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ABSTRACT

The thermal expansion mismatch between a metallic substrate and its external oxide scale
generates a strain on cooling that is a primary cause of spallation of protective oxide scales. This study
compares thermal expansion behavior and cyclic oxidation performance of the two major composition
classes of high-temperature commercial coatings for protection of single-crystal superalloys. The
thermal expansion of cast MCrAlY (M = Ni and/or Co) alloys and cast aluminides (NiAl, (Ni,Pt)Al and
NizAl) was measured at temperatures up to 1300°C and compared to that of a single-crystal Ni-base
superalloy. The tendency for scale spallation from each alloy was evaluated by cyclic oxidation testing
at 1150°C. The coefficients of thermal expansion for the auminides were lower than those of the
MCrAlY -based aloys at all temperatures and scale adherence to the Hf-doped aluminides was generally
superior. Scale adherence to the various compositions of MCrAlY -type aloys did not directly correlate
to their thermal expansion behavior or substrate strength. For both types of materials, the presence of a
reactive element (Y ,Hf, etc.) had no detectable effect on thermal expansion but a major effect on scale
adherence. There was no obvious influence of Al content on the thermal expansion of b phase Ni-Al
compositions. The addition of Pt resulted in alower average thermal expansion for hyperstoichiometric

(Ni,PALI at temperatures above 930°C, but this effect was not observed in hypostoichiometric (Ni,Pt)Al.

INTRODUCTION

The oxidation and corrosion resistance of high-temperature alloys and coatings is dependent on

the formation and retention of athin, dense, continuous external oxide scale, which serves as a diffusion



barrier and prevents rapid oxidation of the underlying metal. Alumina (a-Al,O3) is typically the
preferred protective scale for applications above 900°C.[1,2] Thus, alumina-forming coatings, including
nickel aluminides (NiAl), precious metal-modified aluminides (e.g. (Ni,Pt)Al or (Ni,Pd)Al) and MCrAIX
alloys (where M = Ni, Co and/or Feand X =Y, Hf, Zr and/or Si) are commonly deposited on gas turbine
superalloy hardware as oxidation-resistant coatings or as bond coatings for thermal barrier coating (TBC)
systems.[2—7]

Adherence of the protective alumina scale to the underlying metal during thermal cycling
typically determines the oxidation resistance of a specific alloy or, in the case of a bond coating, the
lifetime of a TBC system.[4,6] The growth rate and spallation resistance of alumina scales can vary
widely depending on the composition[7,8] of the coating or alloy. Others attribute mechanical properties
of the substrate as a key factor in determining oxide adherence.[9,10] The relative importance of each
of these factors is not well understood. A better quantification of the phenomena that influence oxide
adherence is needed to improve life prediction capabilities and to provide direction for the design of
advanced oxidation-resistant alloys and coatings.

Some of the observed variability in protective oxide adherence can be attributed to the detrimental
effects of trace impurities, such as sulfur,[11-15] or to the beneficial effects of reactive element (RE)
dopants (e.g., Y, Hf or Zr)[7,8,16-20] or precious metal additions (e.g., Pt, Pd or Ir).[7,8,15,21-27]
However, even when reactive elements or precious metals are present, there can still be significant
variationsin scale adherence, depending on the composition and phase content of the alloy. For example,
under- or over-doping with a RE may be detrimental.[19] Even when optimally doped with a RE,
MCrAIX aloystypically display inferior scale adherence to RE-doped aluminides under thermal cycling
conditions,[8,28] athough MCrAl-type compositions typically provide superior hot corrosion
resistance.[29]

It is well known that residual stresses due to thermal expansion mismatch between metal and
oxide play an important role in degrading the adherence of protective alumina.[9,10,30,31] Significant
levels of compressive stress are induced during thermal cycling, since the thermal expansion of alumina

islessthan that of the metallic substrates. Growth stressesin the oxide, as well as plastic deformation of



the alloy at high temperature, can also contribute to the overall residual stress state of the protective scale.

