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1.0 Introduction
Due to the continuing search for higher efficiency gas turbines, coating systems research and development are
being driven worldwide. Thermal barrier coatings (TBCs) are designed to withstand high temperatures and protect the
substrate components below the coats. The TBC layers typically start with a metallic bond coat applied to the metal
substrate. A ceramic top coat (usually in a form of yttria-stablized zirconia (YSZ) is attached on top of the bond coat
initially. A thermally grown oxide (TGO) develops between the bond coat and ceramic top coat as the system is put in
operating conditions. The layers can be seen in Figure 1. Due to the TBC’s low conductivity relative the substrate, it
provides thermal insulation to the metallic/superalloy substrate, allowing the system to run at much higher gas
temperatures than the substrates’ melting point. The higher operating temperatures tend to increase the gas turbine
efficiency.

Figure 1: TBC structures produced by different methods: a) produced by APS method, b) produced by EB-PVD method

The Materials & Processes Engineering: Coating Technologies & Development team in GE Power & Water
Schenectady strives to improve many different coating technologies by increasing performance or lowering cost for gas,
steam, and wind turbine applications. Process development, testing, and evaluating cutting edge coatings technology
are all in a day’s work for the M&PE team in Building 40.
Two projects have been assigned for this summer: AG1 Comparisons and Spray Process Modification for SiC/SiC
CMC samples. The first project compares 2 different types of TBC powders: Saint-Gobain 9237 - Norton AG1 Yttria
Stabilized Zirconia and Sulzer Metco 8% Yttria Stabilized Zirconia. Microstructure and properties of the coatings are to be
analyzed to determine which powder produces a higher-caliber coating. The second project introduces a system capable
of heating a ceramic matrix composite (CMC) sample prior to spraying a rare earth disilicate coating. Heating is provided
via inductance that is pneumatically applied to the sample between each coating pass.

2.0 AGI Ceramic Coating Comparisons
2.1 Thermal Spray Process
Thermal spraying is a coating process in which a heat source melts the coating material (usually a powder or
wire) and deposits it on a surface at a high velocity. Figure 2 below contains a basic schematic of the process.
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Figure 2: Typical thermal spray powder process

5 of the more common thermal spray processes are:
1.
2.
3.
4.
5.

Electric Arc Spray (Twin Wire Electric Arc)
Flame Spray ( Oxy-acetylene)
Plasma Spray (APS)
HVOF (High Velocity Oxy-Fuel)
Cold Spray

Electric Arc Spray uses two consumable wire electrodes that are fed independently into the gun. The wires are
electrically charged and when contacted, create an arc. The heat from the arc melts the wires, and the molten droplets
are deposited using an air jet onto the substrate.
Flame spray incorporates basic welding principles with oxygen and acetylene combustion. Powder and wire is
melted and carried by the air jets and flame onto the workpiece.
Air Plasma Spray (APS) generates a plasma state using an inert gas from a cathode that is superheated by a DC arc.
Once plasma temperatures are achieved, the gas exits an anode nozzle as a plasma jet. Feedstock is injected into the
plasma jet and propelled onto the substrate.
The High Velocity Oxy-Fuel (HVOF) spraying process combusts oxygen and an ignitable gas. HVOF uses a different
spray gun design than the flame spray. The gun produces higher flame temperature and higher velocities. A denser and
well-bonded coat is deposited due to the feedstock having more kinetic energy and being more thoroughly melted.
Cold Spraying has accelerated particles forced through a nozzle. The particles should have high enough kinetic
energy to deform plastically on impact and bond to the substrate.
The continuing development of coating materials and thermal spraying processes will allow gas turbines to operate
at higher and higher temperatures.
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2.2 Objectives
GE Power & Water commonly uses two ceramic powders for thermal barrier coating (TBC) spraying: SaintGobain Norton AG1 for new-make and Sulzer Metco SPM 2000-1 for repair. Both are 8% Yttria Stabilized Zirconia
powders. Powder information such as chemical composition and characteristics are proprietary and withheld from the
public.

Figure 3: SG 9237 vs. SM SPM 2000-1

The powders are subjected to two spray parameters that will be referred to as Parameter A and Parameter B.
Parameter A is the new-make spraying conditions, and Parameter B refers to the repair spraying conditions. The two
parameters vary in gas flow rate, carrier gas, gun current, and supply voltage and power. Parameter A will have a higher
deposition temperature.
The variables in the Design of Experiment (DOE) are as follows:






Bond Coat
o Bond Coat 1 - Air Plasma Spray (APS) (NiCrAlY)
o Bond Coat 2 - High Velocity Oxygen Fuel (HVOF) (CoNiCrAlY)
Spray Parameter
o Parameter A
o Parameter B
AG1 Top Coat
o St-Gobain Norton AG1 9237
 SG1
 SG2
o Sulzer Metco SPM 2000-1
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SM1
SM2

The objectives of this project are to investigate coating properties to determine if one is superior to the other
and pitch a standardization plan to services for the superior spray.

