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Abstract
To study the benefit of ~50 um thick air plasma sprayed (APS) ‘flash’ bond coatings, NiCoCrAlYHfSi high-velocity
oxygen fuel (HVOF) bond coatings were deposited on alloy 247 disk substrates with APS yttria-stabilized zirconia
top coatings. Using 1-h cycles at 1100 °C in air with 10% H,O and HVOF-only bond coatings as a baseline, APS flash
coatings extended the average coating lifetime by >10% using NiCoCrAlYHfSi and >70% using NiCoCrAlY powder.
Coatings were characterized after 0, 100 and 300 cycles and after failure. Residual stress in the thermally-grown
alumina scale was mapped every 100 cycles using photo-stimulated luminescence piezospectroscopy. The flash
coating created an interlocked metal-alumina layer that appeared to inhibit critical crack formation and the underlying
HVOF layer prevented further internal oxidation and appeared to supply the APS flash coating with Al. The addition
of Hf and Y to the flash coating increased internal oxidation and accelerated Al consumption, thereby reducing the
benefit of the flash coating.
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1. Introduction

The previous work showed that an MCrAlY air plasma sprayed (APS) ‘flash’ coating above a dense high
velocity oxy-fuel (HVOF) coating could significantly increase thermal barrier coating (TBC) lifetime in furnace cycle
testing (FCT) [1,2]. The longer lifetime was attributed to enhanced micro-roughness compared to conventional HVOF
coatings. In a second study [3], the enhanced lifetime of these two-layer bond coatings was attributed to the lower
coefficient of thermal expansion (CTE) of the flash coating due to internal oxidation and porosity which more closely
matched the yttria-stabilized zirconia (Y'SZ) top coat. Recently [2], a large increase in average TBC lifetime was found
when an APS flash coating was applied to superalloy 247 rod specimens that had surprisingly short lifetimes with an
HVOF-only MCrAIYH{Si [4] bond coating using 100-h cycles in air with 10%H,0 (wet air) at 1100°C, Fig. 1. Wet
air was used to better simulate the exhaust environment of a turbine engine [5,6].

In order to compare the effect of a flash coating to prior FCT results using 1-h cycles in wet air at 1100°C
[7,8], this study returned to flat disk specimens of alloy 247 to quantify the benefit of the APS flash coating observed
on the rods and to monitor the evolution of the residual stress in the thermally grown alumina scale using photo-
stimulated luminescence piezospectroscopy (PLPS) [5,6,9-12]. The performance of APS flash coatings with MCrAlY
and MCrAIYHfSi powders were compared to HVOF-only bond coatings [7,13], and all three types of bond coatings

were coated with a standard APS YSZ top coating made in the same batch.

2. Material and methods

Alloy 247 superalloy disks (1.59 cm diameter and 2 mm thick with a composition shown in Table 1) were
coated on one side with an HVOF NiCoCrAlYHfSi bond coating using the powder composition designated YHfSi
in Table 1. For the outer APS flash coating, two different powders were used with compositions shown in Table 1.
One flash coating powder (Y-only) contained only 0.42 wt.% Y, and the second flash coating powder (YHfSi) was
the same powder also used for the HVOF inner bond coating layer on all specimens. One set of samples were not
subsequently coated with a flash coating and so only had an HVOF coating. The starting powder size was 37.5 + 6.6
pm and 32.4 + 9.1 pm for the Y-only and YHfSi bond coating powders, respectively. All the bond and flash
coatings were annealed at 1080 °C for 4 h in a 10-* Pa vacuum prior to the deposition of a ~200 um thick APS YSZ

top coating.



Five specimens of each coating type were thermally cycled at 1100 °C in air with 10 vol.% H,O. The
specimens were held on alumina rods using a Pt-Rh wire in an automated vertical furnace rig and each cycle
consisted of 1 h at temperature followed by cooling for 10 min in ambient air to <30 °C. The specimens were
removed from the rig for inspection and weighing every 20 cycles. The failure criterion was >20% coating loss but
failure typically was 100% of the YSZ coating spalling in one piece. A portion of one disk of each type of flash-
coated specimen was cut off for characterization using a diamond saw. The same specimen was then cycled to 100
cycles and then 300 cycles and a portion of the disk was cut off at each stage to observe the evolution of the reaction
products beneath the YSZ.

