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ALLOY: D-43, SHEET VENDOR HEAT: NO. 487
PLANE: PARALLEL TO ROLL DIRECTION (ARROWS) MAG: 500X

ETCH: 60% LACTIC ACID, 20% HYDROFLUORIC ACID, 20% NITRIC ACID

ALLOY: D-43, SHEET YENDOR HEAT: NO. 488
PLANE: PARALLEL TO ROLL DIRECTION (ARROWS) MAG: 500X

ETCH:  1st, 60% LACTIC ACID, 20% HYDROFLUORIC ACID, 20% NITRIC ACID,
, 33% HYDROFLUORIC ACID, 33% NITRIC ACID, 33% WATER

Figure 2.  Microstructure of As-Received D-43 Alloy Sheet
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ALLOY: D-43, EXTRUDED BAR
PLANE: NORMAL TO EXTRUSION DIRECTION

VENDOR HEAT: NO. 423
MAG: 500X

ETCH: 60% LACTIC ACID, 20% HYDROFLUORIC ACID, 20% NITRIC ACID

ALLOY: D-43, EXTRUDED BAR

PLANE: PARALLEL TO EXTRUSION DIRECTION (ARROWS)

VENDOR HEAT: NO. 423
MAG: 500X

ETCH: 60% LACTIC ACID, 20% HYDROFLUORIC ACID, 20% NITRIC ACID

Figure 3. Microstructure of As-Received D-43 Alloy Bar Stock
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ALLOY: C.129Y, EXTRUDED BAR VENDOR HEAT: NO. 57259
PLANE: NORMAL TO EXTRUSION DIRECTION MAG: 500X
ETCH: 33% HYDROFLUORIC ACID, 33% NITRIC ACID, 33% WATER

ALLOY: C.129Y, EXTRUDED BAR VENDOR HEAT: NO. 57259
) PLANE: PARALLEL TO EXTRUSION DIRECTION (ARROWS) MAG: 500X
ETCH: 60% LACTIC ACID, 20% HYDROFLUORIC ACID, 20% NITRIC ACID

Figure 4. Microstructure of As-Received C-129Y Alloy Bar Stock
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ALLOY: C-129Y, SHEEY VENDOR HEAT: NO. 57216
MAG: 500X

PLANE: PARALLEL TO ROLL DIRECTION (ARROWS)
ETCH: 33% HYDROFLUORIC ACID, 33% NITRIC ACID, 33% WATER

ALLOY: C-129Y, SHEET VENDOR HEAT: NO. 57230
PLANE: PARALLEL TO ROLL DIRECTION (ARROWS) MAG: 500X
ETCH: 60% LACTIC ACID, 20% HYDROFLUORIC ACID, 20% NITRIC ACID

Figure 5. Microstructure of As-Received C-129Y Alloy Sheet













ALLOY: Cb-132M, EXTRUDED BAR VENDOR HEAT: NO. 481
PLANE: NORMAL TO EXTRUSION DIRECTION MAG: 500X
ETCH: 33% HYDROFLUORIC ACID, 33% NITRIC ACID, 33% WATER

ALLOY: Cb-132M, EXTRUDED BAR VENDOR HEAT: NO. 481
PLANE: PARALLEL TO EXTRUSIOH DIRECTION (ARROWS) MAG: 500X
ETCH: 33% HYDROFLUORIC ACID, 33% NITRIC ACID, 33% WATER

Figure 6.  Microstructure of As-Received Cb-132M Alloy 5/8D Bar




ALLOY: Cb-132M, EXTRUDED BAR VENDOR HEAT: NO. 489
PLANE: NORMAL TO EXTRUSION DIRECTION MAG: 500X
ETCH: 33% HYDROFLUORIC ACID, 33% NITRIC ACID, 33% WATER

ALLOY: Cb-132M, EXTRUDED BAR VENDCOR HEAT: NO. 489
PLANE: PARALLEL TO EXTRUSION DIRECTION (ARROWS) MAG: 500X
ETCH: 33% HYDROFLUORIC ACID, 33% NITRIC ACID, 33% WATER

Figure 7. Microstructure of As-Received Cb-132M Alloy 1.25D Bar
Extruded at a 5:1 Reduction Ratio
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Figure 8

MAG: 1.5X

TRW TiCr-8i Coated Cb-132 Columbium Alloy Turbine
Blades After 1 Hour and 40 minutes of Operation at an
Airfoil Metal Temperature of 1745°F and a Root Meial
Temperature of 1400°F (arrows locate fatigue cracks in
blade root)
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ETCH: 33% HYDROFLUORIC ACID, 33% NITRIC ACID, 33% WATER

Figure 9.  Typical Microstructure of the As-Applied TRW TiCr-Si
(Vacuum) Pack Coating on C-129Y Alloy
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Ni PLATE

ETCH: 33% HYDROFLUORIC ACID, 33% NITRIC ACID, 33% WATER MAG: 500X

Figure 10. Typical Microstructure of the As-Applied TRW TiCr-8i (Vacuum)
Pack Coating on Cbh-132M Alloy
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ETCH:

Figure 11.

