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1. Introduction 

Gas-turbine engine (GTE) operation in particle-laden environments leads to 
infiltration and adhesion of molten calcia–magnesia–alumino–silicate (CMAS) in 
thermal barrier coatings (TBCs) on hot-section components. Fine particles pass 
through cold sections and enter the combustor, where they melt and impinge on 
high-pressure turbine components. Molten particles then adhere to the TBC, 
followed by infiltration of the porous coatings, leading to further degradation of the 
TBC. 

The industry standard, 8-mol% yttria-stabilized zirconia (8YSZ) TBC, is highly 
vulnerable to CMAS attack and eventually fails, causing early GTE failure and 
reduced flight time of vertical-takeoff-and-landing aircraft. The production of a 
more sandphobic TBC would allow increased efficiency, engine performance, and 
flight time. To create a sandphobic TBC, we must first understand which phases 
are changing and which chemical reactions are taking place. 

We designed experiments to analyze the chemical reaction kinetics between molten 
CMAS and the TBCs to better understand the melt interactions with several 
compositions of TBCs. We also analyzed the effects of varying TBC composition 
on adhesion by comparing interfacial strength and area covered by CMAS. 

TBC failure is caused by molten CMAS infiltration. In previous works it was shown 
that anhydrite (CaSO4) forms and introduces residual stresses.1–3 These stresses are 
caused by coefficient of thermal expansion (CTE) differences that can lead to crack 
formation and growth that worsens with increasing cycles.4 

Protective layers such as calcium zirconate and a kimzeyite garnet also form.3 Local 
melt chemistry affects the formation of these protective layers and other reactions. 
When the yttria is leached out, local melt chemistry changes, as do the phases 
present.4 Calcium replaces yttria, and the zirconia is no longer tetragonal prime (t’) 
but becomes cubic. This phase transformation makes the zirconia less stable at 
lower temperatures and causes an increase in thermal conductivity. The formation 
of new reactive species and protective layers is also beneficial. When these layers 
form at the surface, they act as a barrier between the TBC and CMAS on the surface. 
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2. Methods 

2.1 Adhesion Experiment  

TBCs of various compositions were deposited on Inconel pucks using air plasma 
spraying. Once the TBCs were deposited, sand slurry was brushed on the surface 
and two pucks of the same composition were pushed together for 30 s. When the 
slurry was dry, the samples were placed in a box furnace for various amounts of 
time and temperature. 

The samples were then tested with an Elcometer 510 Model adhesion strength tester 
to measure the strength of the interface at which failure occurs. 

2.2 Bulk Reaction Experiment 

TBC powders were weighed and mixed with an equal weight of AFRL-02 test dust 
at (50/50 wt%) mixture. Then 1.5 g of the powder/test-dust mix were placed in a 
crucible and ramped in a box furnace at 5 °C/min up to 1,300 °C, where the sample 
was held for 4 h then ramped back to room temperature at 5 °C/min. 

After the 1.25-inch sample was removed from the furnace, it was set in epoxy. The  
sample was then polished with a Struers TegraPol-21 polisher, TegraForce-5 
polisher head, and a TegraDoser-5 dosing system (first with 300-grit sandpaper, 
then 420-, 600-, and 1,200-grit ExTec silicon carbide [SiC] paper). Then the sample 
was polished with a Struers MD Largo pad with a 15-µm diamond abrasive 
followed by an Allied Pan B pad with 9-µm diamond abrasive for 10 min each, 
Buehler Trident with 3-µm diamond abrasive for 8 min, Struers MD Dac with  
1-µm diamond abrasive for 1.5 min, and finally a Struers MD Chem pad with  
0.02-µm colloidal silica abrasive for 3 min. The SiC paper was run at 300 rpm 
(head/base), and the polishing pads were run at 150 rpm (head/base), all with a 
force of 25 N per sample, or 150 N for the entire holder of six samples. 