Residual hydrostatic stress was nondestructively measured in the thermally-grown a-Al,O; scale through
the YSZ top coating after cycling using PLPS as described elsewhere [5-7,9,10,12]. A Raman microprobe (Dilor
model XY800, Horiba Scientific, Edison, NJ) with an Ar* laser operating at 5145 A was used to measure the same
500 X 670 um region with a step size of 10 um after every 100 cycles. This allowed the local evolution of stress to
be monitored during FCT for one specimen of each type of bond coating. For characterization of the reaction
products, specimens were mounted in epoxy, polished and imaged using light microscopy and scanning electron
microscopy (SEM). Compositional maps were acquired using energy dispersive spectroscopy (EDS).

Fractal analysis was performed on a cross-section image of each of the three bond coatings using the

equation:

LR= ZN 1 pi (1)

i cos6;L
where Ly is the relative length, L is the total projected length for all N virtual steps, p; is the projected length for
virtual step and 0; is angle between the normal to the nominal surface. This is the same methodology as used by
Nowak et al. [1]. For each sample, the bond coating/YSZ interface for four separate images was isolated using
ImageJ and then stitched together using Inkscape. The stitched image was then analyzed by the compass-method
using a MATLAB™ script which evaluated the relative length for 300 progressively smaller rulers. This yielded the
relative length (Lg) as a function of scale length (r). The smooth-rough crossover was determined manually and then
the fractal dimension (Dy) was extracted from the slope. The roughness of the bond coating/YSZ interface was
determined by image analysis of cross-sections.

EDS spectrum images from cross-sections were analyzed using optimally-scaled principal component

analysis [14], which was used to de-noise the datasets by rank-reduction to create a low-noise basis for subsequent



analysis. The subsequent analysis used was the modification of independent component analysis (ICA) described by
Windig and Keenan [15], which provides better analysis of EDS data than traditional ICA methods; specifically, the
first method ("appended") of the two described by Windig and Keenan was used. The ICA results are in the form of
spectral endmembers representing independent elemental groupings in space, and the abundance maps are the pixel
weightings of the abundances. The spectral endmembers and abundance maps produced were then exported to

HDFS5 and image formats. These calculations were performed using MATLAB R2018 via in-house scripts.

3. Results and discussion

Fig. 2 shows the as received cross-sections of the APS flash coatings and a representative HVOF specimen
for comparison . The NiCoCrAlYHfSi HVOF-only coating appears dense across the entire bond coating as does the
inner HVOF bond coating of the two bi-layer coatings. The outer APS coating of both bi-layer bond coatings (Figs.
2a & 2b) contains internal oxidation that is oriented parallel to the coating interface and is typical of the APS
process [16]. The YHfSi APS outer layer appears to contain more internal oxidation than the Y-only APS outer
coating. As similar powder sizes were used for each APS coating, this cannot be attributed to splat size but is more
likely a result of in-flight oxidation of the higher Y and Hf levels in the YHfSi coating, Table 1. Fig. 3 shows the
starting thicknesses of the three bond coatings shown in Fig. 2. The bond coating thicknesses were very similar for
the two bi-layer (flash coated) samples. Due to difficulties in achieving the correct bond coating thickness, the
HVOF-only bond coating was ~40 um thicker than the total thickness of the two bi-layer coatings.

Fig. 4 shows the roughness (R,) and fractal dimension [1] at the YSZ/bond coating interface of all three as-
received coatings. The roughness was higher on the two APS bi-layer coatings compared to the HVOF-only coating.
However, the roughness values for all three coatings were significantly less than have been reported elsewhere [1,3].
The fractal dimension (Dy) is a measurement of the micro-roughness of the interface. Both flash coated samples had
a Draround 1.12 which was only slightly above that of the HVOF-only coating and was much lower than the D¢
measured by Nowak, et al., on their flash coated sample which was 1.31 [1]. The small change in D¢ between the
three samples in this work suggests that the micro-roughness did not vary enough to accurately test the effect of this
parameter on coating lifetime.