33% HYDROFLUORIC ACID, 33% NITRIC ACID, 33% WATER

Typical Microstructure of the As-Applied TRW TiCr-Si
(Slip) Pack Coating on Ch-132M Alloy
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MAG: 500X




Ni PLATE

ETCH: 33% HYDROFLUORIC ACID, 33% NITRIC ACID, 33% WATER MAG: 500X

Figure 12. Typical Microstructure of the As-Applied Sylcor Ti-CrTi-Si
(Triplex) Pack Coating on D-43 Alloy (Batch 1)




ETCH:

Figure 13.
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33% HYDROFLUORIC ACID, 33% NITRIC ACID, 33% WATER MAG: 500X

Typical Microstructure of the As-Applied Sylcor Ti-CrTi-Si
(Triplex) Pack Coating on D-43 Columbium Alloy (Batch 2)
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ETCH: 33% HYDROFLUORIC ACID, 33% NITRIC ACID, 33% WATER MAG: 500X

Figure 14. Typical Microstructure of the Sylcor Ti-CrTi-Si (Triplex)
Pack Coating on D-43 Alloy After Elevated Temperature
Exposure (Batch 2)
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ETCH: 33% HYDROFLUORIC ACID, 33% NITRIC ACID, 33% WATER MAG: 500X

Figure 15. Typical Microstructure of the As-Applied Sylcor
SiCrTi Slurry Coating on D-43 Alloy




MAG: 500X

UNETCHED

Typical Microstructure of the As-Applied Sylcor Sn-Al Coating

on Cbh-132M Alloy

Figure 16.
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UNETCHED MAG: 500X

Figure 17. Typical Microstructure of the As-Applied Sylcor Ag-Al-Si
Coating on Cb~132M Alloy
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Figure 22.
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Burner Test Rig for Oxidation-Erosion Studies
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Figure 24.

Thermal Fatigue Bow Rig Showing Position of Specimens
in Relation to Burner Nozzles
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Figure 26. Typical Uncoated Vane Thermal Fatigue Specimen
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Figure 27. Single-Vane Thermal Fatigue Test Rig
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ETCH: 33% HYDROFLUORIC ACID, 33% MITRIC ACID, 33% WATER MAG: 500X

Figure 28. Microstructure of TRW TiCr-8i (Vacuum) Pack Coating on C-129Y
Columbium Alloy After 100 Hours of Oxidation-Erosion Testing
at 2200°F
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Figure 29.

MAG: 1.25X

Typical Surface Appearance of the TRW TiCr-Si (Vacuum) Pack
Coating on C-129Y Alloy After 100 Hours Oxidation-Erosion
Testing at 2200°F
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Figure 30.

UNETCHED MAG: 500X

Microstructure of TRW TiCr-8i (Vacuum) Pack Coating on
Ch-132M Columbium Alloy After Oxidation-Erosion Testing
for 100 Hours at 2200°F Plus 40 Hours at 2400°F




Figure 31.

MAG: 1.25X

Typical Surface Appearance of the TRW TiCr-Si (Slip) Pack
Coating on Cb-132M Alloy After 40 Hours Oxidation-Erosion
Testing at 2200°F (note spoi failures developing at airfoil tip)
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ETCH: 33% HYDROFLUORIC ACID, 33% NITRIC ACID, 33% WATER MAG: 100X

Figure 32. Microstructure of TRW TiCr-8i (Slip) Pack Coated Cb-132M
Columbijum Alloy in Area of Typical Failure During Oxidation-
Erosion Testing.