These samples were also characterized using a Hitachi 3500 scanning electron 
microscope (SEM) and energy-dispersive X-ray spectroscopy (EDS). SEM and 
EDS were used to characterize the TBC powders, TBC powder/test-dust mixture, 
and the polished mixture melt. The loose powders were placed on carbon tape and 
the polished samples in a holder for SEM and EDS. 
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2.3 Results 

2.3.1 Adhesion Experiment 
Some of the adhesion results are tabulated in Table 1. 

Table 1 Adhesion experiment parameters 

 

Sample A1100-30D (Fig. 1) is composed of 8YSZ and was heat treated at 1,100 ℃ 
for 30 min. Once this sample was pulled apart with the adhesion tester, both TBC 
surfaces seemed to be covered in CMAS. This leads us to believe that failure 
occurred at the sand–sand interface. 

 

Fig. 1 Sample A1100-30D: a) EDS map, b) digital single-lens reflex (DSLR) camera image, 
c) yttrium EDS map from image (a), and d) zirconium EDS map from image (a) 
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Sample S5 (Fig. 2) was composed of 8YSZ-32-vol% gadolinium(III) oxide 
(Gd2O3) and heat treated at 900 ℃ for 1,200 min (20 h). The DSLR image of sample 
S5 looks drastically different from the DSLR image of Sample A1100-30D. Much 
more TBC is visible in this sample because failure occurred at the sand–TBC 
interface rather than at the sand–sand interface.  

 

Fig. 2 Sample S5: a) EDS map, b) DSLR image, c) gadolinium EDS map from image (a), 
d) yttrium EDS map from image (a), and e) zirconium EDS map from image (a) 

Sample S10 (Fig. 3) was composed of 8YSZ-8-vol% Gd2O3 and heat treated at  
700 ℃ for 1,200 min (20 h). S10 is very similar to S5, but there seems to be slightly 
less TBC visible in S10. 
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Fig. 3 Sample S10: a) EDS map, b) DSLR image, and c) SEM image 

The adhesion of the sand was very weak, as expected. Failure occurred at the  
sand–TBC interface or sand–sand interface in all samples. Sample A1100-30D was 
broken in shipping; therefore, no adhesion strength was available, but the adhesion 
of the other samples was very low as well. An adhesion strength of 0.13 MPa is 
approximately 2 orders of magnitude weaker than the adhesion strength of a TBC 
on to the substrate, which is 15–25 MPa.5 The sand coverage is noticeably different 
in S5 and S10 compared with A1100-30D, which has much less TBC visible in the 
DSLR image than samples S5 and S10. These samples were all tested with slightly 
different conditions, but none of the samples reached the melting temperature of 
CMAS (Tm = 1,220 ℃). The other key difference in these samples was the 
composition of the TBCs. The CMAS seemed to adhere less to the TBCs with 
higher volume-percent gadolinia. 

2.3.2 Bulk Reaction Experiment 

The premelt mixture of this sample in Fig. 4a shows the 8YSZ particles in the 
CMAS. After the heat treatment the YSZ particles seem to break apart, as seen in 
Fig. 4d and 4e. This was possibly the YSZ dissolving in the molten CMAS since 
the sample was held at 1,300° for 4 h. 
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Fig. 4 8YSZ-AFRL-02: a) SEM image of premelt mixture, b) EDS map of image (a),  
c) zirconium EDS map of image (a), d) SEM image of cross section after melt, e) SEM image 
of melt surface, f) yttrium and zirconium EDS map of image (d), and g) EDS map of image (d) 