Significant variations in residual stress measurements are reported for alumina scales on various
types of substrate [31,32]. These variations are likely due to differences in both the thermal expansion
behavior and the high-temperature mechanical properties of the metallic substrates. From this
perspective, a comprehensive understanding of the thermal expansion behavior of the various alumina-
forming bond coat and substrate combinations would be expected to provide a significant contribution to
efforts to model oxidation-dependent degradation processes on advanced coatings. This paper presents
thermal expansion data of various Ni-base alumina-formers, specifically cast aluminides, cast MCrAIX
alloys and superaloys. The thermal expansion data was compared to cyclic oxidation behavior of each
aloy in order to evaluate the relative influences of substrate thermal expansion and alloy composition on

oxide scale adherence.

EXPERIMENTAL

Various compositions of MCrAlY, b-NiAl, b-(Ni,Pt)Al and g -NizAl alloys were cast by vacuum
induction melting and solidified in a water-chilled copper mold at Oak Ridge National Laboratory
(ORNL). Except as noted, these cast alloys were annealed at 1300°C for 4h in quartz ampules. A single-
crystal (SX) Ni-base superalloy (René N5) was obtained from Howmet Corporation (Whitehal, MI).
The chemical composition of each alloy (Table 1) was measured by inductively coupled plasma analysis
(ICP) and combustion analysis of the as-cast materials. All compositions are reported in atom %.

Oxidation coupons (»1.5mm thick, 15mm diameter) were polished to 0.3nm aumina and
cleaned in acetone and methanol prior to exposure. Cyclic oxidation was performed at 1150°C in dry,
flowing oxygen in an automated furnace with specimens attached to alumina rods with Pt-Rh wires.
Specimens were inserted into a hot furnace, remained at temperature for 60 minutes and were cooled for
10 min in ambient air to ~30°C between cycles. Specimen mass changes were measured using a Mettler
model AG245 balance. Mass changes were corrected for evaporation of the Pt-Rh wires.

The thermal expansion specimens were fabricated via electro-discharge machining (EDM) to a
size of either 10mm or 25mm length x 3mm diameter or parallelograms of dimension 2mm x 3mm x
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10mm. Alloys that were machined in the as-cast condition were annealed during the course of multiple
thermal expansion tests. Expansion measurements were made between room temperature and 1200° or
1300°C while the samples were heated and cooled at a rate of 3°C/min using a Theta Industries (Port
Washington, NY) dual push rod differential dilatometer. Data were stored at 30s intervals. The
advantages of such an instrument have been reported by Plummer.[33] The dilatometer was of horizontal
configuration with push rods and sample holder constructed of high-density alumina. A tungsten rod with
alength of 10mm was used as the reference material. Differential changesin length between the sample
and reference were transmitted to a linear variable differential transformer (LVDT) mounted on an Invar
rod, with separate pairs of leaf springs for the coil and core. The leaf springs provided frictionless
movement of the LVDT and also maintained a push rod load of 25-30 g on the sample and reference. The
LVDT was housed in an enclosure maintained at 40°C by means of water circulated from a constant-
temperature bath. A platinum/platinum-10% rhodium type S thermocouple was used to monitor the
sample temperature. The accuracy of the expansion measurements was determined to be better than +2%
over the range of 20° to 1450°C by means of verification tests using sapphire and tungsten reference
materials heated in the sample and reference positions.

Oxidation of the samples during the dilatometer runs was minimized by evacuating the system
using a mechanical vacuum pump followed by backfilling with Ti-gettered He. This process was
repeated three times prior to each dilatometer run. During the test a He flow rate of 5ml/min was
maintained at a slight overpressure of 21kPa (3psi). Two or three measurements from 20° to 1200°-
1300°C were made on most specimens to ensure repeatability and, in selected cases, two separate

specimens from each alloy were tested.

RESULTS

Thermal Expansion M easur ements

The average coefficient of thermal expansion (CTE) values measured for each alloy over the
temperature range 200 - 1300°C are reported in Table 2. The average CTE is commonly used for
calculating the cooling stress due to the CTE mismatch in metal-scale systems. Table 2 also lists CTE



datafor polycrystalline Al,05 from Reference 34, for comparison to the alloy expansion behavior. Table
3 summarizes for each aloy the number of 1h cycles at 1150°C to zero mass change, the difference in
thermal expansion of the alloy and alumina at 1150°C, the RE addition and the estimated equilibrium
phase content at 1150°C.[35]

Thermal expansion behavior of MCrAlY alloys

The cast MCrAlY alloys showed significant variation in thermal expansion behavior asafunction
of composition and temperature. There also were differences in the shapes of their expansion curves.
Figure 1 compares average CTE versus temperature for the single-crystal superalloy (nominally along
<001>) and the four cast MCrAlY alloys over the temperature range 600 to 1200°C. The single-crystal
Ni-base superalloy had the lowest thermal expansion of the MCrAl-based alloys, with no obvious
inflections in the expansion curve.

