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Abstract

The microstructure evolution of a platinum-modified nickel-aluminide coating on single-crystal
nickel-based superalloy was investigated for various thermal cycling and thermo-mechanical
fatigue (TMF) conditions in air for a long term exposure. An increase in roughness and in p—y’
transformation rate depends similarly on maximum temperature, holding time at maximum
temperature and applied stress. Moreover, the evolution of the interdiffusion zone (IDZ) is
analyzed by making the distinction between two layers, according to the major phases observed
within these layers, namely B-(Ni,Pt)Al and y’-NizAl. This distinction highlighted that the
respective thickness evolution of these two layers are sensitive to each parameter of TMF tests
with similar increase in evolution rate when increasing time, temperature as well as applied
stress. The distinctive features of phase transformation are finally discussed together with
localization of phase transformation and measured evolution of phase transformation within the
external coating and B- and y’-IDZ layers thicknesses under thermal and thermo-mechanical
fatigue. This analysis leads to a conclusion that grain boundaries within the external coating as
well as interfaces, between thermal grown oxide, external coating and IDZ respectively, play a
major role in diffusion, phase transformation and microstructure evolution of typical platinum-
modified nickel-aluminide coating.

1 - Introduction

Materials used to produce hot components of aero- and land-based gas turbine engines have to
possess high strength, oxidation and corrosion resistance, as they are subjected to different
thermo-mechanical loadings at elevated temperatures close to 1373 K (1100 °C) and higher. Ni
based superalloys are particularly well designed to resist these severe conditions leading to high
temperature creep. Nickel-aluminide and MCrAlY coatings are known to increase the oxidation
resistance of the superalloys providing supplementary Al and/or Cr to form a stable a-Al,Os (or
Cr,03) scale on the surface [1], which then protects the superalloy from further oxidation.
Moreover, Pt is added to increase the adherence, as well as to decrease growth kinetics of the a-
Al,Os3 scale for nickel-aluminide coatings [2]. Platinum-modified nickel-aluminide coatings are
produced into several stages: (i) Pt electroplating on the superalloy substrate, (ii) diffusion
treatment under vacuum, followed by (iii) aluminization process [3]. After such a procedure, the
coating consists of either an external single-phase B-(Ni,Pt)Al layer or a dual-phase B-(Ni,Pt)Al +
PtAl, layer depending on process parameters [3,4]. Moreover, during the coating deposition the



diffusion of elements from substrate to the external coating and vice-versa leads to the formation
of an interdiffusion zone (IDZ) [3-6]. Basuki et al [7] have also shown that for a typical nickel
aluminide coating deposited on René 80H, this IDZ was initially composed of a B-NiAl matrix
that was progressively transformed into y phase (Nickel-based solid solution) during high
temperature exposure.

Therefore, coating/substrate interdiffusion is an important phenomenon, as it affects coating
microstructure and thus both oxidation resistance and mechanical properties of the substrate. For
example, Nesbitt [8] clearly illustrated the detrimental effect of diffusional degradations on the
(N1,Co)CrAl coating lifetime. In this case two mechanisms are responsible for coating
degradation: Al loss due to the Al,O; formation on the surface and Al loss due to the diffusion of
Al from the coating to the superalloy substrate. Therefore, the coating becomes depleted in Al
and is not able to supply enough Al to the surface for continuous growth of the Al,O; scale,
which finally leads to a catastrophic oxidation behavior. Such effects are observed as well for
both plain [7,9,10] and Pt-modified nickel-aluminide used as bond-coats for typical thermal
barrier coating (TBC) [11-14].

Moreover, hot section components of aero-engines are subjected to both severe thermal gradients
as well as to mechanical loads during the service. Thermo-mechanical fatigue (TMF) is thus a
major issue for these parts, affecting both the Ni-base superalloy [15-17] and the coating [9,18-
21]. For instance, it was shown that TMF strongly impacts life to spallation of TBC [22-26].
Nevertheless, the influence of TMF on microstructure stability of nickel-aluminide coating,
when it is used without a protective ceramic layer, has been rarely reported. Some studies
available in the literature are limited by relatively short-term exposure at high temperature
[13,18,27,28], except several works where the loss in load bearing section [29,30] and rafting of
v’-Ni3Al precipitates [17] are investigated.

