Bioxidant corrosion behaviour of CoNiCrAlY coated IN738 at 1100 °C
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Abstract
This paper investigates the bioxidant corrosion behaviour of CoNiCrAlY coated IN738 at
1100 °C. Free-standing CoNiCrAlY coatings and CoNiCrAlY coated IN738 were
isothermally oxidised in air at 1100 °C for periods up to 100 h. It is found that the bioxidant
corrosion occurred in the coated IN738 samples, in which the § phases in the CoNiCrAlY
coating were significantly consumed by internal oxidation and internal nitridation.
Aluminium nitrides and titanium nitrides were found to exist in the CoNiCrAlY coating after
bioxidant corrosion. The internal nitridation is likely to occur when no protectives oxides can

form at the coating surface.
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1. Introduction

MCrAlY (M = Fe, Co and/or Ni) coatings are widely used for oxidation-corrosion protection
of high temperature components due to their excellent oxidation and corrosion resistance [1-
8]. It is generally recognised that the protective effect of MCrAlY coatings is achieved by
forming a dense and stable alumina scale at the coating surface in elevated temperature
environments [9-16]. Depending on the compositions, MCrAlYs usually exhibit y+f or
v+y’+B multiphase structures. Work concerned on the oxide growth, B-phase depletion and
interdiffusion in MCrAlY coating systems have been extensively reported, ranging from
experimental studies to numerical simulations [17-33]. But in reality the oxidation and
corrosion behaviour of MCrAlY coatings varies with many factors, such as exposure
conditions, heat treatment history, microstructural characteristics and coating/substrate
systems [34-46]. It is reported that the oxide growth and B-phase depletion are largely
affected by the oxidation temperatures [47]. It is shown that the oxidation rate appears rather
slow below 800 °C but it is significantly accelerated when the temperature is above 1000 °C
[48]. It is also noticed that the oxide growth and spallation is closely related to the surface
morphology and heat treatment history of the coating [49-52]. To facilitate the growth of the
protective alumina scale, it has been demonstrated that an initial heat treatment can suppress
the spinel oxides formation and allow the alumina scale to growth [39]. Furthermore, it has
been found that the substrate can influence the oxidation behaviour of MCrAlY coatings and
early spallation of the protective oxides might occur [53-55]. This is likely to alter the
oxidation mechanism of MCrAlY coatings from external oxidation to the highly undesirable
internal oxidation and internal nitridation, which is also termed bioxidant corrosion.

A few studies have reported the phenomenon of bioxidant corrosion in MCrAlYs and Ni-
based superalloy systems [56-62]. Early work by Lit et al. [56] and Krupp et al. [57, 58] has
shown that the selective oxidation and internal nitridation can occur in Ni-based superalloys at

high temperatures. They have found that the AIN and TiN are likely to form underneath the



oxide scale during high temperature exposures. Han et al. have examined the kinetics of
internal oxidation and nitridation in Ni-Cr-Al alloys, in which an internal oxidation zone
immediately beneath the surface, consisting of Al,O; and Cr,Os;, and a wide internal
nitridation zone, composing of AIN and Cr,N, are reported [59]. Similar findings in FeCrAlY
alloys have also been reported by Bennett et al. [60]. More recently, the bioxidant corrosion
behaviour in MCrAlY coated Ni-based superalloys has also been reported [61, 62]. It is found
that the formation of AIN and TiN occurs near the coating/substrate interface and the Ti
content in the substrate plays a dominant role in nitrides formation and subsequent
bioxidation corrosion. These studies indicate a potential limitation of using MCrAlYs on high
Ti-content Ni-based superalloys. However, due to the limited studies available on the
bioxidation corrosion of MCrAlY systems, the mechanisms of thermodynamically induced
internal nitridation have not been well understood yet.