The Ni-7Cr-13Al-Y composition was selected to mimic the Al (6.3wt..%) and Cr (6.9wt..%)
content of the superalloy (Table 1) for oxidation testing. However, its thermal expansion behavior was
quite different from the superalloy both in magnitude and shape of the average CTE curves (Fig. 1). The
model low-Cr NiCrAlY had one of the highest average CTE values. The absence of refractory elements
in the model alloy resulted in a different phase composition (Table 3) and transformationg[35] which
contributes to the difference between these aloys.

The NiCo-17Cr-24Al-Y and Ni-20Cr-19AI-Y (Ni-20Cr-10Al-Y in wt%) alloys are common
compositions for plasma-sprayed bond coatings [2,3,36-38]. The NiCoCrAlY aloy exhibited the highest
average CTE at temperatures below 980°C. The Ni-20Cr-19Al-Y specimen exhibited the lowest CTE of
the cast MCrAlY aloys until approximately 650°C. However, this aloy experienced asharp increasein
the slope of the curve from 900 to 1025°C (Fig. 1), indicative of volume expansion duetothea + g—
g+ b phase transformation.[35] After this phase transformation, the Ni-20Cr-19A1-Y had the highest
total expansion of any alloy above 1000°C. The phase transformation was reversible, based on the shape
of the cooling curve and subsequent replicate experiments. The average CTE curves were similar to
those previously measured for free-standing vacuum plasma-sprayed Ni-20Cr-19Al-Y,[39] confirming

the validity of comparing the thermal expansion of cast MCrAlY sto plasma-sprayed coatings.



The Ni-10Cr-19Al-Y aloy (Ni-10Cr-10Al-Y in wt%) was selected as a high-Al, low-Cr
composition to avoid the high temperature phase transformation that occurs in Ni-20Cr-19Al.[35] This
alloy exhibited the lowest thermal expansion of the cast MCrAlY alloys with a curve shape nearest that
of the superaloy.

Thermal Expansion Behavior of Aluminide Alloys

The compositions of the b-NiAl alloys were chosen to reflect Al contents on both sides of the
stoichiometric b composition. Platinum-modified b-NiAl compositions also were included in order to
investigate whether the beneficial effect of Pt on scale adherence was related to modification of the
thermal expansion behavior. Small amounts of Hf were added to most alloys to improve scale adherence
during cyclic oxidation testing.

Figure 2 compares the average CTE behavior of the single-crystal Ni-based superalloy to that of
three b-NiAl aloys and a NizAl cast alloy over the temperature range 600° to 1300°C. The four
intermetallic curves were similar and each exhibited a dlight increase in slope above ~1000°C. In
comparison, the thermal expansion of the Ni-base superalloy was substantially higher than the aluminides
above 1000°C. The g aloy (Ni-25A1+Hf) exhibited the lowest average CTE of all aluminides below
1200°C (Fig. 2). However, its thermal expansion increased rapidly above 1200°C, making it equal to or
higher than the b-NiAl alloys.

There was no apparent influence of Al or Hf content on b-NiAl thermal expansion. The thermal
expansion behavior of the three NiAl aloys (Ni-50Al+Hf, Ni-50Al and Ni-40Al) was nearly identical up
to 800°C, after which there were minor variations in the curves (Fig. 2). The expansion curve measured
for the Ni-50Al alloy in this study was nearly identical to those measured previously[40,41] up to 1000°C
(the temperature limit of the previous studies). The limited influence of Al content on the Ni-Al thermal
expansion behavior also was in agreement with previous work.[40]

The addition of 2.3 at% (10 wt%) Pt to hyperstoichiometric Ni-52Al alloys resulted in a lower
average thermal expansion at higher temperatures, compared to NiAl or NizAl (Fig. 3). Both the NiPt-
52Al and NiPt-52Al+Hf had very similar thermal expansion curves, with the exception of a dlight
downward inflection in the Hf-containing (Ni,Pt)Al at ~950°C. Unlike the curves of the NiAl, NiAl+Hf



and NizAl+Hf alloys, there was no rapid increase in slope of these hyperstoichiometric Pt-containing
intermetallics above 950°C (Fig. 2). These results were consistent during duplicate tests of each type
specimen.