Therefore, the present study aims to quantify the Pt-modified nickel-aluminide coating
microstructure evolution during thermal cycling and TMF in air for long duration tests. Special
attention is paid to the influence of maximum temperature, holding time at maximum
temperature and superimposed stress.

2 - Experimental Methodology
2.1 — Material

The substrate material used in the present study was the AMI1 single-crystal nickel-based
superalloy with the chemical composition given in Table 1.

TABLE 1. Chemical composition of single-crystal superalloy AM1 used in the present study (wt %)

Co Cr Mo W Ta Al Ti C Fe S Ni
Min 6 7 1.8 5 7.5 5.1 1 Bal.
Max 7 8 2.2 6 8.5 5.5 1.4 0.01 0.2 0.2 ppm Bal.

The deposition of platinum-modified nickel-aluminide coating on the superalloy consisted into
several stages: (1) Pt electrodeposition (final Pt layer thickness less than 10 um), followed by (ii)
diffusion treatment under vacuum at 1050 °C, and, finally, (iii) Al phase vapour deposition
(APVS: Aluminizing Phase Vapour Snecma) [31]. After the described procedure the external
coating consisted of B-(Ni,Pt)Al phase with the thickness of approximately 45 pm; the



interdiffusion zone was formed between the coating and the superalloy substrate and contained
v’ phase and so-called topologically close packed phases (tcp) enriched by W and Mo.

Thermal cycling and TMF tests were carried out directly on the samples after the coating
deposition without any additional surface preparation.

2.2 - Thermal cycling and TMF conditions

The coating microstructure evolution was studied for different conditions of thermal cycling and
TMEF to compare and analyze the importance and severity of thermal and mechanical loadings.

2.2.1 Thermal cycling

To investigate the role of maximum temperature on the coating microstructure, thermal cycling
was carried out at the SNECMA facility using three maximum temperatures of 1373, 1423 and
1448 K (1100, 1150 and 1175 °C) and holding time of 45 min. An automatic rig placed several
samples in a resistive furnace at the chosen maximum temperature. Then, forced-air cooling was
achieved by moving samples out of the furnace and using air nozzles leading to an average
cooling rate of about 2 K s™' (Figure 1(a)).

The influence of thermal cycling frequency was studied by comparing three holding times of 45,
15 and 5 min at 1373 K (1100 °C). For the holding times of 45 and 15 min two different resistive
furnaces were used, respectively, that of SNECMA and that of MINES ParisTech — Centre des
Matériaux. For the holding time of 5 min at 1373 K (1100 °C) a lamp furnace was used at
MINES ParisTech — Centre des Matériaux: each thermal cycle was carried out in air and
included heating from 373 K (100 °C) to the maximum temperature with the heating rate of 5 K
s, holding at the maximum temperature and, finally, cooling to 373 K (100 °C) with the rate of
5 K s using air nozzles (Figure 1(a)). It is worth noting that for the resistive furnaces the first
part of the cooling, roughly down to 673 K (400 °C), was achieved with a cooling rate of about 5
K s (identical to that in the lamp furnace) and only further cooling, from 673 K (400°C) to 373
K (100°C), was slower (Figure 1(a)).

Additionally, interrupted tests were carried out for thermal cycling: after a pre-defined number of
cycles, samples were cut and observed in light optical microscope. The remaining part of the
sample was then reused in the cyclic procedure.

2.2.2 Thermo-mechanical fatigue

The TMF tests were performed using an Instron testing machine equipped with a lamp furnace
enabling heating and cooling rate at 5 K s’ as described above [9,15]. The maximum
temperature of 1373 K (1100 °C) with holding time of 5 min was used. In-phase (IP) and out-of-
phase (OP) tests were performed; a tensile or compressive stress respectively was applied in such
a way that the maximum absolute stress was reached at the same time as the maximum
temperature, then the stress was released linearly to zero when the temperature of 373 K (100
°C) was reached (Figure 1 (b) and (¢)).