Figures 5–10 all show similar behavior of the YSZ particles breaking apart. Some 
YSZ particles are already hollow while others are dense. Some of the YSZ particles 
have slight porosity that may be hollowing of the particle since they look different 
from the previously hollow particles. The most important difference in these 
samples as compared with the 8YSZ-AFRL-02 is the increasing gadolinia content. 
The gadolinia is in localized pockets before heat treatment, but after treatment the 
gadolinia is more homogeneous in the samples. The gadolinia was detected in the 
same area as the CMAS, which could be evidence of the gadolinia dissolving in the 
molten CMAS. Small black pockets are also seen in most of the cross-section SEM 
images, which is most likely contamination from polishing. The small diamond 
abrasives were encompassed by the epoxy used to hold the samples in place. 

d) 
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Fig. 5 8YSZ-2-vol% Gd2O3-AFRL-02: a) premelt powder in crucible, b) powder after melt 
in crucible, c) SEM image of pre-melt mixture, d) SEM image of cross section after melt,  
e) SEM image of melt surface, f) zirconium EDS map of image (d), g) gadolinium EDS map of 
image (d), and h) EDS map of image (d) 

 

Fig. 6 8YSZ-8-vol% Gd2O3-AFRL-02: a) premelt powder in crucible, b) powder after melt 
in crucible, c) SEM image of pre-melt mixture, d) SEM image of cross section after melt,  
e) SEM image of melt surface, f) zirconium EDS map of image (d), g) gadolinium EDS map of 
image (d), and h) EDS map of image (d) 
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Fig. 7 8YSZ-8-vol% Gd2O3-AFRL-02: a) SEM image of sample cross section after melt, b) 
EDS map of image (a), and c) zirconium, gadolinium, and yttrium EDS map of image (a) 

 

Fig. 8 8YSZ-17-vol% Gd2O3-AFRL-02: a) premelt powder in crucible, b) powder after 
melt in crucible, c) SEM image of pre-melt mixture, d) SEM image of cross section after melt, 
e) SEM image of melt surface, f) zirconium EDS map of image (d), g) gadolinium EDS map of 
image (d), and h) EDS map of image (d) 



 

9 

 

Fig. 9 8YSZ-32-vol% Gd2O3-AFRL-02: a) premelt powder in crucible, b) powder after 
melt in crucible, c) SEM image of pre-melt mixture, d) SEM image of cross section after melt, 
e) SEM image of melt surface, f) yttrium, zirconium, and gadolinium EDS map of image (d), 
g) zirconium EDS map of image (d), and h) gadolinium EDS map of image (d) 

 

Fig. 10 8YSZ-32-vol% Gd2O3-AFRL-02: a) SEM image of sample cross section after melt, 
b) zirconium EDS map of image (a), c) gadolinium EDS map of image (a), and d) zirconium, 
gadolinium, and yttrium EDS map of image (a) 

a) 
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Figures 7 and 10 show SEM images of gadolinia at a much higher magnification. 
These SEM images were taken at the boundary of a YSZ particle to analyze a 
possible diffusion layer. In Figs. 7c and 10c, diffusion is seen between the 
gadolinium and zirconium. These EDS spectra could be evidence of a protective 
layer forming. While looking for the possible formation of a protective layer, small 
hexagons were viewed near the YSZ particle. These small hexagons appeared as 
gadolinium in EDS and ranged from 0.5 to 2 μm. These small gadolinia particles 
underwent a large change in particle size, as the original size was approximately  
33 μm. The cause of this could be the gadolinia dissolving in the molten CMAS 
and reprecipitating out with a much smaller particle size. These phenomena could 
lead to changes in adhesion as well as prevention of undesirable phase changes. 

Figure 11 is gadolinia mixed with AFRL-02 and it shows behavior similar to the 
gadolinia mixed with YSZ and AFRL-02 in previous samples. The gadolinia is 
localized in the premelt in Fig. 11c, but after heat treatment the gadolinia is more 
homogeneous. Figure 12 shows the samaria (Sm2O3) and AFRL-02 sand mix, and 
shows similar behavior to gadolinia, except the samaria begins with a smaller 
particle size. Change in particle size is not as noticeable in samaria, but image  
Fig. 12f shows the samaria becoming more homogenous in the CMAS. 