A similar effect did not occur when Pt was added to hypostoichiometric b-NiAl. The addition of
2.5 and 5.6% Pt to Ni-49.7% Al and Ni-39Al, respectively, did not result in alower thermal expansion
relative to Ni-50.1Al, Figure 3. The thermal expansions of these two alloys were actually slightly higher
than those of the NiAl alloys (Fig. 3) above 800°C. Thus, the presence of Pt did not reduce the thermal
expansion of b-NiAl with Al contents similar to that of single phase aluminide bond coatings (£40
at%).[13,15,24-26)

Cyclic Oxidation Behavior

Figures 4, 5 and 6 show the 1150°C cyclic oxidation curves of the various MCrAlY aloys, NiAl
and NizAl intermetallics, and the Pt-modified intermetallics, respectively. Each of these alloys formed
Al,O4 scales during oxidation at 1150°C, although the MCrAlY and NigAl aloys also formed smaller
amounts of Ni-rich and/or Cr-rich spinels. Specimen mass |osses indicate scale spallation.

Cyclic Oxidation of MCrAlY Alloys

There were dramatic differences in the scale spallation behavior of the four MCrAlY alloys and
the SX superalloy, René N5. The superalloy had the best scale adherence of all the MCrAl-based alloys
(Fig. 4), as well as the lowest CTE at 1150°C. The Ni-20Cr-19AI-Y, which had the highest CTE at
1150°C, also had the worst oxide adherence of the NiCrAl aloys. However, the Ni-7Cr-13Al-Y showed
the best oxide adherence of the cast MCrAlY's, athough it had an intermediate CTE value as compared
to the other MCrAlY compositions.

In order to demonstrate the importance of the reactive element addition to scale adherence, Fig.
4 aso includes the 1150°C cyclic oxidation behavior of Ni-7Cr-13Al with no Y addition. This alloy
exhibited very poor scale adherence with massive spallation initiating in less than 20 cycles. By
comparison, the Y-doped Ni-7Cr-13Al did not begin to experience significant spallation until ~600
cycles, and the superalloy (which contained Hf and Y) maintained an adherent scale to greater than 900

cycles.



Cyclic Oxidation of Aluminide Alloys

Figure 5 compares the 1150°C cyclic oxidation behavior of the cast b-NiAl and g -NizAl aloys
to that of the superalloy. Two groups of behavior are readily distinguished from Fig. 5. Specimens with
a RE addition exhibited superior scale adherence as compared to the un-doped alloys. Comparison of the
mass change curves of Ni-50Al and Ni-50Al+Hf aloysin Fig. 5 clearly demonstrates the effectiveness
of a RE addition to improve oxide adherence. The cyclic oxidation of the Ni-50Al+Hf (b-phase) alloy
was superior to that of the superalloy and the Ni-25Al+Hf (g phase) alloy. The massloss of the g alloy
cannot be explained by CTE differences, since its CTE at 1150°C was dightly lower than that of the b
aloys (Fig. 2). However, itslower Al content and/or the formation of spinel oxides may play arole.[42]
Nevertheless, oxide adherence to the Hf-doped cast aluminides was much better than that of any of the
cast NiCrAlY alloys (Fig. 4).

Figure 6 compares cyclic oxidation mass changes of several Pt-modified NiAl aloys. The
addition of Pt to both stoichiometric and hyperstoichiometric NiAl significantly improved scale
adherence and increased the time required to attain the maximum value in the mass gain curve to ~550
cycles. The oxidation behavior of the Hf-doped NiPt-52A1 and NiPt-50Al aloys was nearly identical to
that of the Ni-50Al+Hf (Fig. 5), with no evidence of mass loss after 1000 cycles. The rates of massgain
of the un-doped NiPt-52Al and NiPt-50Al aloys were much higher than that of the Hf-doped aloys,
suggesting afaster-growing but largely adherent aluminascale.[7,8] Furthermore, the oxidation behavior
of NiPt-52Al and NiPt-50Al were nearly identical, suggesting that Al content exerts little influence on
oxide adherence in this composition range.