1200

1000

800

6001

Temperature (°C)

400

200 . |—5min s
* |---15min
'='= 45 min

0 1000 2000 3000 4000 5000
Time (s)

(2)

-@-|P /60 MPa
—&-IP /30 MPa
-~ 0P /-30 MPa

Stress (MPa)

—-@-1P /60 MPa
—-&—1P /30 MPa
| |=~0OP/-30 MPa

200 400 600 800 1000
Temperature (°C)

(c)
FIGURE 1. Thermo-mechanical conditions used: (a) thermal cycle with holding times of 5, 15 and 45 min (from
[6]), and applied stress evolutions as a function of time (b) and of temperature (c)

The TMF resulted in macroscopic creep of the substrate. The evolution of the absolute plastic
strain, measured using the crosshead displacement, is shown in Figure 2. There is no significant
difference between IP or OP tests in terms of the absolute plastic strain evolution. Nevertheless,
creep rate is drastically increased when the applied stress increases from 30 to 60 MPa.
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FIGURE 2. Variation of the absolute plastic strain with the number of TMF cycles.

All conditions used for thermal cycling and TMF are summarized in Table 2.

TABLE 2. Parameters of thermal cycling and TMF used in the experimental study. The “number of cuts”
corresponds to the total number of samples prepared for cross-section analysis for both interrupted thermal cycling
and final observation of TMF tests (e.g. 6 interruptions for 2 samples have led to 12 cuts and analysis for thermal
cycling; for TMF only final observation is possible).

Number of specimen tested

[number of cuts] Dwell time at Tmax (min) Tmax [K(°C)] Applied stress (MPa)
3[18] 0
414] 5 20
2[2] 1373 K (1100 °C) 60
2[2] 30
2[14] 15 1373 K (1100 °C) 0
2112] 1373 K (1100 °C)
2112] 45 1423 K (1150 °C) 0
2[12]

1448 K (1175 °C)

2.3 - Sample geometry

Different sample geometries were used depending on test type. For thermal cycling with holding
time of 45 min at maximum temperature and without applied stress, plain cylindrical samples (40
mm in length and 7 mm in diameter) were used whereas hollow cylindrical samples (25 mm in
length and 11 mm in external diameter with a wall thickness of Imm) were manufactured for
holding times of 5 and 15 min to minimize thermal gradients.

For TMF a hollow cylindrical sample was optimized based on a specific geometry designed
previously [15]: overall dimensions were reduced leading to an external diameter of 7.8 mm and
a wall thickness of 0.8 mm, see Figure 3.

All specimens were machined in such a way that <001> substrate crystallographic direction was
parallel to the loading direction. The misorientation between <001> direction and loading
direction was within 10°.



12 x100

42 10.5

70

FIGURE 3. Sample geometry for TMF (dimensions are given in mm).

2.4 - Microstructure Analysis

Standard metallographic preparation including surface polishing to mirror-like quality and
etching using Kalling’s solution was done for all samples prior to light microscope observation.

2.4.1 - Initial coating microstructure

The initial coating microstructure before thermal cycling and TMF is shown in Figure 4(a). Two
different layers were observed: the outer zone referred to as external coating consisted of B-
(N1,Pt)Al grains [31,32] and an interdiffusion zone (IDZ) was observed between the external
coating and superalloy substrate. IDZ contained (Cr,W)-rich particles (topologically close
packed (TCP) phases) embedded in B-(Ni,Pt)Al grains [7,33,34]. A line of alumina grit particles
was observed as well. These alumina particles were introduced during the grit blasting process
used to increase the surface roughness of the superalloy substrate and thus to increase coating
adherence. It will be used as a reference line to quantify coating microstructure evolution.

2.4.2 - General observations after thermal cycling

After thermal cycling, a Thermally Grown aluminum Oxide (TGO) develops onto the coating
surface and B-(Ni,Pt)Al transforms partially into y’-NizAl phase within the external layer, see
Figure 4(b), in agreement with previous literature results obtained for similar coatings and
conditions [10,11,18]. Moreover, the IDZ splits into two distinct layers. The first one, called
hereafter B-IDZ, consists of B-(N1,Pt)Al grains (inherited from the initial IDZ), y’-Ni3Al and TCP
phases. The second one, called hereafter y’-IDZ, develops by transformation of the B-IDZ into
v’-NizAl layer. This second layer grows at the expense of both B-IDZ and the substrate [7].