Therefore, considering the significance of bioxidant corrosion on the durability of MCrAlY
coating systems, the aim of this study is to investigate the bioxidant corrosion mechanisms of
MCrAlY coated IN738, specifically on the microstructural evolution of nitrides formation in
the system. Ni-based IN738 superalloy substrate is used here since it has a relatively high Ti
content (3.4 wt%). Since the Co-based MCrAlY was reported to have good corrosion and
oxidation resistance [2], free-standing Co-based MCrAlY (CoNiCrAlY) coatings are
employed as the reference samples in order to the compare and contrast the oxidation
behaviour of MCrAlY coated IN738. The isothermal oxidation behaviour of the above coating
samples were examined at 1100 °C for times up to 100 h. The thermodynamic software,
Thermo-Calc, is used to evaluate the thermodynamic properties of the oxides and nitrides in
the TCNI8 thermodynamic database. The work reported here is aiming at revealing the

mechanisms of bioxidant corrosion in MCrAlY coated IN738 at elevated temperatures.

2. Experimental procedure



2.1. Materials

A commercially available Co-based MCrAlY (CoNiCrAlY) powder (Praxair CO-210-24, Co-
31.7%Ni-20.8%Cr-8.1A1%-0.5%Y in wt%) with a size range from 20 to 45 um was used in
this study. Coatings were prepared by high velocity oxy-fuel (HVOF) thermal spraying using
a commercial MetJet III liquid fuel gun. Kerosene and nitrogen were used as the fuel and
carrier gas respectively. To manufacture free-standing CoNiCrAlY coatings, the powder was
sprayed onto to 800-grit pre-ground mild steel substrates with a dimension of 60 x 25 x 1.8
mm?3. The coatings were then debonded from the mild steel substrates to obtain free-standing
coatings. For CoNiCrAlY coated IN738 samples, the IN738 substrates were machined to the
same dimension as the mild steel substrates and were grit blasted with Al,O3 particles at a
blasting pressure of 0.5 MPa to produce a rough surface for coating adherence. The
composition of the as-received IN738 substrate is summarised in Table 1. The spraying
parameters used for preparing CoNiCrAlY free-standing coatings and coatings on IN738
substrates are essentially identical except a reduced number of passes was employed to
deposit CoNiCrAlY coatings onto IN738 substrates. The details of the HVOF spray
parameters are tabulated in Table 2. The as-sprayed surface of the deposited coatings was
ground by 800-grit sand papers to ensure a consistent surface roughness of approximate 1 pm.
An initial heat treatment was given to the as-sprayed coatings prior to the isothermal
oxidation. Samples were heat treated in a low pressure vacuum of 6.0 x 10~ mbar for 2 h at
1100 °C. This heat treatment has been found to be effective in minimising the coating
porosity and allowing the B phase to precipitate. Heat treated samples were then exposed to

laboratory air at 1100 °C for times up to 100 h followed by natural air cooling.

2.2. Material characterisation
A FEI XL30 field emission gun scanning electron microscope (FEG-SEM) operated at an
accelerating voltage of 20 kV was used for microstructural analysis. Free-standing
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CoNiCrAlY coatings and coated IN738 samples before and after isothermal oxidation were
mounted in a conductive resin, ground and polished to 1 um surface finish, and imaged by
backscattered electrons (BSE) and secondary electrons (SE). Semi-quantitative energy
dispersive X-ray analysis (EDX) was utilised to analyse the elemental compositions of
various phases. Image analysis was conducted to measure the phase fractions using Imagel
[63]. X-ray diffraction (XRD) was performed on a Bruker D-500 X-ray diffractometer at 40
kV and 25 mA using a Cu-Ko source with a wavelength of 0.15406 nm. The XRD scans were

conducted in a 260 range of 20°-100° with a step size of 0.02° and a counting time 4s per step.

2.3. Thermodynamic calculations

The phase equilibriums of CoNiCrAlY and IN738 were evaluated by Thermo-Calc. The
compositions of CoNiCrAlY and IN378 were used as the inputs to obtain the phase
equilibrium information in TCNI8 thermodynamic database. The temperature, pressure and
system size are specified as 1100 °C, 1x10° Pa and 1 mole respectively as the equilibrium
calculation conditions. Thermo-Calc employs a series of Gibbs free energy minimisation
routines to calculate the equilibrium information at various states. The equilibrium
information such as phase fraction against temperature or composition can be obtained. The
phases considered in CoNiCrAlY were liquid, v, v’, B-NiAl, ¢ whilst the phases covered in
IN738 were liquid, vy, vy’ and carbides. To evaluate the formation mechanisms of Al,03;, AIN
and TiN in air at 1100 °C, the equilibrium phases with additions of Ti, N and O were
calculated to demonstrate the thermodynamic reaction of bioxidant corrosion. The details of

how Thermo-Calc works are given elsewhere [64].