Fig. 5 shows the average lifetime for five specimens of each type of coating in 1-h cycles at 1100 °C in

10% H,0 and air. For comparison, the average lifetimes for two previous batches (three specimens per batch) of



similar HVOF-only bond coatings on 247 substrates are shown [9,10]. The differences among the three HVOF-only
batches illustrate the variability from the multi-step coating fabrication process and confirms the need to create a
baseline for each study. Unlike prior studies where lifetimes were not always statistically-significant [2,7], the
YH(Si flash coating showed an increase in average lifetime of 12% while the Y-only flash coating improved the
average lifetime by 71%. The longer lifetime for the Y-only flash coating was opposite to results for HVOF-only
coatings where YHfSi powder outperformed an MCrAlY HVOF-only bond coating by 20-40% [17].

The mean compressive residual stress in the thermally-grown Al,O; scale is shown in Fig. 6. For all three
coatings, the stress gradually decreased with thermal cycling due to damage accumulation in the scale. The rate of
stress decline was fastest for the HVOF-only bond coating which reached a lower mean compressive stress prior to
failing than the two bi-layer coatings. Two-dimensional stress maps measured from the same area following
subsequent thermal cycling on all three coatings are shown in Fig. 7. The blue regions correspond to areas of near-
zero stress where the residual thermal mismatch stress between the scale and the bond coating had been relieved by
cracking, especially near asperities in the bond coating as observed previously [6,7,9,10]. The stress in the HVOF-
only coating was more uniform than the two APS flash coated samples, which reflects the smoother interface of the
HVOF sample, Fig. 4. This lower roughness interface may also enable earlier failure of the HVOF-only bond
coating by allowing a crack to traverse the interface without being deflected by an asperity in the bond coating. All
three coatings gradually decreased in compressive stress within the flatter regions away from the bond coating
asperities going from ~1.2 GPa (pink color) to ~0.5 GPa (green color) prior to failure.

Back-scattered electron SEM images of representative failed cross-sections of each coating type are shown
in Fig. 8. The failed HVOF-only interface (Fig. 8a) had a uniform alumina scale with indications of repeated
cracking [18] and appears smoother than the two APS flash coatings, which is consistent with the stress maps in
Figure 7. In contrast, the two flash-coated samples (Fig. 8b & ¢) formed a much larger volume of oxide and the
outer layer has become a coarse mixture of oxide and metal. Normally, a large amount of oxide formation and
associated Al consumption does not bode well for coating performance. Yet the oxides appear to be mainly alumina
and did not appear to penetrate the inner HVOF layer. Instead, the mixed metal-oxide layer may have been more
compliant and prevented a crack from growing along the interface. Also, the volume expansion associated with
alumina formation may have provided a compressive stress that could inhibit crack growth. This composite layer

also may have reduced the CTE mismatch between the substrate and the scale. The strain energy associated with this



mismatch is the driving force for scale spallation and the critical scale thickness for spallation is proportional to the
square of the CTE mismatch [19]. EDS analysis indicated that the HVOF layer beneath the YHfSi flash coating had
only 3.5+0.2%Al (based on spectra collected from the HVOF layer) remaining at failure after 760 cycles. In
contrast, the Y-only flash coating had 4.3+0.1%Al remaining after 1080 cycles, suggesting a significantly slower
consumption rate. For comparison, the thicker HVOF only coating had 5.3+£0.4%Al after failure at 620 cycles.