To facilitate the layers and phase designation, an example of Electron Probe Micro-Analysis
(EPMA) measurement is shown in Figure 5 for a sample after 100 cycles of thermal cycling with
maximum temperature of 1423 K (1150 °C) and holding time of 45 min . The concentration
profile suggests first a region of y’-Ni3Al phase located at initial B-(N1,Pt)Al grain boundary,
then homogeneous B-(Ni,Pt)Al phase region is observed until the line of alumina grit particles is
reached. B-(Ni,Pt)Al phase is still observed with no specific variation in chemical composition
between alumina particles and the substrate. Then going deeper to the substrate, a region with y’-
Ni3Al composition (taking into account other alloying elements of the superalloy) with constant
Ni and Al concentration is observed, and finally y-y’ region of Ni based superalloy substrate is
reached.
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FIGURE 4. Coating microstructure (a) in initial state and (b) after 100 cycles of thermal cycling with maximum
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FIGURE 5. Concentration profiles for Al, Pt and Ni (at. %) as obtained by EPMA for a sample after 100 cycles of
thermal cycling with maximum temperature of 1423 K (1150 °C) and holding time of 45 min.

2.5 - Image analysis

A quantitative study of coating microstructure evolution was based on image analysis of
micrographs obtained by light optical microscopy. First, the cross-section is reconstructed
stitching together overlapped microscope images. Secondly, a sequential process is performed to



determine coating layers location, according to a global analysis of the cross-section geometry;
layer thicknesses, surface and interfaces morphology as well as phase surface fractions are
determined.

2.5.1 Cross section reconstruction

Several optical images are acquired and stitched together using DoubleTake® software, which
applies an automatic Gaussian average at the stitched interfaces to remove any light variations.
This set of contiguous images stitched together is the input for the image analysis detailed below.
A sensitivity analysis showed that at least 15 pictures were required to obtain reliable and
converged microstructural features (roughness, layer thicknesses,...), leading to a final cross-
section spanned over at least 2 mm in width that corresponds to an arc length over 3 mm of a
cylindrical sample.

2.5.2 Image processing

The image processing is based on the sequential analysis of the reconstructed cross-section
carried out using Matlab® software; each step is mainly based on grey level analysis and is
detailed in appendix A.1.

The main idea is to use the cylindrical geometry of the cross-section to determine a global
reference system. Based on this reference system, the mean position of the interface between
each layer (external coating, B-IDZ, y’-IDZ and substrate) can be determined. Final analysis
consists in measurement of layer thicknesses, roughness and phase surface fractions.

The image processing is carried out according to the following procedure:

Determination of the coating free surface;

Determination of the B-IDZ/y’-IDZ interface;

Determination of the initial surface of the substrate using alumina grit particles;
Determination of the geometrical center of the cross-section: the line of alumina grit
particles is approximated by a circular segment and corresponding center and radius
are determined;

5. Approximation of the sample surface and B-IDZ/y’-IDZ interface by -circular
segments with the center defined in the previous step; measurement of B-IDZ
thickness;

6. Determination of the external coating location and measurement of the surface
fraction of formed y’-NizAl phase, Fy", from initial B-(N1,Pt)Al within the external
coating;

7. Measurement of the y’-IDZ layer thickness.

The different steps of the image analysis are summarized in Figure 6 and detailed description is
given in appendix A.1.
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FIGURE 6. Different steps of image analysis: (a) stitched image and determination of the cross-section geometric
center by approximation of alumina grit particles by a circular segment; (b) image to be analyzed extracted from
previous set of contiguous images and (c) processed image after analysis. The sample used was subjected to 500
cycles of thermal cycling with maximum of 1373 K (1100 °C) and holding time of 15 min.

In the following, to facilitate the reading of microstructure evolution, only two adjacent
micrographs are discussed for each test condition and the approximate location of the different
interfaces is symbolized by partial lines located on the left-hand side of images.