2.3 Coating Set-Up
To begin, test specimens are created. The samples are composed IN718, which is a nickel-based alloy. IN718 is
chosen due to its high yield, tensile, and creep-rupture properties at temperature up to 1300°F. 56 1” O.D. buttons are
created and engraved with an ID on the back. 32 buttons are coated with the Air Plasma Spray (APS) NiCrAlY Bond Coat
1, and 24 are coated with High Velocity Oxygen Fuel (HVOF) sprayed CoNiCrAlY Bond Coat 2. A surface roughness test is
taken on a one BC-1 and one BC-2 button. 7 buttons occupy each grit-blasted backing plate and preheated to a
uniformly specified temperature prior to TBC spraying.

Figure 4: Prepped Plates 1-8

Based on the spray parameters (A or B), the plates are coated using a 9MP-CL feeder. Pauses between each heat
pass are incorporated to ensure that plates and specimens are not overheating. A TBC thickness of 30 mils is desired to
be deposited onto the bond coated sample. Deposit efficiency is tested and recorded prior to changing parameters.
Lastly, the samples will be vacuum heat treated at a high stable soak temperature to eliminate the residual stresses in
the coatings. The total coating thicknesses are measured using a micrometer after heat treatment. Although this only
measures the peaks of the top coat, this thickness reading provides a reference prior to the microstructure evaluation.

2.4 Testing
Once the samples are coated, they are sent to Protech Lab Corp. located in Hilton Head, SC. Protech provides
several materials testing services. The coated buttons undergo several microstructure tests and a tensile test. The bond
coat microstructure tests are for porosity & oxide content and substrate-inner bond. The microstructure tests for the
top coat include vertical crack spacing and length, horizontal crack length, crack morphology, and porosity. The average
coating thicknesses are also given by Protech.

2.5 Coating Results
Prior to sample prepping, roughness values are taken for one BC-1 button and one BC-2 button. The results are
shown Table 1. The BC-2 CoNiCrAlY bond coat has a smoother surface. A rougher surface should allow for the thermal
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barrier coating to adhere to the bond coat. The roughness value will also affect the porosity and oxidation of the entire
coating system.
Table 1: Bond Coat Roughness (Units: μin)

Bond Coat
BC-1 (APS)
BC-2 (HVOF)

Ra1
670
370

Ra2
740
400

Ra3
740
380

Ra4
680
440

AVG
707.5
397.5

Preheat trials and temperature control are measured to ensure that the samples are coated at desirable
conditions. Parameter A will operate at a higher temperature due to a higher power supply condition. To determine the
amount of preheat passes necessary to get the plates to the predetermined preheat temperature, 20 preheat passes
were used.

φ - TC Temp/Desired Temperatrue

Preheat Plate - Parameter A
(Corner of the Plate)
1.6
1.4
1.2
1
0.8

Corner TC

0.6
0.4
0.2
0

Time (s)

φ - TC Temp/Desired Temperatrue

Preheat Plate - Parameter B
(Corner and Center of the Plate)
1.4
1.2
1

0.8

Corner TC

0.6

Center TC

0.4
0.2
0

Time (s)

Figure 5: Thermocouple results for preheat passes
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Figure 5 shows that under both parameters, only 3 passes are needed for reach the desired temperature. To
ensure a successful preheats, 5 passes are used when applying TBC.
Once the preheat trials are completed, the plates undergo the coating process. Figure 6 and 7 below show
Parameter A coated plates with the corresponding deposit efficiency plates and Parameter B coated plates respectively.

Figure 6: GVL OEM Parameter (Plates 1, 3, 5, 7)

Figure 7: TGTS Parameter (Plates 2, 4, 6, 8)

6|Page

Data is collected after every TBC run. Table 2 contains the power supply values and the subsequent deposition
data.
Table 2: TBC Application Data

Cell
Plate
Number Number
2
1
2
1

1
2
3
4

Cell
Plate
Number Number
2
1
2
1

5
6
7
8

Powder

Lot

Parameter

9237
9237
9237
9237

SG1
SG1
SG2
SG2

A
B
A
B

Powder

Lot

Parameter

SPM 2000-1
SPM 2000-1
SPM 2000-1
SPM 2000-1

SM1
SM1
SM2
SM2

A
B
A
B

Accurasp
D.E. @ 9lb/hr, 30.192s
ray data*
Part.
Prior
Post
Supply
Part vel.
Temp.
Intensity weight weight
(kW)
(m/s)
(°C)
(gm)
(gm)
1974.1
1995.7
196
2850
225
736
188
2822
222
600
1975
1998.2
1973.6
1995.1
196
2849
225
714
186
2815
219
596
1980.4
2003.7
Accurasp
D.E. @ 9lb/hr, 30.192s
ray data*
Part.
Prior
Post
Supply
Part vel.
Temp.
Intensity weight weight
(kW)
(m/s)
(°C)
(gm)
(gm)
1975
1996.4
197
2856
236
781
186
2809
231
627
1983.1
2006.3
1979.6
2001.4
196
2822
227
721
187
2786
221
566
1966.1
1989.2

D.E.%

Passes

72
73
71
74

22
22
22
22

D.E.%

Passes

71
73
72
73

22
22
22
22

Thickness mil/pass
0.033
0.034
0.033
0.031

1.50
1.55
1.50
1.41

Thickness mil/pass
0.033
0.032
0.034
0.031

1.50
1.45
1.55
1.41

cell #1 DE based on 27.9 second program time
cell #2 DE based on 26.592 second program time

The deposit efficiency is calculated using Equation 1.
(1)

Based on the deposit efficiency, there is not a large discrepancy between the two powders under 2 spraying parameters.