The difference in average lifetime between the two flash coatings was significantly larger than expected
and therefore comparing the failed microstructures is less relevant since the failure times were so different. To better
understand the performance difference between the Y-only and YHfSi flash coatings, pieces were cut off one
coupon of each type after 100 and 300 cycles for microstructure comparisons. Back-scattered electron SEM images
and Al EDS concentration maps for both bi-layer bond coatings after 300 cycles are shown in Fig. 9. The most
striking difference between the two bi-layer bond coatings is that a layer of B-NiAl (i.e. Al-rich) precipitates
remained in the HVOF layer beneath the Y-only flash coating, indicated by the red arrow in Fig. 9b. This region is
absent in the YHfSi bond coating (Fig. 9d) suggesting that more Al depletion had occurred from this coating after
300 cycles due to more oxide formation in the outer layer of the bond coating. Since the Al reservoir was similar in
these two coatings of similar thickness, the coating with a slower Al consumption rate would be expected to have a
longer lifetime. Once the coating is significantly depleted in Al, it is well-known that the formation of Cr- or Ni-rich
oxides will hasten failure [20,21]. To determine what oxides formed at failure of the flash coatings, Figure 10 shows
independent component analyses of EDS maps following failure. Both failed oxide scales contain Cr-rich oxides
near the YSZ top coating, Figs. 10c and 10f. [22]. These oxides may have formed through the diffusion cell effect
described by Evans and Taylor [21].

The higher Y and Hf (i.e. reactive element (RE)) content in the YH{Si flash coating (Table 1) appeared to
lead to more internal oxidation in the as-sprayed coating (cf. Figs. 2b & ¢) [23]. During cycling, this coating also
appeared to form more oxide in the outer layer resulting in more rapid Al depletion and earlier failure in the cyclic
test. Fig. 11 focuses on the APS flash coating layer from the Y-only and YH{fSi coatings after 100 and 300 cycles at
1100 °C. Both flash coatings contain voids in the internally oxidized areas which will help to reduce the stiffness of
the flash coating region. A more compliant interface could reduce the thermal mechanical stresses which will

enhance coating lifetime. Nevertheless, the benefits of having an APS flash coating layer were partially offset for the



YH{Si flash coating by too much internal oxidation. Optimization of the RE addition for a flash coating may be
different than optimal levels for other types of bond coatings [24].

Additional three-dimensional characterization of the outer bond coating layer is in progress. It appears that
this layer assists in preventing cracks from propagating along the interface as suggested by Nowak, et al. [1].
Traditionally, efforts to create graded metal-oxide bond coatings [25] have encountered issues with Al depletion
from the metallic phase leading to early failure due to Ni-rich oxide formation. With the bi-layer coating structure,
the inner HVOF layer appears to confine the mixed metal-oxide structure to the outer layer and likely supplies Al to
the metal in this layer. Once pathways for the Al to diffuse to the metal tendrils in the intermixed layer from the
dense HVOF layer are cut off due to oxidation, the outer layer will become Al depleted and begin to form other
oxides. Similar structures were observed by Zou et al. [3] but not by Nowak et al. [1]. Based on how the outer layer
oxidation develops, it is not clear how important starting roughness is to the improvement in FCT lifetime. Further
work is needed comparing flash coatings with different starting roughness. Comparing coatings with different inner

and outer layer thicknesses also might determine the importance of the inner layer acting as an Al reservoir.

4. Conclusion

The effect of two different flash coatings on average TBC lifetime was studied in furnace cycle testing
using 1-h cycles in wet air at 1100 °C. Two types of flash coatings applied over an NiCoCrAIYHfSi HVOF layer
increased the lifetime compared to an HVOF-only bond coating that was greater in thickness. However, the
NiCoCrAlYHfSi flash coating only increased the average furnace cycle lifetime by ~10% because of excessive
oxidation and Al consumption associated with the higher Y and Hf levels in this outer layer. The NiCoCrAlY flash
coating increased the average lifetime by ~70%. In both cases, the outer APS layer converted into a convoluted
mixture of interlocking metal and oxide that retained a higher residual stress in the alumina than a conventional
HVOF-only coating. The inner HVOF layer prevented further ingress of the oxide and supplied Al to the outer layer.
The development of this mixed outer layer does not necessarily support the hypothesis that starting coating
roughness predicts lifetime and this correlation should be further investigated using flash coatings of different

starting roughness on both disk and rod specimens.
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Table 1. Chemical compositions (weight % or ppmw) determined by inductively coupled plasma analysis and combustion analysis.