3 - Results

3.1 - Influence of number of cycles

Figure 7 illustrates the coating microstructure evolution for thermal cycling with maximum
temperature of 1373 K (1100 °C) and holding time of 5 min for different number of cycles. One
can state several evolutions as compared to the initial state (Figure 4(a)). The number and size of
v’-NizAl phase precipitates formed in the external coating increase with the number of thermal
cycles; y’-Ni3Al phase seems to nucleate at f grain boundaries, close to the free surface and at
alumina grit particles, see Figure 7 (a). The increase in number of cycles, i.e. increase in time
accumulated at high temperature, leads to the y’-NizAl phase growth, coarsening and
coalescence, resulting in a decrease of the number of y’-Ni3Al phase precipitates and an intricate
B/y’ structure. The surface roughness, so-called “rumpling” [35-37], increases significantly with
the number of thermal cycles.

FIGURE 7. Influence of the number of cycles on the coating microstructure evolution for thermal cycling with
maximum temperature of 1373 K (1100 °C) and holding time of 5 min for (a) 1000, (b) 2000, (c) 3000 and (d) 5000
cycles (solid lines indicate the line of alumina grit particles corresponding to initial substrate surface position,
p-IDZ/y’-IDZ interface and y’-IDZ/substrate interfaces are shown using large spaced and thin spaced dashed lines
respectively)

To highlight the IDZ evolution, increased resolution images of Figures 7 (a) and (c) are shown in
Figure 8 (the contrast was optimized to distinguish the IDZ features).
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FIGURE 8. Influence of the number of cycles on the coating microstructure evolution for thermal cycling with
maximum temperature of 1373 K (1100°C) and holding time of 5 min for (a) 1000, and (b) 3000 cycles ((a) is
enlarged Figure 7(a) and (b) is enlarged Figure 7(c)).

The IDZ splits into B-IDZ and y’-IDZ layers, as already mentioned in Figure 4(b). The B-IDZ
thickness reduces with the increase in number of thermal cycles whereas that of the y’-IDZ
increases, if one compares Figures 8(a) and 8(b). Some pores are also visible, but no correlation
with thermal cycling was found. Similar microstructural trends are observed for all other samples
after thermal cycling.

3.2 - Influence of maximum temperature and holding time during thermal cycling

For the holding time of 45 min, three different maximum temperatures of 1373, 1423 and 1448 K
(1100, 1150 and 1175 °C) were used for thermal cycling. When comparing the microstructures
obtained after approximately 200 cycles for these three temperatures, the thermal activation of
both B—y’ transformation and rumpling is highlighted by the drastic increase in y’-Ni3Al
fraction within the external layer and increase in surface roughness, see Figure 9.

@-- G

FIGURE 9. Coating microstructure after thermal cyclmg w1th the holdmg tlme of 45 min for (a) 240 cycles and
maximum temperature of 1373 K (1100°C), (b) 200 cycles and maximum temperature of 1423 K (1150°C) and (c)




200 cycles and maximum temperature of 1448 K (1175°C) (solid lines indicate the line of alumina grit particles
corresponding to initial substrate surface position, f—IDZ/y’-IDZ interface and y’-IDZ/substrate interfaces are shown
using large spaced and thin spaced dashed lines respectively)

The y’-Ni3Al phase coarsens at initial B-(N1,Pt)Al grain boundaries and close to the alumina grit
particles. For the highest maximum temperature, a diffusion front of the y’-IDZ layer crossed the
alumina grit particles line; the initial B-IDZ layer was completely transformed into y’-NizAl
phase. Moreover, the B—vy’ transformation within the external coating led to a homogenous y’-
Ni3Al layer at the TGO/coating interface and in this case, initial B-(Ni,Pt)Al phase lays between
two rather continuous y’-NizAl layers.

Lastly, using almost the same time accumulated at 1373 K (1100 °C) for holding times of 45 min
(Figure 9(a) corresponds to 45x240 = 10800 min at 1373 K) and 5 min (Figure 7(b) corresponds
to 5x2000 = 10000 min at 1373 K), it can be derived that a shorter dwell at maximum
temperature — i.e. a higher cycling frequency - leads to an increase in both roughness and f—y’
phase transformation rate within the external coating.