The Al content did play an important role in oxide adherence to some (Ni,Pt)Al compositions.
The Ni-5.6Pt-39Al alloy began to show measurable mass loss after only 60 cycles, although it spalled
rather slowly out to approximately 600 cycles. By comparison, a near identical composition with no P,
Ni-40Al, experienced massive spallation after only 40 cycles. A higher-Al, lower-Pt version, Ni-2.4Pt-
50Al, did not experience mass losses until after 600 cycles. For both Ni-40Al and -50Al, Pt reduced scale
spallation compared to the Pt-free duminide. However, both alloys with »40Al showed more scale

gpallation than the near-stoichiometric aluminides.



DISCUSSION

In evaluating the data presented here, it isimportant to try to address all of the relevant issues. In
general, two groups of alloys were evaluated, MCrAlY s and aluminides. Compared to a SX superalloy,
al the MCrAlYs have higher thermal expansion and poorer spallation resistance. In contrast, all the
aluminides have lower thermal expansion and, when doped with a RE, al have better spallation
resistance. However, trying to draw adirect correlation between CTE and spallation resistance is plagued
with problems. The most important of these is that RE additions have the largest effect of any variable
on spallation resistance and it appears from this work that RE additions (as expected) have a negligible
effect on CTE. Also, whileit is straightforward to rank the relative thermal expansion behaviors of these
alloysat 1150°C, it isdifficult to quantify their spallation resistance. In this case, time to zero massgain
has been adopted for convenience as has been done for lifetime modeling.[43] However, this method
requires an estimate for NiAl+Hf and (Ni,Pt)Al+Hf as neither has been observed to reach zero mass gain
(ZMG), the former showing minimal spallation after more than 6,000 1h cycles.[44]

Figure 7 compares the thermal expansion mismatch between alloy and aluminaat 1150°C and the
time to zero mass change for various NiAl and NiCrAl compositions. For Hf-doped aluminides a time
of 10,000h has been estimated. In order to illustrate the importance of the RE effect, a few additional
alloys have been added or highlighted. As has already been shown, without RE doping, thetimeto ZMG
for NiAl without Hf is only 220h and for undoped Ni-7Cr-13Al, even shorter. Some additional issues are
addressed by adding data points for oxide dispersion strengthened (ODS) Ni3Al [42] and a co-doped Ni-
20Cr-19Al (with Y and Hf) aloy. Improved spallation resistance has been observed for co-doped aloys
by reducing theY content and adding Hf [45] asisfound in René N5 and was suggested for MCrAl bond
coats.[46]

With this level of scatter in the data, it is clear that there is no simple correlation between
gpallation resistance and CTE. However, some specific examples from the current data set appear to
illustrate some important issues about the interrelated phenomena of therma expansion, substrate
strength, RE effects and spallation resistance. First, even with an optimized RE addition, Ni-20Cr-
19AIl+Y/Hf could only achieve atime to ZMG of 625 cycles at 1150°C. This is more than an order of
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magnitude worse than Hf-doped NiAl. The CTE mismatch for Ni-20Cr-19A1 would appear to be a
limiting factor since NiCrAl is quite weak at high temperatures and should accommodate any growth
stress or thermal stresses generated in the scale at temperature.[9,10]

