 °C. Spalled areas on all other samples showed
only oxide imprinted areas. On the coating side, broken
pegs were often observed on the metal surface; an example
is given in Fig. 14b with a near circular peg in the center
surrounded by oxide imprinted coating surface. The pres-
ence of these pegs, which were internal oxides that grew
preferentially along reactive element-rich particles in the
alloy [30], has been well documented; examples of their
cross-sections can be found in references [31] and [32].
From Fig. 14b, the peg is seen to consist of an outer layer
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Fig. 14 SEM images from the NiCoCrAlY coating after 100 h at
1,100 °C, showing (a) a fractured cross section of the TGO and (b) a
broken peg at the coating surface surrounded by TGO grain imprints

of Al,O3 and a less dense inner core, which had been
shown to contain Y, Hf, and S [33].

Sulfur was detected everywhere at the TGO/PWA1484
interface, with an average concentration of 12.7 £ 1.5
at.%. 20% of the examined interfaces also had ~3 at.% P,
but S was clearly the most dominant segregand. A typical
Auger spectrum of these interfaces is shown in Fig. 15a.
Other than an obvious enrichment of S, the interface was
also slightly enriched in Co and Cr, by about 2 at.%, and
depleted in Al by ~3 at.%.

At the TGO/NiCoCrAlY interface S was never detected,
where the detection limit was better than 0.1 at.%. Instead,
P was found every time an oxide imprinted region was
examined. Figure 14b compares the Auger spectra from the
TGO/NiCoCrAlY interface and from within the depth of
the scratch. P is seen to be a segregand at the interface.
Other than a slight Al depletion, by about 2 at.%, the
interface composition was similar to that of the bulk. The P
concentration, averaged over every oxide imprinted areas
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Fig. 15 Typical AES spectrum on surfaces of (a) PWA1484 and (b)
NiCoCrAlY coating on PWA1484, after TGO removal in vacuum.
Oxidation was carried out at 1,050—1,100 °C for 100 h. The S and P
concentrations in at.% are noted

analyzed on samples oxidized under all three conditions,
was 3.6 & 1.6 at.%. Its level varied from point to point
between 2 and 8 at.%, but there was no apparent associa-
tion with oxidation temperature or any noticeable interface
morphology. On the few void faces, found after 1,050 °C
oxidation, the average P content was 5.0 &+ 1.5 at.%, which
was similar to that found at the interface. But unlike the
interface, a small amount of S, 1.0 £ 0.6 at.%, was
detected on interfacial voids. A summary of the P and S
concentrations on these interfaces and void surfaces is
given in Fig. 16.

Relationship between segregation and interfacial
strength

The interfacial strength of each tested sample was evalu-
ated by taking the ratio of the width of a scratch over the
width of spalled areas around that scratch, since both
widths increased with increasing loads. Figure 17 shows
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the relationship between thus determined interface strength
and the amount of S or P detected at the interface. The
NiCoCrAlY coating was the only sample with P as the
dominant segregand; all others had S. The interface

strength was normalized with that obtained from the
strongest interface of this group of tested samples, i.e., the
one formed on the NiPtAl coating on CMSX4. It is seen
that in general, the higher the sulfur contents at the inter-
face, the lower the interfacial strengths, and the presence of
P seemed less detrimental than S in affecting the strength.
However, other factors, such as interfacial void density and
other segregands, particularly reactive elements, must also
have played a role. Two examples of these extra factors can
be seen here. One is between the PWA1484 substrate and
the NiPtAl coating on the standard-S AMI1. Both have
similar amounts of interface sulfur, but the high number of
voids on the latter gave rise to a much weaker interface.
Another is between the NiPtAl coatings on the CMSX4 and
the low-S AMI1 alloys. While no S above background
levels were detected on neither TGO/coating interfaces, the
latter was obviously weaker. Reasons for these differences
and the possible effects of other segregands will be elab-
orated in the discussion section.