2.6 Protech Results: Microstructure and Property Analysis
Each plate contains 7 coated buttons. Tensile adhesion tests are performed on 6 of these buttons (3 x BC-1
bonded buttons and 3 x BC-2 bonded buttons). Cytec FM 1000 adhesive film is used since it does not penetrate into the
porous parts of the top coat or increase the apparent tensile strength. GE specification dictates that all top coats must
have a specified individual psi value and a specified average psi value. The latter is the higher value in case there is a
defect in one of the individual values.
1 button on each plate undergoes a metallography analysis for the microstructure of both the bond coat and the
top coat. All 8 of the metallographic test buttons are BC-1 bond coated. The bond coat must have less than a certain
percentage of porosity & oxide content, less than a level of interface contamination, and no unmelts/volcanoes. In terms
of the top coat microstructure, the vertical cracks must not exceed a specified spacing distance and cannot have a crack
length of greater than a percentage of the ceramic layer thickness. Horizontal cracking should be kept very small. Crack
morphology should be similar to previous results and porosity should remain low (roughly 3 times lower that the bond
coat).
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2.6.1 St-Gobain 9237 Results
2.6.1.1 Tensile Results
Tables 3-6 below include the tensile results for the AG1 9237 coated buttons. All buttons passed the GE
requirement for the tensile psi in both the individual and average value. However, sample 3AG21T-2 in Table 5 shows a
significantly lower psi value than the other samples. It can be marked as a random error.
Table 3: SG1/Parameter A

#
1
2
3

Sample ID
1AG21T-1
1AG21T-2
1AG21T-3
Average Failure
4
1AG33T-1
5
1AG33T-2
6
1AG33T-3
Average Failure

LBS.
5158
4849
4536
4848
4782
4919
4850
4850

Plate 1 Tensiles
Tensile Adhesion Results
PSI
Failure Mode
6571
100% Top Coat - Middle
6177
100% Top Coat - Middle
5778
100% Top Coat - Middle
6175
6092
100% Top Coat - Middle
6266
100% Top Coat - Middle
6178
100% Top Coat - Middle
6179

Table 4: SG1/Parameter B

#
1
2
3

Sample ID
2AT21T-1
2AT21T-2
2AT21T-3
Average Failure
4
2AT33T-1
5
2AT33T-2
6
2AT33T-3
Average Failure

LBS.
5740
6297
6820
6286
6683
6018
6350
6350

Plate 2 Tensiles
Tensile Adhesion Results
PSI
Failure Mode
7312
100% Top Coat - Middle
8022
70% Top Coat – Middle / 30% Adhesive
8688
20% Top Coat – Middle / 80% Adhesive
8007
8513
20% Top Coat – Middle / 80% Adhesive
7666
20% Top Coat – Middle / 80% Adhesive
8089
10% Top Coat – Middle / 90% Adhesive
8089
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Table 5: SG2/Parameter A

#
1
2
3

Sample ID
3AG21T-1
3AG21T-2
3AG21T-3
Average Failure
4
3AG33T-1
5
3AG33T-2
6
3AG33T-3
Average Failure

LBS.
4872
3715
4904
4497
4823
4900
4776
4833

Plate 3 Tensiles
Tensile Adhesion Results
PSI
Failure Mode
6206
100% Top Coat - Middle
4732
90% Top Coat – Middle / 10% Adhesive
6247
100% Top Coat - Middle
5728
6144
100% Top Coat - Middle
6242
100% Top Coat - Middle
6084
100% Top Coat - Middle
6157

Table 6: SG2/Parameter B

#
1
2
3

Sample ID
4AT21T-1
4AT21T-2
4AT21T-3
Average Failure
4
4AT33T-1
5
4AT33T-2
6
4AT33T-3
Average Failure

LBS.
5997
6301
6247
6182
6579
6314
5996
6296

Plate 4 Tensiles
Tensile Adhesion Results
PSI
Failure Mode
7639
70% Top Coat – Middle / 30% Adhesive
8027
100% Top Coat - Middle
7958
50% Top Coat – Middle / 50% Adhesive
7875
8381
20% Top Coat – Middle / 80% Adhesive
8043
30% Top Coat – Middle / 70% Adhesive
7638
20% Top Coat – Middle / 80% Adhesive
8021

2.6.1.2 Microstructure Evaluation
Out of the St-Gobain 9237 coated samples, the sample from plate 1, 1AG21T-M, was the only one to not
conform to the specification requirements for the microstructure evaluation. The failed button is one coated with
Parameter A, and the environmental bond coat is air plasma sprayed. The area in question is outlined in Figure 8. The
horizontal crack length is nearly 3x the maximum allowable crack length. Horizontal cracks increase the chance for
spallation of the TBC.
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Table 7: Plate 1 Microstructure Data

Plate 1
Bond Coat Top Coat
Top Coat
Sample ID Thickness Thickness
Crack Count
Porosity %
1AG21T-M 10 mils 32.8 mils 51 Cracks 57 Cracks per Linear Inch
3

Figure 8: SG1/Parameter A

Table 8: Plate 2 Microstructure Data

Plate 2
Bond Coat Top Coat
Top Coat
Sample ID Thickness Thickness
Crack Count
Porosity %
2AT21T-M 9.8 mils 32.4 mils 49 Cracks 54 Cracks per Linear Inch
5