3.3 - Influence of applied stress during thermal cycling

The coating microstructure after thermal cycling with maximum temperature of 1373 K
(1100°C) and holding time of 5 min with applied stress is shown in Figure 10. The number of
cycles is chosen equal or close to 1000 to reveal the influence of applied stress in comparison to
the same thermal cycling conditions without applied stress, Figure 7(a).
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FIGURE 10. Coating microstructure after TMF: thermal cycling with maximum temperature of 1373 K (1100°C)
and holding time of 5 min for (a) out-of-phase (OP) test with 6 =-30 MPa and 1000 cycles, (b) in-phase (IP) test
with 0=30 MPa and 1000 cycles and (c) in-phase (IP) test with 6 =60 MPa and 750 cycles (o is applied stress)

First, the roughness increases whatever the sign of applied stress. However, the coarsening of
isolated y’-Ni3Al phase at initial $-(Ni1,Pt)Al grain boundaries and close to the alumina grit
particles line is seen to be more pronounced, when a stress is applied, as compared to the same
thermal cycling conditions without applied stress, see Figures 10 and 7(a). Moreover, for thermal
cycling without applied stress, y’-NizAl phase is spread through the whole external coating at 3-
(N1,Pt)Al grains boundaries and within § grains (Figure 7(a)). Nevertheless, only y’-NizAl phase
located at B-(Ni,Pt)Al grains boundaries coarsens and no intragranular y’-Ni3Al phase can be
observed, when a stress is applied. This point is also consistent with the observation made after a



higher number of cycles for thermal cycling without applied stress, see Figures 7(c) and (d), as
well as for a higher maximum temperature, see Figure 9(b).

4 - Discussion

4.1 - B—v’ transformation

To quantify the influence of holding time at maximum temperature on coating microstructure
evolution, the obtained FSV’ values are plotted as a function of the time accumulated at maximum
temperature (Figure 11). One can see that F' increases monotonously with time accumulated at
maximum temperature, see Figure 11(a). Moreover, the evolution of F' is thermally activated.
An increase in the B—vy’ transformation rate is observed for the holding time of 5 min at 1373 K
(1100°C), as compared to a holding time of 15 and 45 min at the same maximum temperature,
see figure 11(a). It is worth noting that, even if holding time of 5 min was performed with lamp
furnace and a higher cooling rate than that for 15 and 45 min holding time performed with
resistive furnace, the increase in rate of transformation is clearly evidenced when increasing the
number of thermal cycles for the same cumulated time at 1373 K (1100°C).
TMF lead to a faster increase in Fy' when compared to thermal cycling without applied stress,
irrespective of the sign of the applied stress (Figure 11(b)).
An increased rate of the —7’ phase transformation due to the maximum temperature increase
from 1373 to 1448 K is of the same order of magnitude as that due to the applied stress increase
from 0 to 30 MPa at 1373 K (1100 °C) (e.g. compare F{’ obtained for in-phase test with applied
stress of 30 MPa and holding time of 5 min at 1373 K (1100 °C) and that obtained after thermal
cycling with holding time of 45 min at 1448 K (1175 °C) without applied stress). These
measurements, together with morphology and phase location discussed previously, suggest that
the applied stress has a similar accelerating effect on f—y’ transformation rate as the increase in
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100 T (o]
1
L 1
90 A :
8ol : ,, Maximum std
! 1
70¢ ! '
! 1
60 ’,1‘ !
I 1
50 ' o
0 = ’
(1N ! 1
L ’
40 | -0
,
30 | ‘
> ——5 min /1373 K (1100°C)
20 o -©-15 min /1373 K (1100°C)
= 45 min / 1373 K (1100°C)
104 ; /- 45 min / 1423 K (1150°C)
| —B&— 45 min / 1448 K (1175°C)
| L T T J
500 1000 1500 2000 2500
time HT (h)

(2)



30

]: Maximum std

10 —— Cyclic Oxidation
-@-IP /60 MPa
- |P /30 MPa
v OP/-30 MPa ‘
100 200 300 400 500
time HT (h)

(b)
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4.2 IDZ evolution

The thickness of both B-IDZ and y’-IDZ layers were investigated for thermal cycling with
maximum temperature of 1373 K (1100°C) and holding time of 5 min without applied stress, see
Figure 12(a). For more than 500 cycles, the thickness of B-IDZ layer reduced monotonously as a
function of the time spent at maximum temperature whereas that of y’-IDZ layer increased, and
the sum of thicknesses of both layers lead to a rather constant thickness value.