Discussion

The amount of sulfur found at different bondcoat/TGO
interfaces and at one substrate superalloy/TGO interface is
summarized in Fig. 18. Table 3 lists the steady state levels
of segregated S or P at oxide-imprinted interfacial areas
and on voids, and compares them to scale adhesion,
expressed as relative interfacial strengths. In terms of
segregation, the following conclusions can be drawn.

18 1 T
void surface_|
16 \
P
T 14 1
g Lo
£ 12 1 J_
=
8 10 A
° X PWA1484
2 ] ' | aNiarcmsxa
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Fig. 18 Summary of the amount of sulfur found on different TGO/
coating or TGO/alloy interfaces after oxidations between 1,050 and
1,150 °C
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Table 3 Sulfur or phosphorus concentration at Al;Os/coating or alloy interfaces and its effect on scale adhesion; oxidations performed at 1,050—

1,150 °C with times from 50 to 250 h

Coating Substrate Bulk S Sir (at.%) Svoid P Pooia Relative
content (ppm) strength (%)

NiAlPt AMI1 (std-S) 4 1.94+09,120+28 153+19 02+£04,05+£06 13+£01 <1

None PWA1484* 10 127+ 1.5 - 0.6 + 1.3 - 8+ 4

NiAl CMSX4? 4 1.0 £ 0.3 15.0 <0.1 <0.1 17+5

NiAlPt AM1 (low-S) 0.2 <0.2 - <0.1 - 354+9

NiCoCrAlY  PWA1484* 10 <0.2 1.0+ 06° 37416 55+£27 34+15

NiAlPt CMSX4* 4 <0.2 - <0.1 - 100

% Alloy contains Hf
® Voids only found on sample oxidized at 1,050 °C

iF Oxide-imprinted interfacial areas

+ Standard deviation greater than P;z means only fractions of the interface contained P

— No voids detected in the scratch-induced spallation area

(a) In systems where S segregation took place, the
amount at the interface depended on the substrate S
content. This can be seen from the NiPtAl coatings on
the two AM1 alloys, and also from the high level of S
on the PWA1484, whose bulk sulfur content was
several times higher than the other superalloys.

(b) Pt in the NiAl coating prevented S segregation, but
only when the substrate contained Hf, as in the case of
CMSX4; the same was not true with the standard-S
AM1, even though the two substrates had the same
level of sulfur impurity.

(c) S segregated on the NiAl coating on CMSX4, even
though the substrate contained Hf.

(d) Hafnium in PWA1484 did not prevent S segregation.

() Yttrium in the NiCoCrAlY coating prevented S
segregation, but those interfaces had P.

(f) Enhanced interfacial S segregation took place with
excess Cr at the interface; this was observed with the
NiPtAl/AM1(s-S) coating after prolonged oxidation to
be associated with ' phases and Cr-rich precipitates.

(g) The amounts of S segregated at interfaces were
always significantly lower than those at nearby
interfacial void faces, unless there was co-segregation
with Cr.

It is unfortunate that the sulfur and other impurity
contents in the coatings were never reported and the
information was not available. Therefore, when comparing
these segregation behaviors, one had no choice but to rely
only on the sulfur level in the substrates. This could be a
serious problem, even though the above summary shows
some interesting relationships between S segregation and
the composition of the substrates. Another area of concern,
which will not be discussed due to the lack of fundamental
knowledge of segregation in multi-component systems, is
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the fact that several elements, other than sulfur, were
enriched at many of these TGO/coating interfaces. These
include Cr, Co, Ti, N, sometimes Pt and sometimes perhaps
Re as well. How do all these elements affect S segregation
or the interface strength is unknown and difficult to
address, but are real issues that cannot be ignored in future
studies. To date, only Cr and S interactions have been
documented [3, 14, 34], an example is also seen in Fig. 11,
but whether any other relationships exist between the rest
of the segregands with S is not entirely clear.