Figure 9: SG1/Parameter B
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Table 9: Plate 3 Microstructure Data

Plate 3
Bond Coat Top Coat
Top Coat
Sample ID Thickness Thickness
Crack Count
Porosity %
3AG21T-M 9.9 mils 33.7 mils 50 Cracks 56 Cracks per Linear Inch
3

Figure 10: SG2/Parameter A

Table 10: Plate 4 Microstructure Data

Plate 4
Bond Coat Top Coat
Top Coat
Sample ID Thickness Thickness
Crack Count
Porosity %
4AT21T-M 9.1 mils 32.8 mils 43 Cracks 48 Cracks per Linear Inch
5

Figure 11: SG2/Parameter B

2.6.2 Sulzer Metco Results
2.6.2.1 Tensile Results
From Tables 11-14, the SPM 2000-1 powder, one can see that many of the samples pass the individual tensile
strength requirement, however the minimum average tensile strength is below the GE specification.
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Table 11: SM1/Parameter A

#
1
2
3

Sample ID
5SG21T-1
5SG21T-2
5SG21T-3
Average Failure
4
5SG33T-1
5
5SG33T-2
6
5SG33T-3
Average Failure

LBS.
2998
2664
3059
2907
5310
5702
5528
5513

Plate 5 Tensiles
Tensile Adhesion Results
PSI
Failure Mode
3819
100% Top Coat - Middle
3394
100% Top Coat - Middle
3897
100% Top Coat - Middle
3703
6764
100% Top Coat - Middle
7264
100% Top Coat - Middle
7042
100% Top Coat - Middle
7023
Table 12: SM1/Parameter B

#
1
2
3

Sample ID
6ST21T-1
6ST21T-2
6ST21T-3
Average Failure
4
6ST33T-1
5
6ST33T-2
6
6ST33T-3
Average Failure

LBS.
3342
3113
2602
3019
5885
5514
5101
5500

Plate 6 Tensiles
Tensile Adhesion Results
PSI
Failure Mode
4257
100% Top Coat - Middle
3966
100% Top Coat - Middle
3315
100% Top Coat - Middle
3846
7497 50% Top Coat – Bottom / 50% Top Coat – Top
7024
100% Top Coat - Middle
6498
100% Top Coat - Middle
7006
Table 13: SM2/Parameter A

#
1
2
3

Sample ID
7SG21T-1
7SG21T-2
7SG21T-3
Average Failure
4
7SG33T-1
5
7SG33T-2
6
7SG33T-3
Average Failure

LBS.
2582
2460
2756
2599
2809
2687
2726
2741

Plate 7 Tensiles
Tensile Adhesion Results
PSI
Failure Mode
3289
100% Top Coat - Middle
3134
100% Top Coat - Middle
3511
100% Top Coat - Middle
3311
3578
100% Top Coat - Middle
3423
100% Top Coat - Middle
3473
100% Top Coat - Middle
3491
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Table 14: SM2/Parameter A B

#
1
2
3

Sample ID
8ST21T-1
8ST21T-2
8ST21T-3
Average Failure
4
8ST33T-1
5
8ST33T-2
6
8ST33T-3
Average Failure

LBS.
5406
5037
5084
5176
5057
4573
5073
4901

Plate 8 Tensiles
Tensile Adhesion Results
PSI
Failure Mode
6887
100% Top Coat - Middle
6417
100% Top Coat - Middle
6476
100% Top Coat - Middle
6593
6442
100% Top Coat - Middle
5825
100% Top Coat - Middle
6462
100% Top Coat - Middle
6243

2.6.2.2 Microstructure Evaluation
The samples from plate 5, 5AG21T-M, and plate 7, 7AG21T-M did not conform to the specification requirements
for the microstructure evaluation due to the horizontal crack lengths exceeding the allowable crack length. Both crack
length are between 2 to 3 times longer than the specified maximum.
Table 15: Plate 5 Microstructure Data

Plate 5
Bond Coat Top Coat
Top Coat
Sample ID Thickness Thickness
Crack Count
Porosity %
5SG21T-M 9.9 mils 32.3 mils 58 Cracks 60 Cracks per Linear Inch
1

Figure 12: SM1/Parameter A
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Table 16: Plate 6 Microstructure Data

Plate 6
Bond Coat Top Coat
Top Coat
Sample ID Thickness Thickness
Crack Count
Porosity %
6ST21T-M 9.4 mils 31.8 mils 46 Cracks 47 Cracks per Linear Inch
1.5

Figure 13: SM1/Parameter B

Table 17: Plate 7 Microstructure Data

Plate 7
Bond Coat Top Coat
Top Coat
Sample ID Thickness Thickness
Crack Count
Porosity %
7SG21T-M 9.0 mils 33.3 mils 51 Cracks 52 Cracks per Linear Inch
1

Figure 14: SM2/Parameter A
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Table 18: Plate 8 Microstructure Data

Plate 8
Bond Coat Top Coat
Top Coat
Sample ID Thickness Thickness
Crack Count
Porosity %
8ST21T-M
9 mils
32.8 mils 39 Cracks 41 Cracks per Linear Inch
1.5

