
Thermal Barrier Coatings (TBCs)
Physical Vapor Deposition (PVD)
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Overview of TBCs

Purpose Function

• Improves engine
technology
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Features

• Low thermal
conductivity

• Wear Resistance
• Thermal
• Corrosion
• Mechanical

• Good bonding

Provide thermal protection  
to metal parts exposed to  

hot combustion gases;  
allow hotter gases
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! !"!# $%#&': Flame spraying developed (HVOF)

! !"() : NBS tested frit enamel coatings in engines

! !"(# $*#&': Airforce leads development of frit coatings
! Bad engine results, issues of durability

! !"+, : Blade lasted 100 hrs in engine test by Bartoo & Clure

! !"+* : LH2/LOX Rocket engine by NACA/NASA
! NASA had a TBC group into the 1990’s in Cleveland

! !"+- : First practical use of diffusion coating for turbine airfoil
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! !"*# : Rockide!"# coating used in X15 rocket engine (XLR99 nozzle)
! Prevented boiling of liquid ammonia coolant

! !"*#. $/0123.-#&':  Sal Grisaffe starts thermal spray research

! !"-#&' : Plasma sprayed coatings in commercial combustors

History Continued
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! 456.-#&'7.modern TBCs are developed (Liebert, Stecura, Jack Brown)
! 12% yttria on NiCrAlY survived J-75 engine test

! !"--7. Advanced JT9D engine tests by P&W

! !")+7. P&W vane platform service life extended to 18,000 hrs

! !")"7. EBPVD coatings introduced into service

History Continued
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! Electricity Generation—base load
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Applications
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http://www.yxlon.com/Applications/Cast-parts/Turbine-blades


Structure

;*&"?(2351. 21"5
(6-9% wt. yttria-stabilized zirconia - YSZ)

!"bond coat surface temperature by 100–200°C

$-*&?"99>3!&1E)3FG(D*H$!F,092F3/

+*5"99(23=1)D 21"5
Diffusion: NiAl w/ Pt group element doping

Overlay: MCrAlY (M is Co and/or Ni)

I%'#5&"5*
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100 – 300 µm

1 – 10 µm

130 – 300 µm

3 – 7 mm



Important TBC Properties
!"!"#$%#&"'$%$()&*'

!"Prevent spalling from water droplets or gas impurities: S & V or Calcium-Magnesium-Alumino-Silicate
(CMAS)

!"+%&('"%&,-"'$%$()&*'-(high temperature capability)
!"Important so ceramic layer maintains its as sprayedproperties

!"High volume of pore space yielding strain tolerance & low thermal conductivity
!"Thermal stability of YSZ ceramic is up to 1200°C; new ceramic mat’ls are needed
!"The metastable tetragonal-prime (t’) prime YSZ results in 4% damaging

volume expansion, from monoclinic (m) to (t’), upon cooling

!"Simultaneously modifying the rotational speed & the deposition
temperature showed low Young’s modulus and low tendency to sinter (EBPVD).

!"+(")%&*#./)(%0%1%(2
!"Similar thermal expansion coefficients of metallic bond coat/TGO & ceramic

!"34'.%*)1 *#./)(%0%1%(2
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Structure

A schematic of an airfoil and a magnified  
view of a surface zone with the thermal  
barrier coating (TBC) and bond coat layers  
identified.
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Processes

Physical Vapor Deposition (PVD)
Vapor deposition or condensation

Electron Beam PVD (EBPVD)
50 – 100 µm/min

Ion Enhanced EBPVD (IE EBPVD)

!"#$%&'()$&*+,-
Melted or heated powder

.+$/0'&1%&2()$&*#34.0(5
Cleaner & lower cost

H & Ar plasma, 350 – 560 m/s
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EBPVD APS

!"#$%&'()*%+,-./0%1/2,0/%#3"++4-.5%1/$$/0%"67/#4,-%%
8,0/%9-42,0:;%6/-#/;%+,</0%#902"=/%0,9.7-/##%%
>0"64/-$%#$09=$90/#3,##41+/
?,,+4-.%7,+/#%0/:"4-,3/-

6(?%'#&@%'3,5/(-+8/&*A*&B
34CDE#,&#=FGHIFJ#K>3L;#M$DNOP#IFQHJF=K>3L
$%&&%'#/(''(.*(-#'%.*.&,-/%##
$%&&%'#8-+%'.&,-+*-9##
"85&*5,B%'#.45,&#.&'8/&8'%##
K*+%'#/(34(.*&*(-# ',-9%##
6(?%'#0',/&8'%&(89@-%..

Microstructure
! 10-15% voids offers

good durability
! low density offers 15%

!" thermal conductivity
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Thermal Conductivity (EBPVD)

(a) Density as a function of process  
parameter (chamber pressure  
and substrate temperature)

(b) Thermal conductivity as a  
function of density
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Thermal conductivity as a function of thickness.
!"35% reduction for 52 µm vs 350 µm layer

!"Inserting & withdrawaling the sample carrier
yields ↓ 20% in thermal conductivity (mostly due  
to temperature fluctuations, not the thin layers)
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Current Research

! K"(9%&*3?*2-")(#?3 C1&3"3$=;3(#35-*&?"93C"5(6%*3")D31G(D*6&1E5-L
MNO3P?3$!F35-(27)*##3QC"(9%&*R
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Ceramic Mat’ls

Ceramic Rare-earth  
metal dopants
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Vapor Pressures of Various Oxides as a  
Function of Inverse Temperatures



Overview of PVD

! !"#$%&'()**)*$+,-)$%.,()$/0$,$1,(223$(4,35)&$$
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Processes

! <U".1&"5(1)
# Resistive
# Electron Beam

! B%9#*D3Y"#*&38*.1#(5(1)X3;"5-1D(230&2(Arc-PVD)