Ni PLATE

ETCH: 60% LACTIC ACID, 20% HYDROFLUORIC ACID. 20% NITRIC ACi? MAG: 500X

Figure 33. Typical Microstructure of the TRW TiCr-Si (Slip) Pack Coating
on Cb-132M Alloy After Oxidation-Erosion Testing for 100
Hours at 2200°F
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ETCH: 33% HYDROFLUORIC ACID, 33% NITRIC ACID, 33% WATER

Microstructure of Sylcor Ti-CrTi-Si (Triplex) Pack Coating on
D-43 Columbium Alloy After 100 Hours of Oxidation-
Erosion Testing at 2200°F

Figure 34.
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MAG: 1.2X

Figure 35. Typical Surface Appearance of the Sylcor SiCrTi Slurry
Coating on D-43 Alloy After 20 Hours of Oxidation-Erosion
Testing at 2200°F
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MAG: 1.2X

Figure 36. Typical Surface Appearance of the Sylcor SiCrTi Slurry
Coating on D-43 Alloy After 100 Hours of Oxidation-Erosion
Testing at 2200°F
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ETCH: 60% LACTIC ACID, 20% HYDROFLUORIC ACID, 20% NITRIC ACID MAG: 500X

Figure 37. Microstructure of the Sylcor SiCrTi Slurry Coating on D-43
Alloy After Oxidation-Erosion Testing for 100 Hours at 2200°F
Plus 40 Hours at 2400°F




CONCAVE AIRFOIL SURFACE CONVEX AIRFOIL SURFACE

MAG: 0.7X

Figure 38. TRW TICr-8i (Vacuum) Pack Coated C-129Y Columbium Alloy
Vane Specimen After 600 Thermal Cycles at 2200°F




ETCH: 33% HYDROFLUORIC ACID, 33% NITRIC ACID, 33% WATER MAG: 500X

Figure 39. Microstructure of TRW TiCr-8i (Vacuum) Pack Coated C-129Y
Columbium Alloy Vane Specimen After 600 Thermal Cycles
at 2200°F




CONVZX AIRFOIL SURFACE
LEADING EDGE SURFACE (NOTE FLOW OF $i0,-RICH SURFACE PHASE)

TRAILING EDGE SURFACE CONCAVE AIRFOIL SURFACE

MAG: 1X

Figure 40. TRW TiCr-Si (Vacuum) Pack Coated C-129Y Columbium Alloy
Vane Specimen After 600 Thermal Cycles at 2200°F, 400
Cycles at 2400°F, and 400 Cycles at 2500°F
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UNETCHED MAG: 500X

Microstructure of TRW TiCr-8i (Vacuum) Pack Coated
C-129Y Alloy Vane Specimen After 600 Thermal Cycles
at 2200°F, 400 Cycles at 2400°F, and 400 Cycles at
£500°F, Showing Representstive Diamond Pyramid Hard-
ness Values (gm/mmz; 50-gram load) at Locations in
Substrate




600 CYCLES AT 2200°F

600 CYCLES AT 2200°F
+400 CYCLES AT 2400°F
+400 CYCLES AT 2500°F

600 CYCLES AT 2200°F
+400 CYCLES AT 2400°F
+400 CYCLES AT 2500°F

ETCH: 33% HYDROFLUORIC ACID, 33% NITRIC ACID, 33% WATER MAG: 500X

Figure 42. Microstructure of the TRW TiCr-8i (Vacuum) Pack Coating on
C-129Y Alloy Showing Extension of Craze Crack and Penetra-
tion of the (Cb, Ti)Crg Laves Phase as a Result of Continued
Testing
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MAG: 1.25X

Figure 43. Surface Appearance of the TRW TiCr-Si (Vacuum) Pack Coating
on Cb-132M Alloy After 400 Thermal Cycles at 2200°F
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ETCH: 33% HYDROFLUORIC ACID, 33% NITRIC ACID, 33% WATER MAG: 500X

Microstructure of the TRW TiCr-Si (Vacuum) Pack Coating
on Cb-132M Alloy After 600 Thermal Cycles at 2200°F,
400 Cycles at 2400°F, and 400 Cycles at 2500°F

Figure 44.







MAG: 1.2X

Figure 45. Surface Appearance of the TRW TiCr-8i (Slip) Pack Coating
on Cb-132M Alloy After 200 Thermal Cycles at 2200°F




Ni PLATE

ETCH: 33% HYDROFLUORIC ACID, 33% NITRIC ACID, 33% WATER MAG: 500X

Figure 46. Microstructure of the TRW TiCr-Si (Slip) Pack Coating on
Cb-132M Alloy After 400 Thermal Cycles at 2200°F
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Figure 47.