Figure 15: SM2/Parameter B

2.6.3 Comparison
The comparative data is calculated in Minitab. One-way Analysis of Variance (ANOVA) with a 95% confidence
interval is used to generate the results, box plots, main effects plots, and interaction plots.
2.6.3.1 Spray Comparison
As previously stated in Section 2.3, the deposit efficiency is recorded after applying TBC to the each plate. From
Table 2, 8 DE’s were recorded (4 for 9237 and 4 for SPM 2000-1). Figure 16 shows that there is not much of a
discrepancy in the deposition efficiency between the 2 different powders. The spray parameter shows a larger
difference in the DE, but the difference is still a small percentage. A troubling development based on the deposit
efficiency is how low the DE came out to be. Previous spray trials were achieving deposit efficiencies in the 80-85 %
range. Further investigation will need to be examined.

Figure 16: Deposit Efficiency vs. Company and Parameter
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The average particle temperature and velocity are graphed in Figure 17 to see any discrepancy during the spray
runs. The average temperature is with 20°F of each other and the average velocity is within 10 m/s of each other. The StGobain powder had a smaller range of values for both recorded data, but small random errors can contribute to the
range of each powder.

P=0.395

P=0.136

Figure 17: Particle Temperature and Velocity

2.6.3.2 Tensile Comparisons
Unlike the deposit efficiency, there is a significant statistical difference in the tensile strength between the 9237
and SMP 2000-1. The first requirement for the coated buttons is to have all the tensile strengths above a specified value.
The plots in Figure 18 and 19 have results based on the Protech results over the GE minimum requirement.
Figure 18 is a main effect plot in which the response is the tensile stress normalized by the individual tensile
requirement and the variables being powder company, parameter, and the bond coat. The 9237 provides a much more
tensile coating based on the mean. The repair parameter (B) produces a much better coat also. It has roughly the same
advantage as the St-Gobain over the Sulzer Metco. The bond coat related tensile stresses provide a curious result. The
APS bond coated buttons have a worse tensile result than those that were HVOF coated. This is odd due to the BC-1
buttons being rougher. If the bond coat is rougher, the TBC usually adheres better when deposited on top of it.
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Figure 18: Tensile Based on Individual Tensile Strength

To compare the three variables, an interaction plot is generated. The only interaction between the 3 variables is
between the powder type and the bond coat it is deposited on. The St-Gobain 9237 is affected less by the type of bond
coat than that of the Sulzer Metco. This can be good for reliable top coats regardless of the bond coat.

Figure 19: Interaction Plot for the Tensile Strength
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As previously mentioned in Section 2.6.2.1, the average tensile strength for the SPM 2000-1 of the samples
failed to meet the requirements specified by the GE. The tensile results in Figure 20 corresponds to the average tensile
results in Section 2.6.1.1 and Section 2.6.2.1 normalized by the minimum average pounds per square inch (psi) required
by General Electric. An average tensile set is based on a specific lot, the parameter, and the type of bond coat on the
button. The data point with SM1, A, BC-1 for example refers to Sulzer Metco, Lot 1, Parameter A, and Bond Coat 1. The
dashed red line indicates the GE requirement for the average tensile strength. 4 out of the 8 Sulzer Metco data points
fall below this line. The St-Gobain on the other hand are all safely above the minimum threshold.
St-Gobain AG1 9237 vs. Sulzer Metco SPM 2000-1
Normalized Average Tensile Strength
2.5

2
Tensile/GE MinimumTensile Requirement

SG1, B, BC-1

SM1, A, BC-2
1.5

SG1, B, BC-2

SG2, B, BC-1

SG2, B, BC-2

SM1, B, BC-2

SM2, B, BC-1
SG1, A, BC-1

SG1, A, BC-2

SG2, A, BC-2
SG2, A, BC-1

SM2, B, BC-2
SG 9237
SM SPM 2000-1

GE Minimum Ten
1
SM1, A, BC-1

SM1, B, BC-1
SM2, A, BC-1

SM2, A, BC-1

0.5

0

Sample Set

Figure 20: Powder Comparison vs. Normalized Avg Tensile Spec

Figure 21 illustrates the point made from Figure 18 where the repair Parameter B produces a better coating than
the new-make parameter A. The Parameter B coated samples achieve a much higher tensile strength. The St-Gobain
samples are consistently stronger when coated by Parameter B instead of A, but all are above the minimum average
tensile strength. The Sulzer Metco powders do not conform to specifications multiple times. Under Parameter B, one
SPM 2000-1 fails to be above the necessary requirement, but the combination of the SPM 2000-1 and Parameter A leads
to 3 out of 4 nonconformity.
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Parameter A vs. Parameter B
Normalized Average Tensile Strength
2.5

2

Tensile/GE MinimumTensile Requirement

SG1, BC-1

SG1. BC-2

SG2, BC-1

SG2, BC-2

SM1, BC-2
SM1, BC-2

1.5

SM2, BC-1
SG1, BC-1

SG1, BC-2

SM2, BC-2

SG2, BC-2
SG2, BC-1

Parameter A

Parameter B
GE Minimum Ten
1

SM1, BC-1
SM1, BC-1
SM2, BC-1

SM2, BC-2

0.5

0

Sample Set

Figure 21: Parameter vs. Normalized Avg Tensile Spec

The last variable to analyze for the tensile strengths is the type of bond coat the powders are deposited on. The
results are the opposite of what is expected. The air plasma sprayed (APS) coated buttons have a rougher surface
roughness and should allow the TBC to adhere to it. However, the HVOF buttons have better tensile results. While only 1
of the BC- 2 buttons fail (Sulzer Metco powder sprayed using Parameter A), 3 out of the 8 buttons that have a NiCrAlY
bond coat do not pass the specifications.
Bond Coat 1 vs. Bond Coat 2
Normalized Average Tensile Strength
2.5

