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Investigation on Trans-Scale Hardness and Interface
Gradient Effect of Advanced Coating System
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Abstract: As an advanced coating micro—/ nano—particle ceramic coating is widely used in key components such as aero—
engine blades. Its mechanical properties determine the service life and reliability of components to a large extent. The macro—
scopic mechanical properties of the advanced coatings are closely dependent on their microstructure that is to say they have
trans-scale mechanical properties. The study of trans-scale mechanical behavior is not only a hot spot but also of great sig—
nificance for advanced coating design. In this paper the microstructure of micro—/nano-particle 8YSZ thermal barrier
coating/Ni-based super-alloy system was observed and analyzed firstly. Then the trans-scale behavior of hardness and elastic
modulus was studied by coupling nano—/macro-indentation experiment and trans-scale mechanical theory based on strain gra—
dient and surface/interface effect. It is found that the macroscopic hardness of the surface obeys the Weibull statistical distri—
bution and the hardness dispersion of the nano-structure coating is small; the hardness of the nano-indentation is high and
decreases with the increase of the indentation depth. Moreover the hardness and modulus decrease with the increase of the
distance from the interface.
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ing: (a b d) and(a c¢ e) magnified step by step respec—

tively showing splats and grains

1.0

0.8

0.6

F(H)

0.4
02

0.0

Fig.|6

Weibull

H

Weibull

SEM

Fig. 5 SEM image of the columnar crystals of nano—particle coating

Weibull

( 10 N)
(1

F(H)
FOE)

(2):
1 —exp[ - (H/H,) "]
1 —exp[ - (E/E) "]

F

a Experiment Result " 10 = Experiment Result
— Weibull Function A Weibull Function

o8 N-H

T 06

i
041
0.2

L 00 L
4 5 1.0 1.5 20 25 3.0
HIGPa HIGPa
4 Experiment Result El 10 @

—— Weibull Function

M-£

Weibull

100

120

Weibull

* Experiment Result
— Weibull Function

Weihull digtitbution /of haidness of | micromparticle coatings( R) | and: hano-particle goatings (-h)

90

Weibull :

Weibull-distribution of €lastic, modulus

distribution of micro-particle coatings ( ¢) and nano-particle coatings ( d) ; experimental points and fitted function curves



726 39
HO 3.9 © 20 A Experiment Result a
o - Strain Gradient and Surface/Interface Effect:
2.0 GPa; E, 99.9 & 18 — SudinGradient Bffects
74.8 GPa. m m ﬁ 121 =207 um, y=r=5.00 02 \p
c 8f .
o /=207 pm
° & 4r N e A
m 9. 8. m 11. 4, 0 1 1 L L L L
0 5 10 15 20 25 30 35
9.1, m 10.0 Depth/um
o 20
© @® Experiment Result b
Wf‘lbull o 16 — Strain Gradient and Surface/Interface Effects
Q — Strain Gradient Effects
@12+ a o )
o @ ) __~I=1.39 ym, y=I'=4.60 J/m N-H
2 sl -
1 m ° - 1=1.39 ym
(1) B4l N u
. F(H) =0.632 F(E) =0.632 Y S 4
H E F(H)=0.5 0 5 10 15 20 25 30 35
Depth/um
F(E)=0.5 H E . PIH
7 é b
. 2~4 GPa. 1 () (b)
Fig. 7 Hardness of micron-particle coatings ( a) and nanostructured
11~25 GPa )
ones ( b) and fitted curves based on the trans-scale model
5 o
1
Table 1 Nano-indentation hardness of coating surface o
Indent depth H of micro—particle H of nano—particle
h/nm coating/ GPa coating/ GPa ﬁ y (L E v N B y T ) (3)
Less than 200 19.12.1 24.6x1.5 H, I H, H,h  Hyd,
200~300 15.7£1.9 17.0£1.7 H h d,
300~400 14.7£1.9 16.0£1.5 H, v
400~ 500 141218 15.1£1.5 N B
500~ 600 13.7£1.7 14.3+1.5 E Y r
600~700 13.3£1.7 13.5£1.3 ‘
(3) - :
700~ 800 12.9+1.8 12.8+1.3
7a Tb
800~900 12.4£1.6 12.3£1.2
900~ 1000 12.1£1.6 11.7£1.2 .
/ 7 . 7
. 2.07 pm 5.09 J/m?;
3.2.2
2.07 pmo
( )
47 2
1.39 um 4.60 J/m";
589

1.39 pme.