Syleor Ti-CrTi-Si (Triplex) Pack Coated D-43 Columbium Alloy
Vane Specimen After 400 Thermal Cycles at 2200°F

FRACTURE
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MAG: 0.75X
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CONCAVE AIRFOIL SURFACE CONVEX AIRFOIL SURFACE

MAG: 0.7X

Figure 48. Sylcor Ti-CrTi-8i (Triplex) Pack Coated D-43 Columbium Alloy
Vane Specimen After 600 Thermal Cycles at 2200°F
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Ni PLATE

Figure 49. Microstructure at External Leading Edge Surface of Sylcor
Ti-CrTi-8Si (Triplex) Pack Coated D-43 Columbium Alloy Vane
Specimen After 400 Thermal Cycles at 2200°F
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ETCH: 33% HYDROFLUORIC ACID, 33% NITRIC ACID, 33% WATER MAG: 500X

Figure 50. Microstructure at Internal Trailing Edge Surface of Sylcor
Ti-CrTi-8i (Triplex) Pack Coated D-43 Columbium Alloy Vane
Specimen After 400 Thermal Cycles at 2200°F (note absence

of coating)
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CONCAVE AIRFOIL SURFACE

Figure 51. Surface Appearance of the Sylcor SiCrTi Slurry Coating on
D-43 Alloy After 600 Thermal Cycles at 2200°F

CONVEX AIRFOIL SURFACE

MAG: 0.9X




CONVEX AIRFOIL SURFACE LEADING EDGE SURFACE

COMNCAVE AIRFOIL SURFACE
MAG: 0.8X

Figure 52. Surface Appearance of the Sylcor SiCrTi Slurry Coating on D-43
Columbium Alloy After 600 Thermal Cycles at 2200°F and
4090 Cycles at 2400°F
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LEADING EDGE SURFACE

CONCAVE AIRFOIL SURFACE TRAILING EDGE SURFACE
MAG: 0.8X
Figure 53. Surface Appearance of the Sylcor SiCrTi Slurry Coating on

D-43 Columbium Alloy After 600 Thermal Cycles at 2200°F,
400 Cycles at 2400°F, and 500 Cycles at 2500°F (Specimen No. 1)
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CONVEX AIRFOIL SURFACE LEADING EDGE SURFACE

CONCAVE AIRFOIL SURFACE TRAILING EDGE SURFACE

MAG: 0.8X

Surface Appearance of the Sylcor SiCrTi Slurry Coating on
D-43 Columbium Alloy After 600 Thermal Cycles at 2260°F,
400 Cycles at 2400°F, and 400 Cycles at 2500°F (Specimen No. 2)

Figure 54.
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\ Ni PLATE

COATING STRUCTURE AT TRAILING EDGE SURFACE

ETCH: 33% HYDROFLUORIC ACID, 33% NITRIC ACID, 33% WATER MAG: 500X

Figure 55. Microstructure of Sylcor SiCrT i Slnrry Coated D-43
Columbium Alloy Vane Specimen After 600 Cycles at 2200°F
Plus 400 Cycles at 2400°F Plus 400 Cycles at 2500°F
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ETCH:

Figure 56.

33% HYDROFLUORIC ACID, 33% NITRIC ACID, 33% WATER

Microstructure at Internal Trailing Edge Surface of Sylcor
SiCrTi Slurry Coated D-43 Alloy Vane Specimen After

600 Cycles at 2200°F, 400 Cycles at 2400°F, and 500 Cycles
at 2500°F (airfoil center location)

MAG: 500X



ZONE I: OUTER SILICIDE LAYERS CRUSHED AND
COMPRESSED WITHIN IMPACT DEPRESSION

ZONE 1l: SCAB AREA, TENSILE STRESS EXCEEDING
FRACTURE STRESS OF THE OUTER
SILICIDE COATING LAYERS

ZONE Ill: UNAFFECTED COATING

ZONE IV: OUTER SILICIDE LAYERS RETAINED AND
SEPARATED INTO ISLANDS

ZONE V: SCAB AREA, TENSILE STRESS EXCEEDING
FRACTURE STRESS OF THE OUTER SILICIDE
COATING LAYERS

SURFACE BEHIND
IMPACT POINT

MAG (PHOTOGRAPHS ONLY): 10X; SKETCH NOT TO SCALE

Figure 57. Schematic Cross Section of a Typical Coa*zd Specimen After
Ballistic Impact Test
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POINT OF IMPACT

SURFACE BEHIND IMPACT POINY

MAG: 10X

Figure 58. Surfaces of TRW TiCr-8i (Vacuum) Pack Coated C-129Y
Columbium Alloy After Room Temperature Impact at
500 Feet Per Second (no oxidation exposure)
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POINT OF IMPACT

SURFACE BEHIND IMPACT POINT

MAG:

Surfaces of TRW TiCr-8i (Vacuum) Pack Coated C-129Y
Columbium Alloy After Impact at 500 Feet Per Second at
2200°F (no oxidation exposure)

10X




POINT CF IMPACT

POINT OF IMPACT
MAG: 10X

Figure 60. Surface of TRW TiCr-8Si (Vacuum) Pack Coated Cb-132M Alloy |

After 2200°F Impact at 500 (top) and 900 (bottom) Feet Per f
Second (no oxidation exposure)
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POINT OF IMPACT