The influence of applied stress on B-IDZ and y’-IDZ thicknesses is shown in Figure 12(b). For in
phase TMF tests, an increase in applied stress leads to a faster decrease in 3-IDZ and to a faster
increase in y’-IDZ thicknesses. When out-of-phase loading is applied, it is noteworthy that the
decrease in B-IDZ thickness is similar to that during in-phase loading, whereas increase in y’-
IDZ thickness is almost equal to that during thermal cycling without applied stress. These
observations are consistent with the analysis of —y’ transformation for in- and out-of-phase
TMEF.
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FIGURE 12. Thickness evolution of the (a) 3-IDZ (open symbols) and y’-IDZ (solid symbols) layers and sum of f3-
IDZ and y’-IDZ layer thicknesses as a function of the number of cycles N for thermal cycling at a maximum
temperature of 1373 K (1100°C) and holding time of 5 min and (b) B-IDZ (open symbols) and y’-IDZ (solid
symbols) for different TMF in-phase (IP) and out-of-phase (OP) conditions (the evolutions for thermal cycling are
used as a reference in graph (b) and represented by solid lines)

4.3 Processes controlling the coating microstructure evolution

The microstructure observations for TMF showed that both the external coating and IDZ are
sensitive to the maximum temperature, the holding time at maximum temperature and the
applied stress. First, the B—y’ phase transformation is mainly governed by diffusion and thus is
thermally activated and formed y’ phase fraction increases with time spent at high temperature.
This statement is valid for both y’-NisAl phase formation within the external coating and for the
growth of the y’-IDZ layer from the substrate to the external coating. The recession of the B-IDZ
is also a consequence of cross-diffusion of Ni to the surface and Al to the substrate superalloy.

It was shown that an applied stress during thermal cycling leads to a similar increase in y’ phase
fraction within the external coating as that when the temperature or holding time are increased.
For instance, the increase in y’ surface fraction observed for a temperature increase from 1423 to
1473 K (1150 to 1175 °C), see Figure 11(a), is almost the same as that for an applied stress of 30
MPa compared to pure thermal cycling, see Figure 11(b).

The influence of holding time is shown for 1373 K (1100 °C) using different holding times of 5,
15 and 45 min. This observation suggests an important influence of the number of thermal
cycles on coating microstructure evolution already mentioned by several authors [9,37] and
could be related to stress-diffusion coupling. Indeed, an increase in number of thermal cycles
leads to an increase in plasticity due to the mismatch of coefficient of thermal expansion between
different layers.

The sensitivity of y’-IDZ thickness increase to applied stress (hence, the decrease of -IDZ) is
analogous to that observed for y’-Ni3Al formation within the external coating. The stress-
diffusion coupling observed for the IDZ is probably similar to other observations made for Ni
based single-crystal superalloys with or without coating when creep-fatigue interactions
dominate, leading to an increase in phase transformation rate (e.g. rafting) [17,30,38]. Thus, the
proposed description of IDZ evolution showed that during thermal cycling, even for a low level
of applied stress at maximum temperature, in the range [-30;+60 MPa], a significant decrease in
the load bearing section or at least a drastic evolution of the IDZ should be accounted for. Due to
high temperature, these low levels of stress led to considerable level of plasticity due to typical
creep-fatigue condition during thermal cycling, see Figure 2.



Moreover, the growth of y’-Ni3Al phase within the external coating is either located at initial 3-
(N1,Pt)Al grain boundaries or within 3 grains for thermal cycling. When stress is applied, y’-
NizAl phase coarsening accelerates at both oxide/coating and coating/IDZ interfaces, whereas
volume fraction of y’-NizAl phases located within [-(Ni,Pt)Al grains decreases. For a
temperature increase, the y’-Ni3Al phase coarsening seems to be independent of y’-NizAl phase
location among [-(Ni,Pt)Al phase grain boundaries, oxide/external coating or external
coating/IDZ interfaces. This point evidences that stress/strain gradients induced by grain
boundaries within the external coating layer [34], and multi-layered structure of the
coating/substrate [39] have a key role in stress-diffusion coupling and subsequent phase
transformation.