Second, it is interesting to consider the case of Hf-doped NizAl compared to the other alloys.
Even with alow CTE mismatch and a Hf addition, its time to ZMG was still less than 1000h. This
behavior could be attributed to several factors. NizAl has much higher strength than NiAl at these
temperatures, and thus could be more prone to spallation because it does not accommodate scal e stresses.
This hypothesisis supported by the performance of ODS NisAl [42] which has higher creep strength than
cast NizAl but a lower number of cycles to ZMG than either Hf-doped NiAl or NizAl. However, the
spallation ranking of the NizAl alloys may be skewed by their low Al content. The mass change behavior
of NizAl+Hf could be quite different than some of the other aloys. NisAl forms a blue, transient
NiAl,O,4 scale followed by an inner alumina scale. On ODS NigAl, this outer scale has been observed
to spall and regrow while the underlying aluminaremains cracked but essentially adherent.[42] The mass
change associated with the growth and spallation of this transient spinel layer could prematurely cause
this alloy to reach ZMG. (Similar minor spallation on Hf-doped NiAl might be quickly healed without
the formation of a spinel oxide, resulting in negligible mass change.) Thus, NizAl+Hf may be ranked
lower in spallation resistance because of its transient oxidation behavior, not because of itsauminascae
adhesion. However, a smilar argument could be used for the ranking of Ni-7Cr-13Al-Y and the SX
superalloy, as both can form transient oxides. This case illustrates the problem of trying to compare the
relative scale adhesion of these aloys.

It is clear from the data in Figure 7 that RE doping has a stronger effect on time to ZMG than
thermal expansion. If each alloy type had an optimized RE addition, it might be much easier to assess
the role of thermal expansion on scale spallation. While Hf-doped NiAI[7,8] and the SX superalloy[47]
are thought to be nearly optimized, the various other alloys are not. It is suggested that Ni-7Cr-13Al+Y
had arelatively long time to ZMG because of its nearly optimized, low Y level, TableI. In contrast, the
higher Y contents of the other MCrAlY alloys correlated with shorter times for these materials. When
optimized with both Y and Hf, the time to ZMG of Ni-20Cr-19Al increased by afactor of 5, Figure 7.
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Data for alloys with optimized RE additions also might make it easier to assess the effect of
substrate strength on scale spallation, especially for the SX superalloy, René N5. From the present data
set, it could be concluded that it performed relatively well despite its good creep strength. However, it
may be performing much better than some of the other MCrAlY alloys because of its optimized RE
addition of both Hf and Y. If RE optimization produced a similar 5X benefit for Ni-10Cr-19Al+Y or
NiCoCrAlY, their number of cyclesto ZMG would exceed that of the superalloy, even though they have
larger CTE mismatches.

One hypothesisisthat if the RE addition were optimized for each class of alloys, CTE could then
be shown to be the first-order limiting factor for spallation resistance, followed by other factors such as
substrate strength. If this hypothesis were correct, then Hf-doped aluminides and the co-doped Ni-20Cr-
19AI should set an upper bound of time to ZMG versus CTE mismatch (e.g., the dashed line in Figure
7). Based on this hypothesis, the reason that the superalloy, NizAl+Hf and ODS NizAl do not reach this
upper bound is that they have higher creep strength, which decreases their spallation resistance.[9,10]

If one assumes that CTE is not an important factor and only considers creep strength in
determining spallation resistance, then the excellent behavior of the Hf-doped aluminides may be
explained by their low creep strength relative to the MCrAlY aloys. However, this hypothesis fails to
explain why the most creep-resistant alloys, René N5 and NizAl+Hf, outperform weaker NiCrAlY’s,
even the optimized, co-doped Ni-20Cr-19Al+Y ,Hf. These results suggest that substrate creep strength
fails to explain the relative spallation resistance of this set of alloys.

Aside from spallation behavior, another general issue to consider is the role of secondary alloy
additions in changing the thermal expansion behavior. The reduction in thermal expansion that results
from adding >5.5 at% of high atomic number refractory metals (W, Ta, Re, Mo) to the SX superalloy is
clearly demonstrated by comparison to the Ni-7Cr-13Al alloy (with the same Al and Cr content as the
superalloy). Thermal expansion of the superalloy was further reduced by the higher g content (g is
stabilized by many of the alloying additions in René N5) as compared to the cast MCrAlY alloys.