SG1, B

SG2, B

2

Tensile/GE MinimumTensile Requirement

SG1, B

SG2, B
SM2, B

SG1, A
1.5

SM1, A

SG2, A

SM1, B
SM2, B

SG1, A
SG2, A

Bond Coat 1

Bond Coat 2
GE Minimum Ten
1

SM2, A

SM1, A

SM1, B
SM2, A

0.5

0

Sample Set

Figure 22: Bond Coat vs. Normalized Avg Tensile Spec
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2.6.3.3 Microstructure Comparisons
The metallography results returns that 3 out of the 8 buttons failed the microstructure evaluation. The means of
failure is due the horizontal crack length for all three. The common denominator between all 3 non-conformations is the
spray Parameter A. The parameter has shown to be the inferior one in the tensile stress tests and is the same case in the
microstructure evaluations. Of the three failures, 2 are with the SPM 2000-1 powder, so in terms of the powders, the
9237 has the advantage. Longer horizontal cracks can be directly linked to lower tensile strengths and makes the coating
more susceptible to spallation.

Figure 23: Horizontal Crack Failure vs. Powder and Parameters

Figure 23 gives the vertical cracks per linear inch when compared to the type of powder and parameter. The StGobain has a higher number of vertical cracks than the Sulzer Metco. The number of vertical cracks is based on the
desired in-plane elastic modulus of the ceramic top coat. Vertical cracks are beneficial in terms of strain tolerance and
compliance because as the number of vertical cracks increase, the modulus decreases. The St. Gobain powder provides
roughly 4 more vertical cracks per linear inch than the Sulzer Metco powder. For a larger discrepancy, Parameter A
produces a top coat with nearly 8-9 vertical cracks than Parameter B.
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Figure 24: Vertical Cracks per Linear Inch vs. Powder and Parameters

In comparing the porosity of the St-Gobain (Fig. 8-11) with the Sulzer Metco (Fig. 12-15), the 9237 is much more
porous than the evaluated SPM 2000-1. One positive about high porosity is that it lowers the thermal conductivity to
increase the thermal fatigue resistance. However, high porosity is unwanted due to the residual stresses that come with
it. This tends to lead to spallation. Since resistance to spallation is of higher priority, a dense coat is desired here, so the
Sulzer Metco has the advantage in terms of powder comparisons.
Porosity is also lower in the Parameter A. This can be explained by the higher deposition temperature. Hotter
molten particles have better splats since there are less unmelted particles.

Figure 25: Porosity % vs. Powder and Parameters
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2.7 Conclusion
Table 19 is created to summarize the findings of this project.
Table 19: Project Summarization