! I.%55*&()6
! :1)3B9"5()63(aka Ion assisted deposition (IAD) or Ion vapor deposition (IVD))

5 D5,.3,#*.#8.%+#&(#/5%,-#&@%#.81.&',&%#TU1,/V.48&&%'*-9WX#1%0('%#+%4(.*&*(-#,-+#3(+*0B#&@%#0*53#+8'*-9#+%4(.*&*(-##
TU'%.48&&%'*-9WXF



Thermal PVD
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Electron Beam-PVD (EB-PVD)

N,4('*Y*-9#3,&Z5#,&#&%34%',&8'%.#[I\== RS##
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EB-PVD Continued



Pulsed Laser Deposition

?&1#$@#&%
/ Excimer laser - UV

! Ionized gas (i.e. Ar! ) generates photons: massless,  
chargeless, carries & responds to EM field

! Depends on optical absorption coefficient of target material
/ Pulsed energy method
/ Penetrates 0.25 µm depth

A&:"83#1)8:B
/ Size of a few μm
/ Temperature of 15,000°C
/ Yields high velocity (100 m/s) jet
/ High current density of 10!"- 10#$A/cm$

/ Self-sustaining plasma (>85% ionized, 10-100 eV)

! 0>'1#32C'#9:$8,2D#)81+:+8,40CD5
/ Deposits complex material
/ High power density (~10%W/cm$)
/ 100 ns, high I, low V (1,000 A, 15 keV)
/ Penetrates 1 µm depth

Vacuum (10&'" – 10&( Torr)
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Sputtering
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Sputtering Continued
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PVD vs CVD

High temperature (>800⁰C vs 200– 500°C)
decomposition or reduction of a chemical
vapor precursor

Higher temperature results in more diffusion  
bonding, giving the metallic layer better  
adhesion.

Chemical reactions in CVD result in corrosive  
volatile byproducts and unused reactive gas  
that must be removed by gas flow from the  
chamber.

9&*8

Uses gases, evaporating liquids, &  
chemically gasified solids as the source

http://www.slideshare.net/shreyamodi100/cvd-pvd-by-shreya


Physics: Mean Free Path (MFP)

! Distance an atom travels before colliding with  
another atom

! Vacuum >10-4 Torr for a distance between  
source and target of 10-16’’



Glancing Angle Deposition (GLAD)

! Columnar growth in direction of flux

! Rotating substrate during GLAD results in a  
corkscrew microstructure with 40% reduction  
in thermal conductivity



Diffusion

! 0D"51?#H?1'(9*3"51?#35-"539(*31)35-* #%'#5&"5*R
! +1'(9(5>31C3"D"51?3,(R*R3D(CC%#(1)/3D*.*)D#31)3(5#3*)*&6>S32-*?(2"933

&*"25(U(5>3E(5-3#%&C"2*3"51?#S3")D35*?.*&"5%&*31C35-*#%'#5&"5*R

! ="99(#5(23D*.1#(5(1)H)1 ?1'(9(5>
! :)2&*"#*3?1'(9(5>'>

# Increasing substrate temperature
# Ion-bombardment

The names for the various atomic positions  
in the TLK model. This graphic  

representation is for a simple cubic lattice.
b%0F

http://en.wikipedia.org/wiki/Terrace_ledge_kink_model


Solidification

! B9"#?"3#.&">()6
! E&)+3218'+3+F+9&:+8,2899>$12G"#,2'+H>+32)&$:+9'#12418%#2I&)8$521:$+J#22

:"#21>@1:$&:#1>$F&9#
! ='&::#,2&,32988'24KL@MN1#952:82F8$%1)'&:
! =+,#O2,8,/98'>%,&$24+P#P2#H>+&<#32-$&+,151:$>9:>$#
! ?&%#''&$21:$>9:>$#2)&$&''#'2:8 1>@1:$&:#

! BT8
! (8'+3+F+9&:+8,2$#1>':12+,298'>%,&$-$8G:"
! C'8,-&:#32-$&+,12,8$%&'2:821>@1:$&:#
! A88'+,-23#)81+:21'8G'*/ ,>9'#&:+8,28F2,#G29$*1:&'12+12'#112:"&,2&: '&$-#

>,3#$2988'+,-2*+#'3+,-2'&$-#3#,3$+:#1
! B9"#?"3#.&">HBT83,BIHBT8/3(#3"321?'()"5(1)31C3Y1E3B&*##%&*3BI33

,YBBI/3")D3BT8R3$-*&*3(#3'15-3?195*)3C**D3#512735-"53C1&?#3#.9"5#3Z33
U".1&35&")#.1&5*D3()3"3#%.*&#1)(23.9"#?"3.9%?*35121)D*)#*R



Conclusion
! TBCs are applied to Ni-based super alloy turbine blades that have  

internal air cooling channels.
! Ceramic Matrix Composites- GE is replacing certain hot section  

metal components with ceramic mat’l
# Better temperature capability; ↑ durability of 30,000 hours
# 1/3 the weight of Ni
# Entry into service: 2016: Airbus A320neo, 2017: Boeing 737max

! Cooling
# Air convection- 370°C (1-3% of compressor air)
# TBCs- 100 – 200°C
# Single crystal blades and directional solidification- 120°C

! Multi-layer (i.e. micro-layering)
# One method of layering, at a thickness of 1 µm, is to switch on and off a bias

voltage.
# Produces layers of different density yielding a 37-45% reduction in thermal  

conductivity

5"#$>&L)M-'%,%#%&)"*)N/%&$,/='9&'&/$>3
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http://www.reddit.com/r/Elements/comments/e%20%20wpjq/cobalt_nickel_part_3_ni_superalloys
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