Considering the role of Pt on thermal expansion, one intriguing result was that the Al-rich

(Ni,PY)AI aloys showed the lowest thermal expansion of any of the alloys tested. Unlike the Pt-free
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aluminides, these alloys did not show an accelerated increase in thermal expansion at temperatures over
900°C. Thus, by 1150°C, the Al-rich (Ni,Pt)Al alloys showed significantly lower thermal expansions.
These observations can lead to speculation about the possibility of a decrease in the concentration of
point defects (especialy thermal vacancies) in the alloy with the addition of Pt. A reduction in the
number of vacancies could explain the observed reduction in the number and size of interfacial voids with
the addition of Pt,[15,24,25] as these voids are thought to form by vacancy coalescence.[48,49] Such a
mechanism could explain the improved scale adhesion with the addition of Pt. The shape of the CTE
curve for these alloys also could explain observations that Pt additions are more effective at higher
temperatures (>1050°C).[15,21,25-27,50,51]

This speculation about the role of Pt must be tempered by the observation that (Ni,Pt)Al aloys
with lower Al contents do not show similar low CTE values. Since aluminide bond coatings typically
contain Al levels of £40at.%, the results for the Al-rich alloys appear less relevant to those systems. In
the alloys with compositions closer to commercial aluminide bond coats, the lower Al and addition of Pt
appeared to have little effect on the thermal expansion compared to near-stoichiometric NiAl.

Most of the discussion has centered on the CTE mismatch between the alloys and alumina as it
pertains to thermal strains and scale adhesion. However, another mismatch to consider for a coating
system is between the substrate and the coating itself. In this regard, it is interesting that all of the
MCrAlY compositions examined have higher thermal expansion than the superalloy. Thus, it would be
expected that MCrAlY coatings would be placed in compression by the substrate during heating and, if
the stress is relaxing at temperature, would again experience compression during cooling. In contrast,
the average CTE curves of the aluminides straddle that of René N5, being lower at higher temperatures.
Thus, aluminide bond coatings could be in tension on heating and compression on cooling leading to
problems of thermal fatigue. These stresses also may cause some of the surface deformation that has

been observed in several studies of laboratory and commercial aluminide bond coatings.[6,50,52]
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Summary

1. The thermal expansion behavior of various MCrAlY, superaloy, NiszAl, NiAl and (Ni,Pt)Al
castings was measured at temperatures up to 1300°C and the relative scale adherence of each alloy was
compared by thermal cycling at 1150°C.

2.  Trends in scale adherence were difficult to correlate with thermal expansion for these alloys
because reactive element additions strongly affect scale adherence without changing the thermal
expansion.

3.  Scale adherence of the various Hf-doped NiAl aloys was much higher than that of the MCrAIlY-
type aloys and the Hf-doped NiAl thermal expansion was lower. The thermal expansion behavior of b
phase Ni-Al was not sensitive to Al or Hf content.

4. The addition of Pt to Al-rich b-NiAl improved scale adherence and clearly reduced thermal
expansion, with a lower average thermal expansion occurring at temperatures above 950°C. However,
the addition of Pt to stoichiometric or Ni-rich b-NiAl improved scale adherence while having little effect

on the thermal expansion behavior.
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Table 1. Compositions of cast alloys by | CP and combustion analysis (at%)

Alloy Ni Pt Al Co Cr Y Hf S C
Nil0Cr19AlY 704 194 9.9 0.04 0.0026 0.043
Ni50Al+Hf 49.8 50.1 005 # 0.040
NiPt52Al 458 23 51.8 0001 #
Ni20Cr19AlY  60.9 19.0 200 0.05 0.0008 0.040
Ni50Al 49.9 50.1 # 0.040
NiCol7Cr14AlY 41.8 235 169 174 032 007 0.0005 0.040
NiPt52AI+Hf 452 24 52.2 005 # 0.040
Ni7Cr13AlY 80 125 7.2 0.012 0.003 0.045
Ni40Al 59.7 40.3 # 0.040

SX ReneN5*  64.9 139 73 7.8 0.003 0.05 0.0007 0.250
Ni25A1+Hf 75.1 24.8 006 # 0.041
NiPt5OAI+Hf 478 25 49.7 0.05 0.0004 0.040
NiPt39Al 558 56 38.7 # 0.027
NiPt-50Al 474 24 50.2 0.0004 0.04

# - below ICP detection limit for S of 4ppmaand C of 0.04 at%

* René N5 also contained: 2.11 Ta, 1.61 W, 1.02 Re, 0.90 Mo, 0.15 Si, 0.0125 Ti, 0.003 Zr

Table 2. Average Coefficient of Thermal Expansion (ppm/°C)

Nominal

Composition 200°C 600°C 800°C 900°C 1000°C 1100°C 1150°C 1200°C
(at%)