Deposit Efficieny
Tensile
Horizontal Crack Length
Vertical Cracks per Inch

Powder
St-Gobain AG1 9237 Sulzer Metco SPM 2000-1
✓
✓
✓

Parameter
A
Tensile
Horizontal Crack Length
Vertical Cracks per Inch

✓
✓
✓

Bond Coat
BC-1
Tensile

B

BC-2
✓

Based on the Protech results, the St-Gobain AG1 9237 powder produces a better ceramic top coat than the
Sulzer Metco SPM 2000-1. The tensile strength is higher on the coats sprayed with either parameters or on top of either
bond coat. In terms of metallography, the 9237 also holds a distinct advantage in terms of having more vertical cracks
per linear inch and having a better resistance to horizontal cracks.
Another interesting development found through analysis of the Protech results is that the repair Parameter B
produces much better coatings than those sprayed with the new-make Parameter A. The results show that the long
horizontal cracks are a function of how the coat is sprayed. 3 out of the 4 microstructure evaluations with samples
coated under Parameter A failed to meet GE requirements for minimal horizontal crack lengths.
Further testing should be done to verify the claims made in this project. There are a few causes of concern
brought on by the coated samples. The porosity of St-Gobain powder is higher than previously observed by members of
the M&PE team. The deposit efficiency is also lower than spray runs prior to this lab. Better control of variables for
future runs will be key to find a definitive answer and allow for a pitch to be made to services.
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3.0 Inductance Heating for Applying Rare Earth Disilicate Coatings onto Ceramic
Matrix Composite (CMC) Samples
3.1 Ceramic Matrix Composites (CMC) and the Coating Layers
Composite materials are composed of at least two elements that produce properties that are different from the
individual elements on their own. The bulk material is referred to as the ‘matrix’ and is reinforced by the other
element(s) to increase strength and stiffness. In the case of ceramic matrix composites (CMC’s), the matrix is composed
of a ceramic and reinforced by short fibers (whiskers).
Since ceramics are refractory materials, they are commonly used in the high temperature environments of gas
turbines. However, they have inadequate damage tolerance. By reinforcing the ceramics matrices with fibers, the brittle
ceramic can become a virtually unbreakable CMC. The takeaway is that the CMC’s combine the heat resistance of a
ceramic with the strength of a metal.
The non-metallic CMC substrate in the project is comprised of silicon-carbide fiber-reinforced silicon carbide
ceramic matrix composites (SiC/SiC CMCs). SiC/SiC CMCs have become increasingly popular as material for ceramic hotsection components in gas turbine engines.
Even though the SiC/SiC CMC can already withstand very high temperatures, to continue to develop next
generation gas turbine engines, the operating temperature capabilities must continue to increase. One way to achieve
this can be to apply a multilayer environmental barrier coating and a thermal barrier coating onto the CMC substrate. In
this particular case, a two layer EBC is to be deposited on the substrate. Layer 1 is deposited directly on the CMC and
usually has a higher melting temperature than that of the substrate. It should have a compatible coefficient of thermal
expansion (CTE) with the substrate and have a very low rate of oxygen diffusion. Silicon is applied to the SiC/SiC CMC
because it adheres to the SiC/SiC CMC and forms oxidation products prior to the CMC oxidizing.
Layer 2 is a rare earth disilicate (RE2Si2O7) bond layer. The RE is usually Lu (Lutetium), Yb (Ytterbium), Tm
(Thulium), Er (Erbium), Ho (Holmium), Dy (Dysprosium), Tb (Terbium), Gd (Gadolinium), Eu (Europium), Sm (Samarium),
Pm (Promethium), Nd (Neodymium), Pr (Praseodymium), Ce (Cerium) La (Lanthanum), Y (Yttrium), or Sc (Scandium). The
layer allows for the system to operate at higher temperature conditions and prevents environmental degradation. Figure
26 below contains a layer by layer figure.

Figure 26: CMC Coat Layers
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3.2 Objectives
The project goal is to be able to produce a higher quality EBC in a more efficient manner. To accomplish this, the
objective is to introduce a heating source in between each rare earth disilicate spraying pass. The previous process
would involve heat treatment after application of the RE2Si2O7 layer. The disadvantages of the heat treat include phase
changes during heating and cooling and the time lost for the procedure. By heat treating a coated CMC “steam” bar and
then quenching to room temperature, the probability of defects increase due to the crystalline phase changes in the
rare earth disilicate. Figure 27 shows long vertical cracking in the top layer of a flat substrate after the heat treatment.
Defects in the coat are even more common on rounded areas of the substrate.

Figure 27: Vertical Cracks from Phase Change Instability

By maintaining the CMC substrate at an elevated temperature greater than normally results from plasma spraying, the
RE2Si2O7 layer cools to crystalline state which is volumetrically stable. This should lead to a decrease in defects and a
higher quality coating.
The second disadvantage is the long heat treatment time. It is detrimental to production in case more layers are
to be applied on top of Layer 2. A standard coating cycle with heat treatment is roughly 60 hours. By heating the steam
bar during the spraying process, the cycle can be decreased to roughly 20 hours.
The phase stability preheat is accomplished by inductor coil heating. Based on a previous experiment with a
helical heating coil, the silicon carbide piece was able to heat up to a specified temperature. The helical coil’s frequency
is recorded, and a flat “pancake” coil is fabricated to perform at the same frequency. The new flat coil is brought in near
the CMC bar, used to heat the bar to a specified temperature, and then retracted prior to each spraying pass. The
objective will be completed by integrating a heating system into the spray process.
Once the heating system is fully integrated into the spray process and the microstructure of the sample bars are
evaluated, workflows can be developed for future high quality SiC/SiC CMC coating processes.

3.3 Spray Configuration
The spray process is given below in Figure 28. The steam bar is placed in a ceramic holder and mounted onto the
platform. The holder must be ceramic since the coil’s manufacturer states that no metallic material can be within 4
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inches of the coil (outside of the inductor’s magnetic field). The ceramic hold is also chosen because it can withstand the
thermal shock of constant heating. A pneumatic actuator is mounted near the platform to bring the heat station into the
spray area, heat the sample, and retract prior to a coating pass.

Figure 28: Spray Process

Once everything is steam bar is mounted, the coil is in alignment with the steam bar, and the current on the RF
power supply for the heat station is chosen, the process will perform as the following:
1.
2.
3.
4.
5.
6.
7.

Set spray parameters.
Turn on RF power supply and intercooler for the heat station.
Bring coil in and heat the bar to desired temperature.
Retract coil away from the bar.
Bring in APS gun and spray one pass of the RE2Si2O7 layer.
Repeat steps 3-5 for the number of necessary passes.
Turn off spray parameters, RF power supply, and intercooler.

3.4 Heating System
The heating system used is an Ambrell EasyHeat LI 8310 with a flat heating coil designed specifically for the
application. The induction heating system provides a quick and clean source of heat. It also uses a non-contact form of
heat which is important for heating samples with coating already on it. The EasyHeat LI is equipped to operate over a
frequency range of 150-400 kHz. The RF Terminal Power of the 8310 model runs at 10 kW.
The RF coil current can be set between 300-750A. For the purposes of this project, steam bar temperatures are
taken for currents between 550 and 750A.
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3.5 Frame Construction
To design the frame, the dimensions of the spraying cell are measured. Once recorded, a frame to support the
heat station and pneumatic slide is chosen to be designed out of T-Slotted aluminum profiles purchased from 80/20.
80/20 is the manufacturer of The Industrial Erector Set. The set is a modular framing system that consists of aluminum
profiles, a variety of fasteners, and accessories that can be used to construct anything from machine frames to desks and
cubicle walls or in this case, linear motion frame. T-slotted profiles allow for easy and quick assembly with simple hand
tools. The profiles also allow for objects to be easily mounted on. No welding is necessary, and the quick assembly
permits for easy modifications. When fully assembled, as in Figure 29, the frame allows for the inductor align flush with
the steam bar.