All these observations seem to be related to a strong mechanical-diffusion coupling without any
evidence of damage like coating cracking as previously reported for NiAl coating [9,18].

Lastly, unusual apparent symmetry of tension/compression effect at maximum temperature
requires additional detailed analysis, whereas most authors only consider stress-diffusion
coupling for positive stress or either positive hydrostatic pressure [42]. It could be related to the
influence of dislocation density [43] and plastic strain gradient at the level of grain boundaries
and interfaces and should be deeper analyzed.

5 - Summary

It has been shown that parameters of TMF: maximum temperature, holding time at maximum
temperature as well as applied stress had a strong impact on microstructure evolution of the
platinum-modified nickel aluminide coating.

An increase in number of thermal cycles with constant maximum temperature and without
applied stress leads to a growth of y’-Ni3;Al precipitates in the external coating. The IDZ splits
into B-IDZ and y’-IDZ layers with subsequent B-IDZ thickness reduction and y’-IDZ thickness
increase respectively. On the other hand, rumpling increases significantly.

Thermal activation of both B—’ transformation and rumpling are shown respectively by the
increase in y’-NizAl fraction within the external layer and in surface roughness, when the
maximum temperature during thermal cycling is increased.

When a stress is applied, coarsening of isolated y’-Ni3Al phase at initial B-(Ni,Pt)Al grain
boundaries and close to the alumina grit particles line is seen to be more pronounced. Moreover,
growth of y’-IDZ layer is also sensitive to applied stress at high temperature during thermal
cycling.
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Appendix A

A.1 image analysis methodology




After image stitching described above, a program have been developed using Matlab® software
to determine geometric parameters and microstructure features. Different steps of image analysis
are detailed below:

l.

Determination of the coating free surface. The gray level gradient between the resin
used for sample preparation and the coating surface defines the coating surface
profile. It is obtained after segmentation, edge detection and 2D Bresenham
smoothing [40];

Determination of the B-IDZ/y’-IDZ interface. The contrast between the B-IDZ and y’-
IDZ layers (gray vs white) defines the interface between these two layers. It is again
obtained after segmentation, edge detection and 2D Bresenham smoothing;
Determination of the initial surface of the substrate. The area bounded by the surface
profile and the B-IDZ/y’-IDZ interface, i.e. external coating + B-IDZ layer, is isolated.
Alumina grit particles are assumed to correspond to the original sample surface. They
are found through gray level gradient analysis;

Determination of the geometrical center of the cross-section. The center and the
radius of the circle that fit best with these particles are obtained by least square
method. This set of geometric parameters defines the reference line;

Approximation of the sample surface and B-IDZ/y’-IDZ interface by -circular
segments with the center defined in the previous step; measurement of B-IDZ
thickness. Using the reference center determined above and using the same
optimizing method, the radius of the circle that fits to the surface profile and to the -
IDZ/y’-IDZ interface respectively are calculated. The subtraction of the radius
associated to the B-IDZ/y’-IDZ interface with the reference radius gives the average
B-IDZ thickness;

Determination of the external coating location and measurement of the surface
fraction of formed y’-Ni3Al phase, F,". The area bounded by the surface profile and
the reference line, defines the external coating. The contrast between the B and vy’
phases allows a direct thresholding analysis using Otsu’s method [41]; the number of
pixel belonging to the y’ phases is obtained. The ratio with the total number of pixel
contained in the external coating gives the surface fraction of external coating
transformed into y’ phases, i.e. Fy';

Measurement of the y’-IDZ layer thickness. Finally, the y’-IDZ layer thickness is
evaluated for each cross section manually, measuring the length of segments drawn
between the B-IDZ/y’-IDZ interface and the y’-IDZ/substrate interface. More than 20
segments are measured for each reconstructed profile.

The different steps and features detected by the program are summarized Figure 6 (c).
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