A|203+ 7.5 8.6 9.2 94 9.7 10.0 101 10.3
NiPt52Al+Hf 134 14.2 145 14.6 14.8 15.0 151 15.2
NiPt52Al 135 14.3 14.6 14.8 14.9 151 15.2 15.2
Ni40Al 138 14.8 151 153 154 155 15.6 157
Ni50AI+Hf 14.0 14.7 14.7 149 15.0 154 15.6 159
Ni50Al 135 14.5 14.8 15.0 15.3 15.6 15.8 159
Ni25A1+Hf 13.0 141 145 14.8 151 154 15.6 15.9
NiPt39Al 134 14.6 15.0 153 15.6 159 16.0 16.2

NiPt50AlI+Hf  13.6 14.6 14.9 151 155 159 16.1 16.4
NiPt35AI+Hf 126 14.2 14.7 152 15.6 16.1 16.4 16.5
superalloy 12.6 13.7 144 15.0 15.7 16.6 17.2 179
NiCrAlY 135 14.6 152 15.8 16.4 17.2 17.8 18.6
NiCol7Cr14AlY 13.7 153 171 17.9 185 18.9 191 195
Ni7Cr13AlY 141 159 17.0 17.7 18.6 19.2 193 194
Ni20Cr19AlY 133 14.6 15.7 16.3 189 20.2 20.3 204

* from reference 34
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Table 3. Comparison of Number of 1h Cyclesto Zero Mass Gain at 1150°C to CTE differencewith
Al,O5 at 1150°C, Alloy RE content and Phase Composition.

Alloy Cyclesto ACTE Alloy RE Alloy

Composition ZeroMass Oalloy™OAl,05 Content Phases
(at.%0) Gain (ZMG) at 1150°C (at.%) at 1150°C*
Ni50AI+Hf >1000 5.8 0.05 Hf b
NiPt52A1+Hf >1000 5.0 0.05 Hf b
NiPt50A|+Hf >1000 6.0 0.05 Hf b
NiPt52Al >1000 51 None b
René N5 ~1000 71 0.003Y g+d
0.05 Hf

Ni25A1+Hf 830 55 0.06 Hf g
Ni7Cr13AI+Y ~675 9.2 012Y g
NiPt-39Al ~400 6.0 None b
Ni10Cr19AI+Y ~325 7.7 0.04Y g+d
Ni-50Al ~220 5.7 None b
NiCoCrAl+Y ~175 9.0 0.032Y n.d.
Ni20Cr19AI+Y ~120 10.2 0.05Y g+b
Ni40Al ~40 5.9 None b

* NiCrAl phase compositions based on Ref. 35.
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Figure 1. Plots comparing the higher-temperature regions of the average CTE curves for cast NiCrAlY
alloys and asingle-crystal Ni-base superalloy.
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Figure 2. Plots comparing the higher-temperature regions of the average CTE curves for cast NiAl,
NisAl and asingle-crystal Ni-base superalloy.
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Figure 3. Plots comparing the higher-temperature regions of the average CTE curves for cast (Ni,Pt)Al,
and NiAl. The hyperstoichiometric Pt-modified aluminides exhibited a remarkably lower average CTE
at temperatures above 950°C.
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Figure 4. Cyclic oxidation performance of cast NiCrAl and the single-crystal Ni-base superalloy during
1h cyclic testing at 1150°C. Note the important benefit of Y on scale adherence to Ni-7Cr-13Al.
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Figure 5. Cyclic oxidation performance of cast NiAl, NizAl and a single-crystal Ni-base superalloy
during 1h cyclic testing at 1150°C. Note the beneficial effect of Hf on scale adherence to Ni-50.1Al.
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Figure 6. Cyclic oxidation performance of SX superalloy and cast (Ni,Pt)Al aloys during 1h cyclic
testing at 1150°C. The addition of Pt improved scale adherence, but not to as great an extent as Hf. Note
that NiPtAl with 50 and 52% Al showed near identical oxidation behavior.
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Figure 7. Plot of thermal expansion difference between the alloys and alumina versus spallation
resistance at 1150°C. Spallation resistanceis expressed as a function of the number of 1-h cyclesto zero
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illustrate the role of RE additions (e.g. Y,Hf) and alloy strength on performance. Arrows illustrate the
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