3. Results

3.1. Microstructure characterisation



The microstructure of initial heat treated free-standing CoNiCrAlY coating is shown in Fig. 1.
The coating, of approximately 400 um in thickness as seen from Fig. 1a, exhibits a clear two-
phase structure, consisting of the fcc y-Ni matrix and the bee B-NiAl secondary phase. The
area fraction of the B-NiAl phase is measured to be around 30% by image analysis from Fig.
1b. Very little porosity is present in the coating, which agrees well with previously reported
studies that the initial heat treatment can act as a sintering effect to reduce the coating porosity
[46, 65]. Some dark contrast, micro sized particles are seen in the coating, with an area
fraction less than 1%. They are either discrete particles or thin stringers and mostly distributed
around the powder particle boundaries. Such features are presumably resulted from the
oxidation of in-flight powder particles during the HVOF process and they are found to be
aluminium oxides by chemical analysis. A small B-phase depletion zone is formed at the
coating surface, which is likely resulted from pre-oxidation during the initial heat treatment.
The microstructure of the CoNiCrAlY coated IN738 after initial heat treatment is depicted in
Fig. 2. The coatings were sprayed with 16 passes and are found to be ~270 um thick, as
measured from Fig. 2a. It can be seen from Fig. 2b that a small B depletion zone has also
formed after initial heat treatment and no other phases can be found near the surface. In the
centre of the coating in Fig. 2c, the B-phase area fraction is found to be ~30%, which is
similar to the free-standing coating. The oxide particles/stringers are still visible in the coating.
At the coating/substrate interface in Fig. 2d, the interdiffusion zone (IDZ) has formed during
heat treatment due to the § phase depletes to the IN738 substrate and the internal loss of the 3
phase occurs. Ti-rich precipitates which are confirmed by EDX analysis can be found near the
IDZ. Fig. 3a presents the XRD patterns of initial heat treated free-standing CoNiCrAlY
coating and CoNiCrAlY coated IN738. The two-phase y+f structure is confirmed by Fig. 3a.
Small amount of oxides peaks are identified in Fig. 3a, as indeed seen from Fig. 3b that a thin
layer of oxides, presumably alumina, was formed after the heat treatment. This is possibly due

to the relatively low vacuum quality (nominally 6.5 x 103 mbar) and pre-oxidation has
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occurred during the heat treatment. The EDX analysis of the y and B phase compositions is
summarised in Table 3. The phase compositions in the CoNiCrAlY coating on IN738 are
similar to the values that obtained from free-standing CoNiCrAlY coating. Y can be hardly
detected due to its low content in the coating. A small amount of Ti is detected in the coating
on IN738, which can be attributed to the diffusion of Ti from IN738 (3.4 wt%) to the
CoNiCrAlY coating.

It has been reported that an initial heat treatment can facilitate the alumina scale growth
during oxidation [38]. The initial alumina scale that formed during heat treatment acts as a
stable diffusion barrier and reduces the oxygen activity at the coating surface. This is likely to
prohibit the formation of spinel oxides and allow the alumina scale to grow in the subsequent
oxidation. Similar heat treatment procedures have been employed in other studies and they
have been demonstrated to have positive effects on the oxidation behaviour of CoNiCrAlY
coatings [38, 39]. Thus, the above initial heat treated microstructures of free-standing
CoNiCrAlY coating and coated IN738 are used as references to compare with the
microstructure after high temperature exposures, in an attempt to reveal the substrate effects

on the bioxidant corrosion behaviour of CoNiCrAlY coated IN738.