Figure 29: Frame assembled outside of the cell

To move the heat station around the zero position to the heating location, a Bimba Ultran Rodless Slide Actuator
is chosen over a standard pneumatic device. The Ultran Slide has built in guides for self-guided motion and uses a
standard 100 psi of air to move the carriage. Its design allows it to handle side and moment loads and is internally
lubricated for long cylinder life.
The Ultran Rodless Slide model chosen is the UGS-0918-AD (shown in Figure 30). It features a bore size of 11/16”, gold coupling strength, 18” stroke length with adjustment on both ends, and dowel pin holes for transition plates.
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Figure 30: UGS-0918-AD

Once the Bimba actuator is attached to the top extrusion, the fully assembled frame is placed into the cell, and
the heat station with the pancake coil is attached to the actuator’s track. The final assembly is shown in the figure
below.

Figure 31: Fully assembled frame
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3.6 Steady State Temperature vs. RF Current
Once everything is in place, temperature measurements are taken based on the RF input current. The
temperatures are captured using a FLIR Systems thermal imaging (infrared) camera. The temperatures captured by the
FLIR camera is sent to a program called ThermaCAM Researcher Pro to be recorded. The temperatures are IR based, so
the temperature reading is based on the material’s ability to emit thermal energy it absorbed. A nondimensional
emissivity factor is entered under the object’s parameters. The emissivity value will be between 0 and 1, where 1
indicates a “black body.” A black body is known as a perfect radiator that will release the entire amount of energy it
absorbed. A perfect black body is an unachievable in the real world.
The input emissivity value and distance from the sample to the camera are 0.82 and 6 ft. respectively. The RF
coil current has been set from 550 to 750A and data is collected in increasing 50A increments. The coil is positioned near
a temperature test sample and the FLIR data is recorded. The goal is to examine the maximum steady state temperature
experienced by the bar vs. the input RF current. The results are given below in Figure 32.
FLIR Results - Current vs. Temperature
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Figure 32: Inductance Temperature Study

From the FLIR results, the 550A and the 600A results show that as the current increases, so does the
temperature the steam bar temperature. However, above the 600A mark, there isn’t much of an increase in
temperature. The maximum steady state temperature is at roughly 600 °C for the currents from 650 to 750A.
Disturbances around coil near the steam bar do not allow for the input current and the coil current to match when the
input current exceeds 600A. For example, when the current is set to the maximum at 750A, the current the coil
experiences fluctuates between 590-650A.
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Input RF currents at 600A or below did not experience the fluctuations in coil current. If we take the results from
these two currents, one can conclude that there is a positive trend between current and the IR temperature the bar
experiences. If higher temperatures are required, a stronger power supply would be needed to send a higher current to
the coil.

3.7 Coated Specimen Results
The SiC/SiC steam bars have the silicon coat applied onto its surface prior to any inductor heating. Once the
steam bars are mounted in the cell, they have the RE2Si2O7 coat sprayed on at 70% (525A), 80% (600A), 90% (675A), and
100% (750A) of the max RF current for 20 passes. The coil is able to get within 5 mm of the surface of the steam bar
during the heating. Figure 33 below contains the 4 coated samples.

Figure 33: Coated Samples
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The layer thickness is recorded and displayed in the table below.
Table 20: RE2Si2O7 Thicknesses

Sample
1
2
3
4

RF Current (A) Thickness (mils)
750
9.4
675
12
600
12.4
525
13.2

Based on the table, as the input current increases, the thickness of the RE2Si2O7 decreases. The trend is plotted in Figure
34. If the requirement calls for a minimum thickness and pre-coating temperature, the number of passes will need to be
adjusted.

RF Current vs. Layer Thickness
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Figure 34: RF input current vs. Thickness

3.8 Conclusions
Starting with just the EasyHeat LI 8310 on hand, the idea of pneumatically introducing an inductor heating coil to
a SiC/SiC sample bar prior to applying the RE2Si2O7. The frame and necessary mounting brackets are designed in CAD and
are purchased and fabricated respectively. With the use of a Bimba Ultran Rodless Slide Actuator, the heat station has its
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transport mechanism. Once the frame is fully assembled in the spraying cell, the steam bars are successfully heated via
inductance in between each coating pass, and each steam bar is sprayed.
The next step is to send the samples to have their microstructure evaluated. Slices from the top of the steam
bars are used for the analysis. One slice will be evaluated as-is (coming out of the spray cell), and the other is to be
examined after a heat treatment (60 & 20 hour cycles). If the steam bars’ microstructure proves to be of a higher
quality, automation of the pneumatic inductor heating can be incorporated into the spraying process of rare earth
disilicate and can be used for future similar applications.
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