The results presented in this study, when only the sub-
strate impurity level is being considered, point to different
degrees of effectiveness of Pt, Y, and Hf in preventing S
segregation, and also some apparent synergisms between
Hf and Pt. The type of substrate and its purity level also
had a strong effect, as often inferred by cyclic oxidation
testing [28, 35, 36]. The fact that the level of S at interfaces
was always lower than that on void faces is expected, since
the void face is essentially a free surface under the TGO.
Segregation to free surfaces are often more favorable than
to grain boundaries or to interfaces [37].

Effect of Cr and alloy S content

Before discussing the effects of Pt, Y, and Hf, it is useful to
first note the role of Cr. In all of the coatings investigated,
Cr was present in the coating and often enriched at the
interface. For the NiPtAl boncoats, Cr diffused into the
coatings from the substrate starting from the aluminizing
process and continued throughout oxidation [25]. Sulfur
and Cr are known to co-segregate to surfaces and grain
boundaries [38]. Similar co-segregation has been found at
Al,Os/alloy interfaces for FeCrAl [3, 34], NiCrAl [3]
and Cr-containing 7/y’-NiAl [14]. Part of this apparent
co-segregation may be associated with nano-sized Cr
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precipitates at the interface, as that seen in Fig. 6 for the
NiPtAl bondcoat. However, the depth profile in Fig. 12 and
the lack of any observable Cr particles by TEM after this
short oxidation time suggests that true segregation due to
attractive chemical interaction between Cr and S can also
take place. In the simplest term, this amounts to an inter-
action parameter added to the segregation energy, making
segregation more favorable [3]. Since the amount of a
segregand at the surface, or interface, is proportional to its
concentration in the bulk and to the segregation energy in
that Xijg~ X0y €Xp(-AG/RT), any change in the segrega-
tion energy, AG, can significantly affect the interface
concentration, X;r. Likewise, a higher bulk concentration,
Xailoy» Will lead to a higher Xig. This relationship between
Xaoy and Xir has been demonstrated by the uncoated
PWA1484, which had the highest S level compared with
other superalloys, and also by the two NiPtAl coatings on
the standard versus the low-S AM1 alloys.

Higher interfacial S contents led to much weaker
interfaces. This is not only noted by the degree of TGO
spallation during cooling, but also demonstrated by the
amount of oxide spalled under the scratch motion, as seen
in Fig. 17 and Table 3. Porosity at the interface undoubt-
edly affected adhesion as well. Its effect can be seen by
comparing the PWA1484 alloy and the NiPtAl coating on
standard-S AM1. Whereas both have similar amounts of
interfacial sulfur, the former interface was nearly pore-free,
but the latter had a high-pore density, resulting in its much
lower strength and extensive spallation during cooling.

Effect of Pt, Hf, and the synergism between them

Comparing NiAl and NiPtAl coatings on the same super-
alloy, CMSX4, it is clear that Pt prevented S segregation to
these TGO/coating interfaces. This result agrees with
studies made on model -NiAl and NiPtAl alloys, where
additions of Pt from a few percent to up to 15% eliminated
the segregation of S after oxidations at 1,000-1,150 °C
from bulk alloys whose S content was about 3 ppm [18].
For the model f-NiAl alloys, the amount of S found at the
interface was (2.2 £ 0.5) at.% [6, 18], which is slightly
higher but comparable to that found on the NiAl coating.
When the NiPtAl coating was deposited on the standard-S
AMI1 alloy, whose bulk S content was the same as that in
CMSX4, Pt no longer prevented S segregation. Only when
the AM1 alloy had very low levels of S was the segregation
stopped. Results on the standard-S AM1, where high levels
of interfacial S were detected along with interfacial Cr
enrichment, seem to suggest that the effect of Pt in
reducing S segregation is not strong, but can be over-
whelmed by the co-segregation of Cr. The same had been
observed on a set of y/y’ Ni-22A1 alloys with or without 5%
Pt and/or Cr additions [14]. While Pt reduced the degree of

interface S segregation, Cr enhanced it even in the presence
of Pt.