3.2. Isothermal oxidation of free-standing coating and coated IN738

Fig. 4 shows the microstructure evolution of heat treated CoNiCrAlY free-standing coatings
after exposure in air at 1100 °C for various times. It is evident that a single oxide layer,
predominantly alumina, is formed at the external coating surface. As discussed previously, the
initial heat treatment can promote the formation of protective alumina. This is indeed seen in
Fig. 4 as the oxide layer is only a single phase structure and it is found to be consisted of Al
and O by chemical analysis. A B-phase depletion zone which only composes of y phase is
developed in contact with the oxide layer due to the loss of Al from the CoNiCrAlY coating

to the alumina scale. The y+f structure is visible when moving from the B-phase depletion



zone further down to the coating. No evidence of internal oxidation can be found in these
free-standing coatings. This means the coatings still exhibit a good microstructural integrity
after high temperature exposures. The XRD patterns of the oxidised CoNiCrAlY free-
standing coatings are shown in Fig. 5. The majority of the oxides are identified as alumina,
which agrees well with Fig. 4 that the oxide layer mainly consists of alumina whilst the
evidence of spinel oxides can hardly be found.

The microstructure evolution of coated IN738 after high temperature exposure at 1100 °C is
depicted in Fig. 6. A distinct difference in the oxidation behaviour between coated IN738 and
free-standing CoNiCrAlY coating is noticed. No continuous and protective oxide layers can
be found at the coating surface and significant internal bioxidation corrosion has occurred.
The internal oxidation at the coating sub-surface mainly results in the formation of aluminium
oxides. This is confirmed by the EDX mapping of the coating after 25 h exposure at 1100 °C
in Fig. 7. These internal oxides exhibit irregular shapes and are distributed within
approximately 10-15 pm immediately beneath the coating surface. They are probably the
oxide-precipitates forming along the grain boundaries and exhibit no evidence of needle-like
morphology. Furthermore, faceted and needle-like features are identified in the region below
the internal oxides and they are found be to Al-rich nitrides. Thus, two unique zones are
developed in the bioxidant corrosion of the coated IN738, namely the Al,Os-rich internal
oxidation zone close to the coating surface and the AIN-rich internal nitridation zone beneath
the internal oxidation zone. It is further seen from Fig. 6 that the internal nitridation zone has
grown significantly after 100 h exposure. Discrete TiN particles are found in the
interdiffusion zone close to the coating/substrate interface after 100 h exposure. The original
bright contrast Ti-rich precipitate in the IN738 substrate has been corroded to TiN. This
means nitrogen has penetrated the CoNiCrAlY coating and caused large areas of nitridation in
the coating and substrate. To qualitatively analyse the compositions of AIN and TiN, at least

five micrographs were taken and five EDX measurements were performed in each micrograph.
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The approximate compositions of AIN and TiN are summarised in Table 4. Due to the
uncertainties of EDX in quantifying the elemental composition, only the major elements in
AIN and TiN are given in Table 4. It can be seen the major elements in AIN and TiN are
Al&N and Ti&N respectively, which shows a good agreement with the reported STEM
analysis of the AIN and TiN in a NiCrAlY coated Ni-based superalloy system [61]. Table 4
shows that the atomic ratios of Al:N and Ti:N in AIN and TiN are close to 1. It is also known
that the B-NiAl in the CoNiCrAlY coating is rich in Al. The formation of AIN results in rapid
depletion of the B-NiAl phase. Since the protective effect of the CoNiCrAlY coating is
represented by the residual amount of the f phase in the coating, a comparison of the f-phase
depletion between the free-standing coating and coated IN738 is presented in Fig. 8. The B-
phase depletion zone is measured from the coating surface to the edge of the B phases. It is
seen that the B-phase depletion is rather slow in the free-standing CoNiCrAlY coating but
rapid consumption of the B phase occurs in the coated IN738 due to bioxidant corrosion. Fig.
9 presents the XRD patterns of coated IN738 after high temperature exposure in air at 1100
°C for times up to 100 h. Aluminium oxides are clearly identified and small amounts of Cr,03
and spinel oxides are also identified. An increase in the intensity of aluminium oxides is seen
after 75 h oxidation. The low intensity of nitride, mainly AIN and TiN, is likely due to the fact
that internal nitridation zone is more than 10 um away from the coating surface and the X-ray
penetration depth is rather shallow [66]. Since the TiN is mainly found in the interdiffusion
zone close to coating/substrate interface, which is further away from the coating surface, the
intensity of the nitride peaks is not as high as that of Al,Os. But it is seen from Fig. 6 that the
internal nitridation has significantly occurred after 100 h exposure. The  phase peaks have
also been largely suppressed after the bioxidant corrosion. This agrees well with Fig. 8 that

the B phase depletes rapidly in the coated IN738 due to the internal oxidation and nitridation.