POINT OF IMPACT MAG: 10X

Figure 61. Surface of TRW TiCr-8i (Slip) Pack Coated Cb-132M Alloy After
Room Temperature Impact at 500 Feet Per Second (top) and
2200°F Impact at 500 Feet Per Second (bottom) (no oxidation
exposure)
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SURFACE BEHIND IMPACT POINT

; MAG: 10X

Figure 62. Surfaces of Sylcor Ti-CrTi-8i (Triplex) Pack Coated D-43
Columbium Alloy After Room Temperature Impact Testing
at 500 Feet Per Second (no oxidation exposury)
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POINT OF IMPACT

SURFACE BEHIND IMPACT POINT
MAG: 10X

Figure 63. Surfaces of Sylcor Ti-CrTi-8i (Triplex) Pack Coated D-43
Columbium Alloy After Impact at 500 Feet Per Second at
2200°F (no oxidation exposure)
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POINT OF IMPACT

SURFACE BEHIND IMPACT POINT

MAG: 10X

Figure 64. Surfaces of Sylcor SiCrTi Slurry Coated D-43 Columbium
Alloy After Room Temperature Impact at 200 Feet Per
Second (no oxidation exposure)




Figure 65.

POINT OF IMPACT

SURFACE BEHIND IMPACT POINT
MAG: 10X

Surfaces of Sylcor SiCrTi Slurry Coated D-43 Columbium
Alloy After 2200°F Impact at 500 Feet Per Second (no
oxidation exposure)
















TYPICAL AS-COATED TEST SPECIMENS; MAG: 1.3X

LOAD

SHEAR FORCE

F z s e
NICKEL-BASE TURBINE DISK ALLOY

Figure 67. Drum-Type Specimen Configuration Used for Wear-Galling
Test
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TYPICAL AS-COATED TEST SPECIMEN; MAG: APPROX. 1.2X B

TENSILE
VEAR SURFACE LOAD

R4 D—ww

TEST SP!CIMEN

TURBINE DISK ALLOY

s CYCLIC
LOAD

Figure 68. Dovetail Specimen Configuration Used for Wear-Galling Test







Figure 69.

MAG: APPROX. 7X

Sylcor Sn-Al Coating on Cb~132M Test Specimen Gage Section
After 0, 72-Percent Plastic Prestrain at 1300°F and Oxidation

Exposure at 1300°F
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UNETCHED MAG: 500X

Figure 70. Microstructure of Sylcor Sn-Al Coating on Ch~132M Alloy
After 1300°F Prestrain Showing Cracks At and Near Coating-
Substrate Interface
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Figure 71.

UNETCHED MAG: 500X

Microstructure of Sylcor Sn-Al Coating on Cb-132M Alloy
After 1300°F Prestrain
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Figure 72.

UNETCHED MAG: 500X

Microstructure of Sylcor Ag-Al-Si Coating on Cb~132M Alloy
After 1300°F Prestrain Showing Cracks Near Coatling-Substrate
Interface
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MAG: APPROX. 4X

Figure 73. Typical Appearance of Sylcor Sn-Al (505-F) Coating on Cb-132M
Columbium Alloy After Wear-Galling Testing for 4. 5x105
Cycles at 1300°F With a Tensile Load of 2000 psi
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Figure 74.

MAG: APPROX. 4X

Typical Appearance of Sylcor Ag-Al-8i (508-C) Coating on
Cb-132M Columbium Alloy After Wear-Galling Testing for
4,5x10° Cycles at 1300°F With a Tensile Load of 2000 psi
(note flow of coating in test area)
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Ni PLATE ,'

ETCH: 33% HYDROFLUORIC ACID, 33% NITRIC ACID, 33% WATER MAG: 500X

Figure 80. Microstructure of the Phase II Sylcor Ti~CrTi-8i (Triplex)
Pack Coating on D-43 Columbium Alloy Showing Continuous
Dark Outer Surface Layer
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MAG: APPROX. 1.8X

Figure 85. Typical Oxidation-Erosion Bars of Remodified TRW TiCr-8i
(Vacuum) Pack Coated Cb-132M Alloy After 100 Hours at 2200°F
Plus 60 Hours at 2400°F (arrows locate typical local oxidation
failure)
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MAG: APPROX. 4X

Figure 102. Sylcor Ag-Al-Si (508-F) Coated Cb-132M Columbium Alloy
Dovetail Specimen Showing Wear-Galling Area (bracket)
After 4. 5x105 Cycles at 1300°F (note coating damage)
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