Why then did Pt in the NiPtAl on CMSX4 prevent S
segregation even in the presence of interfacial Cr enrich-
ment? The most obvious difference between CMSX4 and
AM1 is the presence of Hf in the former but not in the
latter. Perhaps Hf in the alloy diffused into the coating and
then exerted an effect. However, from the fact that S was
found on the NiAl coating on CMSX4 and on the
PWA1484 superalloy, which also contained Hf, it is clear
that Hf alone was not sufficient to stop S segregation to
these TGO/coating or TGO/alloy interfaces. Yet when Pt
was present in the coating and Hf was in the alloy, S
segregation was stopped, suggesting that a combination of
Pt and Hf were needed on these coatings to eliminate S
segregation, unless the S content in the alloy was already
reduced to a very low level, like that on the low-S AMI.

Although Hf in these superalloys was not able to prevent
interfacial S segregation, its presence in model 7/y’ and
B-NiAls has been shown to be effective, not only in stop-
ping S segregation, but also in increasing the interfacial
strength [3, 14]. From cyclic oxidation studies, Hf in model
NiAl alloys has also been found to be very beneficial in
keeping the scale adherent [35, 39], implying that there was
no or little S segregation to their interfaces. However, in
MCrAl type alloys or commercial superalloys that always
contain some Cr, Hf became less effective than Y [40]. If
the role of a reactive element, like Hf and Y, is to reduce
the sulfur activity in the alloy, thus affect the segregation
energy, then it is not surprising that the effectiveness of Hf
is less than that of Y, since Y forms a stronger sulfide [41].
Also, different S and Hf activities may exist in different
types of alloys. Furthermore, the presence of Cr, due to its
co-segregation tendency with S, may also compete with the
effect of Hf in reducing S segregation.

The interplay between Pt, Hf, and Cr and the alloy sulfur
concentration can be conceptually understood with the
simple segregation equation presented before: Xip~ Xqjioy
exp(-AG/RT), where AG, the segregation energy, is related
to the chemical potential of the segregand in the bulk
versus that at the interface. A higher X,y and a greater
AG would undoubtedly increase X;r. A reduction in the
bulk sulfur activity, as associated with the presence of a
reactive element, would decrease AG and lower X;z. A
positive interaction of S with Cr introduces an additional
term to AG, thus increases Xjr. Any changes in the inter-
face energy, as Pt was suggested to do so in NiPtAl [42],
would affect the activity of S at the interface, thus affect
AG and then X;. The final level of segregation, i.e., Xk,
therefore, is a combination of all these factors.

Strengths of the TGO/coating interface were the highest
on the NiPtAI/CMSX4, where Hf was present in the
superealloy and S was absent at the interface. Studies on
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similar types of coating systems have shown that Hf was
segregated at the TGO/coating interface [16]. This pres-
ence of Hf must have strengthened the interface further,
since the NiPtAl/AMI1(s-S) sample also had no detectable
amounts of S at the interface, but its interfacial strength
was noticeably lower (Fig. 17). The ability of a reactive
element to strengthen the interface beyond its role of
eliminating S segregation has been suggested before [12,
13], and was recently demonstrated by first principles
calculations for the case of Hf in y-NiAl [7].

Effect of Y and the segregation of P

Yttrium in the NiCoCrAlY coating prevented sulfur seg-
regation to the oxide/coating interface, even though the
coating contained Cr and the substrate PWA1484 had a
high level of sulfur that segregated readily at the TGO/
PWA1484 interface. The ability of Y in preventing inter-
facial sulfur segregation have been demonstrated in
FeCrAlY alloys [43, 44] and recently in a f-Ni40Al5-
Cr0.03Y alloy (P. Y. Hou et al.,, Unpublished results).
However, small amounts of sulfur still segregated to void
faces on the NiCoCrAlY coating, and on the S-NiAICrY
alloy (P. Y. Hou et al,, Unpublished results), with an
average level of 1.5 at.%. These results indicate that Y in
MCrALY is sufficient in eliminating S segregation to oxide/
alloy interfaces, but not to free surfaces. On the latter, Y
only reduced the amount segregated, similar to prior results
obtained from in-situ AES studies on MCrAlY alloy sur-
faces [11, 12, 45]. Many cyclic oxidation studies on
superalloys and coatings also showed beneficial effects of
Y in improving TGO adhesion [32, 36], suggesting that Y
was successful in stopping interfacial S segregation.