3.3. Thermodynamic calculation of bioxidation corrosion



The bioxidation corrosion of the CoNiCrAlY-+IN738 system consists of an internal oxidation
and an internal nitridation processes. To demonstrate the formation of thermodynamically
driven oxides and nitrides, thermodynamic calculations on the formation of Al,0;, AIN and
TiN were performed using Thermo-Calc with TCNI8 database. The TCNI8 database is
employed here since it is suitable for Ni-based alloys and includes the thermodynamic
properties of AIN and TiN. Given the following chemical reactions are driven by the
thermodynamic properties of Al,Oz, AIN and TiN, the thermodynamic reactions below are

evaluated by defining three individual systems that comprise Al&O, Al&N and Ti&N.

2A1+30 = ALO; (1)
Al+N=AIN )
Ti +N=TiN 3)

The size of each system is defined as 1 mole. In the formation of Al,03, the mole percent of
Al and O are 40% and 60%. In the formation of AIN, the mole percent of Al and N are 50%
and 50%. Similarly, in the formation of TiN, the mole percent of Ti and N are also 50% and
50%. The pressure of the above reactions is kept at 1x10° Pa and the temperature range is
800-1200 °C. By using the Thermo-Calc with TCNI8 database, the thermodynamic values,
enthalpy (AH") and Gibbs free energy (AGY), in forming the Al,O3, AIN and TiN can be
obtained, as summarised in Fig. 10. It can be seen that Al,O5 exhibits the largest AH? and AG?,
indicating that the formation of Al,0j5 is likely to occur at the early stage. This is supported by
the evidence that the internal oxidation zone which mainly consists of Al,Oj3 is close to the
coating surface. Since AH? and AG® of AIN and TiN are smaller than that of Al,Os, the
formation of nitrides may occur at a later stage, depending on the diffusion of N from the
atmosphere and Ti from the IN738 substrate. Furthermore, the solubility of oxygen and
nitrogen in this CoNiCrAlY coating may also influence the formation kinetics of internal
AlO3 and nitrides. The solubility limits of oxygen and nitrogen are commonly defined as the

maximum amount of oxygen and nitrogen that can be taken up within the CoNiCrAlY coating
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prior to the precipitation of any oxide or nitride, including Al,O5 and AIN. Due to the limited
data available in the CoNiCrAlY coatings, such information on the solubility limits of oxygen
and nitrogen can be referred to the work reported by Guan et al. as an approximation [67]. It
is found that these values are quite small, generally less than 1%. The thicknesses of the

internally reacted regions, x;, can be approximated in Eq. (4) [57],

S (4)
xl o ZVCAlt

where i represents the O and N, D; is the diffusion coefficient, C7 is the solubility of oxygen

and nitrogen, v is the stoichiometric coefficient of the Al,0O; and AIN, taken as 1.5 and 1
respectively, C4; is the initial concentration of the oxide and nitride forming element, taken as
the Al concentration in the initial CoNiCrAlY composition, 8.1 wt%, t is the exposure time.
Taking the values of D,C3 and DyCy from Han et al. [59] and using the data stated above, the
penetration depth of the internal oxidation zone and internal nitridation zone can be compared.
This gives xp/xy ~ 0.3, indicating the internal nitridation zone is larger than the internal
oxidation zone at the equilibrium state, which shows reasonable agreement with Fig. 6 after
100 h oxidation time. It should also be noted that the internally-formed Al,O3 can further
reduce the solubility of oxygen in the CoNiCrAlY coating. As a result, the internal oxidation
only occurs in the region close to the coating surface.