 

Fig. 11 Gd2O3-AFRL-02: a) premelt powder in crucible, b) powder after melt in crucible,  
c) SEM image of premelt mixture, d) SEM image of cross section after melt, e) SEM image of 
melt surface, f) gadolinium EDS map of image (d), g) silicon EDS map of image (d), and  
h) EDS map of image (d) 
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Fig. 12 Sm2O3-AFRL-02: a) premelt powder in crucible, b) powder after melt in crucible,  
c) SEM image of premelt mixture, d) SEM image of cross section after melt, e) SEM image of 
melt surface, f) samarium EDS map of image (d), g) calcium EDS map of image (d), and  
h) EDS map of image (d) 

The melts in Fig. 13 all show different behavior based off composition. Samples in 
Figs 13b, c, e, and g all cracked after cooling, and Fig. 13c shows the samaria 
turning yellow. These samples seem to show more porosity and cracking with 
increasing gadolinia content. Once the samples hit 17-vol% gadolinia in Fig. 13b, 
the samples began to crack, which may be due to lower adhesion strength because 
of the amount of gadolinia. Figs. 13 a, d, and f are all uncracked but seem to wet 
the surface of the crucible in different ways. The 2-vol% gadolinia in Fig. 13d 
seems to wet the surface more than 8YSZ in Fig. 13a, but the sample with 8-vol% 
gadolinia in Fig. 13f seems to wet the surface less. 
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Fig. 13 Melt comparison 

3. Conclusions 

The adhesion strength of the sand–TBC interface is weaker when gadolinia is 
present. Since the sand–sand interface broke in the 8YSZ TBC sample, the sand 
adheres more to the surface of the samples than to the sand itself. In Fig. 1, the 
DSLR images show that the sand–sand interface broke because almost no TBC is 
visible. The gadolinia TBC samples in Fig. 2 and Fig. 3 show that the sand–TBC 
interface failed first. This could be very valuable for the development of sandphobic 
TBCs. It is unknown exactly how much the volume percent of gadolinia in the TBC 
affects the adhesion of the sand to the TBC surface. The decrease in adhesion of 
the sand to TBC surface will aid in decreasing buildup of CMAS, which may 
decrease the infiltration of CMAS in the TBC. 

Through the bulk reaction experiments we were able to study the chemical reaction 
kinetics. In Figs. 7 and 9, high-magnification SEM images show small particles that 
show up as gadolinium in EDS. As mentioned, this could be evidence of gadolinia 
dissolving in the CMAS melt and reprecipitating out with a much smaller particle 
size. This could be beneficial if the gadolinia particle size can be controlled, as the 
small particles may affect the surface energy of the molten CMAS on the TBC 
surface. The surface energy increasing could change how the molten CMAS wets 
the surface, which could decrease adhesion of CMAS to TBC. 
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The YSZ did not dissolve as much as expected, but YSZ particles were seen 
breaking apart in the molten CMAS. Some hollowing of the YSZ particle may have 
occurred, but it is hard to say definitively since some YSZ particles were already 
hollow. 

4. Future Work 

Further adhesion test will be run with different parameters. The same samples will 
be tested but with all at the same temperature and length of cycle. This method will 
make it easier to compare the samples, especially between samples with gadolinia 
and without. We will also perform surface analysis to compare samples with 
gadolinia to measure the effect on TBC coverage compared with the amount of 
gadolinia in the samples. 

The bulk reaction experiment will be changed slightly by increasing the box furnace 
cycle. Instead of holding the sample at temperature for 4 h, we will hold them at 
temperature for 24 h. Increasing the furnace cycle will allow more time for 
diffusion coupled with further postprocessing to allow us to better detect the 
formation of protective layers. We will also perform X-ray diffraction and 
differential scanning calorimetry to better detect new phases and reactive species. 
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