The surprise found on the NiCoCrAlY coating studied
here was the presence of P at all the interfacial areas
examined. Although the coating surface was not polished,
it was thoroughly cleaned prior to oxidation. Therefore, the
detected P should not have been a surface contaminant.
Furthermore, the same cleaning procedure was used on the
unpolished NiAl and NiPtAl coatings on CMSX4, but no P
was detected there. Small amounts of P on some interfacial
areas were occasionally found on the low-sulfur regions on
the NiPtAl/AM1(s-S) coating and on the PWA1484 alloy,
indicating that P was also a segregand on alloys that were
less clean. However, the P level on those interfaces that
contained S was always very low and its appearance spo-
radic. It is therefore possible that while P has a tendency to
segregate to the interface, it competes with S such that S
segregation dominates. This is a reasonable assertion, since
the segregation enthalpy of P, to surfaces and grain
boundaries in «-Fe, is about half that of S [46, 47], indi-
cating a weaker segregation tendency. When the coating
contains a strong sulfide former like Y, the bulk S activity
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becomes so reduced that S no longer segregates; then P
segregation becomes prevalent. Phosphorus is known to
segregate readily to surfaces and grain boundaries and
causes grain-boundary embrittlement [48, 49]. There have
been no reports indicating the effectiveness of Y in
reducing P segregation, but Ti [50] and La [51] are known
to reduce the grain-boundary segregation of P in Fe-based
alloys. Compare with S, the same amount of P at the
interface was less detrimental to the interfacial strength, as
seen in Fig. 17. It is not known if P segregated during
cooling. Most interfacial S was probably present at the
oxidation temperature, since a prior study showed that its
level did not change with cooling rates [34]. The same is
not yet known for P, but whenever P segregated, since the
interfacial strength was tested at room temperature and
coated components are often cooled to such low tempera-
tures, its presence at the interface and its detrimental effect
on strength are still alarming.

Conclusions

The segregation behavior of sulfur and other elements at
TGO/coating interfaces have not been extensively studied.
Available results from NiAl, NiPtAl and NiCoCrAlY
bondcoats on CMSX4, AM1, or PWA1484 superalloys were
presented. It was found that the degree of interfacial sulfur
segregation (i) depended on the substrate S content, (ii)
increased with co-segregation of Cr at or near the interface,
(iii) was significantly lower than that at nearby interfacial
void faces unless there was Cr co-segregation, and (iv)
dropped to non-detectable levels when Pt was present in the
coating along with Hf in the superalloy. Pt alone in the
coating without the presence of any reactive element in the
substrate was not able to prevent S segregation; neither was
Hf alone in the alloy effective without the presence of any
Pt. The necessary combination of Pt and Hf in these coatings
and alloys is believed to be associated with the presence of
Cr, which increases the S segregation tendency. Yttrium was
effective in eliminating interfacial S segregation even in the
presence of Cr, but did not totally stop the S from segre-
gating to interfacial void faces. Phosphorus was detected
everywhere on the TGO/NiCoCrAlY interface. Other than
S, P, and Cr, most interfaces were also enriched with Ti, N,
and Co, and in one case probably Re as well. Pt in S-NiPtAl
seemed to segregate at the interface only when there was no
Al enrichment.

Sulfur at the TGO/coating interface greatly reduced its
strength. For the same amount, P was less detrimental than
S. The presence of Hf in the substrate further strengthened
an interface where S was not detected, indicating beneficial
effect of Hf on oxide adhesion beyond that of preventing
interfacial S segregation.
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