Material Ni | Co | Cr Al Y Hf Si | Ti | W | Ta | Mo | C | Other (ppmw)
Y-only powder | 47.1 | 23.0 | 16.6 | 12.8 | 042 | < |0.04 | < |0.02| < | < | < 8S
YHIfSi powder | 48.0 | 21.6 | 16.7 | 12.3 | 0.68 | 0.25 | 036 | < [ 001 | < | < | < 28

Alloy 247 59.1 1102 ] 85 | 5.6 < | 1.320.06|1.0|10.0|32| 06| 02| 200Re, 118

< indicates below the detectability limit of <0.01%.
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List of figure captions

Figure 1. TBC rod lifetimes (cycles to failure) following 100-h cycles in air + 10 vol.% H,O at 1100 °C.
The error bars are one standard deviation of 3 measurements about the mean value.

Figure 2. Light optical microscope images of polished cross-sections of as received (a) YHfSi HVOF-only,
(b) Y-only Bi-layer, and (c) YHfSi Bi-layer bond coatings.

Figure 3. The starting bond coating thicknesses of all three specimens. The error bars are one standard
deviation of 30 measurements.

Figure 4. The starting roughness, R,, and the fractal dimension (Dy) of the three bond coatings measured at
the YSZ bond coating interface.

Figure 5. TBC lifetimes (cycles to failure) following 1-h cycles in air + 10 vol.% H,O at 1100 °C of disk
specimens. The error bars are one standard deviation of 5 measurements for the three specimens on the left and of 3
measurements of the two specimens on the right. The HVOF 2014 and 2015 samples were previously described in
Refs. [9] and [10], respectively.

Figure 6. Mean compressive stress measured in the Al,O5 scale using PLPS versus number of 1-h cycles at
1100 °C of the three TBCs studied in this work. The measurements are the average of 3468 individual stress
measurements and the error bars are one standard deviation. Measurements were collected every 100 cycles and the
data points are shifted slightly for clarity. The cycles at failure are shown next to the last data point for each of the
three TBCs.

Figure 7. Two-dimensional scale stress maps collected from the scale layer under the YSZ top coating from
the three bond coatings (rows) after 20, 300, 600 and 1000 cycles (columns) at 1100 °C. Only the Y-only Bi-layer
bond coating survived to 1000 cycles.

Figure 8. Back-scatter SEM images of polished cross-sections of (a) the YHfSi HVOF-only bond coating
after failure at 620 c, (b) the Y-only Bi-layer bond coating after failure at 1080 ¢, and (c) the YHfSi Bi-layer bond
coating after failure at 760 c. All cycling took place at 1100 °C in air + 10vol.% H,O.

Figure 9. Back-scatter SEM images of (a) the Y-only Bi-layer bond coating and (c) the YHfSi Bi-layer

bond coating after 300 cycles at 1100 °C. The corresponding aluminum weight percentage maps measured using

13



EDS are shown in (b) and (d), respectively. A region of B-phase in the Y-only Bi-layer is indicated by an arrow. The
color bar was scaled so as to highlight the Al concentration in the bond coating.

Figure 10. Secondary electron images of (a) the failed Y-only Bi-layer coating after 1080 cycles and (d) the
failed YHfSi Bi-layer bond coating after 760 cycles. Independent component analyses of the EDS maps show the
location of Al,O5 and Cr-rich oxides phases for (b & ¢) the Y-only coating and (e & f) the YHfSi coating. The
corresponding spectral endmembers for the maps in e & f are shown in (g) for the YHfSi flash coating. The Y-only
flash coating showed nearly identical spectral endmembers and so, for clarity, is not displayed here.

Figure 11. Back-scatter scanning electron microscope images of polished cross-sections of the APS flash
bond coating layer from (a) the Y-only Bi-layer coating after 100 cycles and (b) 300 cycles and (c) the YHfSi Bi-

layer coating after 100 cycles and (d) 300 cycles. All cycling took place at 1100 °C in air + 10vol.% H,O.
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