By knowing the thermodynamic properties of the internal oxides and nitrides, a further
evaluation on the bioxidant corrosion can be conducted in the CoNiCrAlY+IN738 system. It
is noticed from Fig. 6 that the bioxidant corrosion mainly occurs in the CoNiCrAlY coating.
Since the interdiffusion has already occurred between the coating and substrate during the
initial heat treatment and considering the grain size of this thermally sprayed CoNiCrAlY
coating is reported to be 0.5~2 um [26, 32], a Ti content which is assumed to be 3.4 wt% (all
from the IN738 substrate) is included in the thermodynamic calculation of the CoNiCrAlY

coating. Since N; and O, are free to contact with the coating, a CoNiCrAITiNO multi-
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component system is assumed here to investigate the phase equilibrium. The total system is
assumed 1 mole and the mass ratio of N, to O, in the air is used here to represent the
composition of N and O in the CoNiCrAITiNO system. The mass ratio of N to O is kept to be
3.25, as this value is close to that in the air. Thus, the CoNiCrAlY with Ti, N and O is defined
as Co-31.7Ni-20.8Cr-8.1AI1-3.4Ti-3.25N-10 (all in wt%) as an approximation to calculate the
phase equilibrium. The small amount of Y is neglected here. The volume fractions of the
Al,Oj5 and nitrides can then be calculated, as summarised in Fig. 11. It can be seen the volume
fractions of AIN and TiN are larger than Al,Os;. Since the internal oxidation occurs at the
early stage of bioxidant corrosion, the Al,O5 formed in the internal oxidation zone reduces the
activity of oxygen from further chemical reaction. This allows nitrogen to be readily reacted
with the rest of the coating. Subsequently, the nitrogen reacts with the Al-rich B phase in the
CoNiCrAlY coating to form the AIN. Since the B phase exhibits a volume fraction of 30% in
the coating, large areas of AIN is thus expected. This agrees well with Fig. 6 that the internal
nitridation zone increases with oxidation time and serious nitridation occurs at long term
exposures of 100 h. The inward diffusion of N and outward diffusion of Ti allow the
thermodynamically stable TiN to form. This is also consistent with Fig. 6 that TiN has formed

in the regions closed to the coating/substrate interface.

4. Discussion

The widely recognised oxidation behaviour of CoNiCrAlY coating is represented by its
capability in forming a continuous and protective alumina scale at the coating surface, as
indeed seen from Fig. 4. The bioxidant corrosion of CoNiCrAlIY+IN738 occurs when no
continuous and protective oxide can be formed at the surface. A solid molar volume change is
expected during the formation of internal oxides. The internal oxidation reaction can be

considered as a decomposition of the oxygen-saturated CoNiCrAlY coating. Using the
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modelled composition from Fig. 11 and assuming all solution oxygen precipitates are alumina,
the reaction can be given below (element in atomic fraction),

C00.251N10.252Cr0.186A10.140 T10.033N0.10800.03=0.01 Al,03+C0¢ 264N10.265Cro0.196A10.126 Ti0.035No.114 (5)
Taking 3.95 g/cm? and 7.46 g/cm? as the density of Al,O; and CoNiCrAlY coating
respectively [68] and utilizing the average molecular weights based on the above atomic
fractions, the molar volume of each compound from left to right in the above reaction is
approximately 6.25, 25.8 and 6.43 cm?/mol. The net change in solid volume is then obtained

as:

AV Ve=Vy
Vo~ Vo

~+ 7% (6)

This positive net increase in solid volume means that the volume expansion of the
CoNiCrAlY coating is likely to occur during the internal oxidation process, indicating further
internal reaction is possible. It is revealed from the thermodynamic calculations that the AIN
is also a thermodynamically stable phase when N exists and the reaction of nitridation may
start after oxidation from Fig. 10. Hence the internal nitridation zone can be formed
underneath the internal oxidation zone in the Al-rich regions. As seen from Fig.6 that there
are still a large amount of Al-rich  phase in the coating after early oxidation of 25 h but
serious B-phase depletion occurs at long time exposures. This means the B phases are
significantly consumed during the internal nitridation stages because the nitridation zone
grows rapidly with exposure time. It has been reported that nitrogen becomes very active
above 1100 °C [69], the Al in the B phase tend to react with nitrogen to form the
thermodynamically stable AIN. Since the Al,O5 is more thermodynamically stable than AIN,
a transition from AIN to AL,Oj; is likely to occur after long term exposures. This is indeed
supported by the evidence that the intensity of Al,O; increases at 75 h in Fig. 9. Similar
findings have also been reported by Liu et al. [61]. In the interdiffusion zone, where Ti is
believed to be rich due to interdiffusion between the coating and substrate, nitrogen diffuses

through the coating towards the substrate to react with Ti to form stable TiN. This produces
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more driving force for further diffusion of nitrogen through the CoNiCrAlY+IN738 system.
Eventually the Ti-rich precipitate in the IN738 is nitrided, as seen from Fig. 6, which can
cause detrimental mechanical degradation of the system.

The bioxidant corrosion of MCrAlY coating systems has been reported in a few studies [61,
62]. Two common phenomena are noted when comparing to these studies, in which no
continuous protective oxide can form at the surface and high Ti content exists in system. The
free-standing CoNiCrAlY coatings act as the reference samples, showing no internal
oxidation and nitridation occurs in the free-standing coatings. Such behaviour in MCrAlY
coatings has been widely recognised and reported. Considering the exposure surface
conditions are identical between the free-standing coatings and coated IN738, the dominant
effects on the bioxidant corrosion of CoNiCrAlY are resulted from the IN738 substrate. Litz
et al. [56] have reported the internal oxidation and nitridation behaviour of IN738 in air. They
have found that the nitrogen is able to react with the Ti-rich carbides to form the TiN, which
shows good consistency with Fig. 6 in this study. Similar findings were also reported in Ti-
rich nickel-based alloys by Krupp et al. [57, 58]. It is thus believed that the Ti plays a
predominant role in facilitating the bioxidant corrosion. From the thermodynamic calculations,
it is shown that the AIN and TiN are also the thermodynamically stable phases. Since the
samples were exposed in air at 1100 °C, nitrogen and oxygen can simultaneously contact the
CoNiCrAlY coating. The thermodynamic driving force to form the nitrides is very high,
resulting the nitrogen to diffuse through the CoNiCrAlY coating towards the IN738 substrate.
The instant access of N, and O, in the coating causes the internal oxidation and nitridation,
which indeed shortens the durability of CoNiCrAlY coating on high Ti-content IN738
substrates due to the rapid consumption of the f phase during the bioxidant corrosion process.
However, this may not be the case for the free-standing CoNiCrAlY coating because no Ti

exists in the free-standing coatings and the flux of N, towards the free-standing coating is not

14



as high as that in the CoNiCrAlY+IN738 system. Therefore, the evidence of internal

oxidation and nitridation is not found in the free-standing coatings.

5. Conclusions

The bioxidant corrosion behaviour of CoNiCrAlY coated IN738 were investigated during

isothermal oxidation at 1100 °C. The oxidation behaviour of CoNiCrAlY coated IN738 was

compared with free-standing CoNiCrAlY coatings. The main conclusions were drawn below:

It is found that bioxidant corrosion occurs in the CoNiCrAlY coated IN738, in which
an internal oxidation zone and an internal nitridation zone are developed in the
CoNiCrAlY coating. No evidence of bioxidant corrosion can be found in the free-
standing CoNiCrAlY coating.

The internal nitridation zone mainly forms underneath the internal oxidation zone and
it grows with oxidation time, causing significant depletion of [ phase in the
CoNiCrAlY coating. This is likely driven by the thermodynamic force to form more
stable AIN and TiN in the system.

Ti-rich TiN is found near the coating and substrate interface after long term exposures
and nitridation of Ti-rich precipitates in the substrate has also occurred. This is due to
further diffusion of nitrogen through the coating towards the substrate, allowing more
nitridation to occur.

It is believed that the internal oxidation and nitridation occurs when no protective
oxides can be formed at the CoNiCrAlY coating surface. The volume expansion of the
internal oxidation and nitridation causes the bioxidant corrosion behaviour to the
CoNiCrAlY coating on IN738, which results in significant reduction in the lifetime of

the CoNiCrAlY coating.
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Table 1

The composition of as-received IN738 substrate.

Nominal composition, wt%

Alloy

Cr

Co

Mo

Al

B

Ti

Ta

Zr

Nb

IN738

Bal.

0.17

16

8.5

1.75

3.4

0.01

3.4

1.75

2.6

0.1

0.9

21



Table 2

The HVOF spraying parameters of the free-standing CoNiCrAlY coating and

CoNiCrAlY coated IN738.
HVOF spray parameters Free-standing CoNiCrAlY coating | CoNiCrAlY coated IN738
Spray distance (mm) 356 356
Nozzle length (mm) 100 100
Kerosene flow rate (ml/min) 470 470
N, gas flow rate (I/min) 4.3 4.3
O, gas flow rate (I/min) 890 890
Powder feed rate (g/min) 64 64
Number of passes 30 16
Stoichiometry 98% 98%
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Table 3

v and B phase compositions of heat treated free-standing CoNiCrAlY coating and

CoNiCrAlY coating on IN738.

Y phase B phase
Elements
wt% at% wt% at%
Co 41.4 38.3 25.2 20.5
Free-standing Ni 29.0 26.9 48.2 39.3
CoNiCrAlY
coating Cr 25.7 27.0 8.2 7.6
Al 3.9 7.8 18.4 32.6
Co 40.4 37.4 23.9 19.3
Ni 29.5 27.4 49.0 39.7
CoNiCrAlY
coating on Cr 254 26.6 8.0 7.4
IN378
Al 3.7 7.5 19.1 33.6
Ti 1.0 1.1 --- ---
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Table 4

The EDX measurements of the major elements in AIN and TiN.

Elements Al Ti N
wit% 57.9+4 .4 -—-- 31.7+2.7
AIN
at% 46.3+2.2 -—-- 48.8+2.2
wit% ———- 51.2+3.8 | 18.3+£2.5
TiN
at% ———- 37.1+£2.6 | 40.9+1.7
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Figure captions

Fig. 1. The microstructure of initial heat treated free-standing CoNiCrAlY coating, (a) overall

structure at low magnification and (b) a two-phase y and B structure at high magnification.

Fig. 2. The microstructure of the CoNiCrAlY coated IN738 after initial heat treatment, (a)
overall structure at low magnification, (b) the initial B-phase depletion zone at the coating
surface, (c) the two-phase y+ structure in the centre of the coating and (d) the interdiffusion

zone at the coating/substrate interface.

Fig. 3. XRD patterns of initial heat treated free-standing CoNiCrAlY coating and CoNiCrAlY
coated IN738 (a) and the microscopic image showing surface of coating after initial heat

treatment (b)

Fig. 4. The microstructure of heat treated CoNiCrAlY free-standing coatings after oxidation

exposure in air at 1100 °C for 25 h (a), 50 h (b), 75 h (c) and 100 h (d).

Fig. 5. XRD patterns of free-standing CoNiCrAlY coatings for different oxidation times at

1100 °C.

Fig. 6. The microstructure evolution of coated IN738 after high temperature exposure at 1100
°C, showing the bioxidant corrosion behaviour of internal oxidation and internal nitridation.
Images from left to right represent the overall structure, coating surface, coating centre and

coating/substrate interface.

Fig. 7. EDX mapping of internal oxidation zone and internal nitridation zone of coated IN738

after 25 h exposure in air at 1100 °C.

Fig. 8. Plot of the B-phase depletion in the free-standing CoNiCrAlY coating and CoNiCrAlY

coated IN738 after oxidation in air at 1100 °C for times up to 100 h.
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Fig. 9. XRD patterns of CoNiCrAlY coated IN738 after high temperature exposure in air at

1100 °C for times up to 100 h.

Fig. 10. Plots of enthalpy (a) and Gibbs free energy (b) of the thermodynamic reaction in
forming the Al,O3, AIN and TiN. The ratios of mole percent in Al:O, AL:N and Ti:N are 2:3,

1:1 and 1:1 respectively in three individual systems which consist of Al&O, Al&N and Ti&N.

Fig. 11. Volume fraction of Al,05;, AIN and TiN in a composition of Co-31.7Ni-20.8Cr-

8.1A1-3.4Ti-3.25N-10 (wt%) at different temperatures.
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