10711
o 7 o



727

10
3.2.3 8 ]
o —A—M-Sub
8 o7f ;\ . —e—N-Sub
% -
. @ g
M-TC N-TC Dis— 2 . i\
B gl —f——3
tance o 8 (]
T
4 1 1 L 1 1 1 1
50 60 70 80 90 100 110 120
80~90 pm Distance/um
o / w 260} & —a—M-sub |
) —e—N-Sub
3 2901 K
3
o
; = 230+ .
50 60 70 80 90 100 110 120
Distance/pym -
9 (a) (b)
© 14 . .
% Fig.9 Hardness ( a) and elastic modulus ( b) of substrates for
= 13+
2 both coatings
© 12|
ERELS
£ /
10
Distance/um Weibull
o 190f —_aomre |
@ 180 %\i —e—N-TC
% o
S 170+
ol T t—
3 160 [
2 150 i 1 1 1 1 1
50 60 70 80 90 R
Distance/um
3 (a) (b) References

Fig. 8 Hardness and elastic modulus of micro-particle coatings ( a) and

nano-particle coatings ( b)

9 M-Sub N-Sub

Distance

(<60 wm) .

ZHANG BP WEILL GUO HB et al. Ceramics International J

2017 43(15): 12920-12929.

SHEN Q YANG L ZHOU Y C et al. Surface & Coatings Technology
J 2017 325 219-228.

LIANG LH LIUHY LONGH et al. Engineering Fracture Mechan—

ics J 2018 199: 635-646.

WEI'Y G HUTCHINSON J W. Journal of the Mechanics and Physics

of Solids J 1997 45: 1253-1273.

WUB LIANGLH MAHS et al. Computational Materials Science
J 2012 57: 2-7.

SONG ] R WEI Y G. Engineering Fracture Mechanics J
221: 106679.

WEL'Y G WANG XZ WU X L et al. Science in China Series A
J 2001 44: 74-82.

SONG J R FAN CC MA HS et al. Acta Mechanica Sinica J
2015 31: 364-372.

LIUHY WELY G LIANG LH et al. Coatings J
LU HM JIANG Q. Journal of Physical Chemistry B J
5617-5619.

AKDENIZ M V  MEKHRABOV A O. Journal of Alloys and

2019 788: 787-798.

2019

2020 10: 345.
2004 108:

Compounds J



738

39

88

89

91

93

ELDRIDGE J I JENKINS T P ALLISON S W et al. Real-Time
Thermographic—phosphor-based Temperature Measurements of Thermal
Barrier Coating Surfaces Subjected to a High-Velocity Combustor
Burner  Environment R International ~ Instrumentation
Symposium 2011.

ELDRIDGE J I SHYAM V WROBLEWSKI A C e al.
Temperature Mapping of Air Film-Cooled Thermal Barrier Coated Sur—

faces Using Cr-Doped GdAlO; Phosphor Thermography R . Interna—

tional Conference and Expo on Advanced Ceramics and
Composites  2016.
ELDRIDGE J 1T WROBLEWSKI A C ZHU D et al. Temperature

Mapping Above and Below Air Film-cooled Thermal Barrier Coatings u—
sing Phosphor Thermometry R . NASA  2018.

ELDRIDGE ] I. Temperature Mapping of Air Film-Cooled Thermal Bar—
rier Coated Surfaces Using Phosphor Thermometry R . NASA  2016.
TIMILSINA S JI S K KIM ]

et al. International Journal of

Precision Engineering & Manufacturing ] 2016 17(9): 1237
1247.

JISK KWON YN SOHN K S. Acta Materialia J 2003 51
(20): 6437-6442.

JISK KWONYN SHINN et al. Acta Materialia J 2005 53

(16): 4337-4343.

95

98

JISK KWONY N SHIN N
2007 90(24): 241916.

LI C XU CN ZHANG L
2008 11(4): 329-335.
ONOD XUCN LIC

et al. Applied Physics Letters J

et al. Journal of Visualization J

et al. Journal of the Japanese Society for

2010 10( Special issue) : s152-s156.
TERASAKIN XUCN LIC

Experimental Mechanics J
et al. Visualization of Active Crack
on Bridge in Use by Mechanoluminescent Sensor C //Proceedings of
Health Monitoring of Structural and Biological Systems 2012. San
Diego California: SPIE Digital Library 2012: 83482D.

UENO N XU C N WATANABE S. Fatigue Crack Detection of

CFRP Composite Pressure Vessel using Mechanoluminescent Sensor

C // 1EEE SENSORS 2013 Proceedings. Baltimore: IEEE
2013: 1-4.

100 YOSHIDA A LIUL TUD et al. Journal of Disaster Research J
2017 12(3): 506-514.

101 LIUL XU CN YOSHIDA A

et al. Advanced Materials Technolo—

gies ] 2019 4(1): 1800336.

102 CAIT GUOS LIY et al. Sensors and Actuators A: Physical J

2020 315: 112246.

(2006

°

1963 Adv.  Nature Comm. ]. N .
Mech. Phys. Solids  Acta .

N B Mater. N

N N 200 Science 30 o

(2005 ). . . Nature 7000 N 50 o
“863” . N N
). “ . : 1 ). :
1994 3. .
| N JMST N
1 . 2 .
80 N 1960

N 6 Science N N



10 739
SCI 50 o Science Journal of
PI . 2017 Thermal Spray
o SCI 5 & Technology  International
150 SCI PSP, o Journal of Heat and Mass
4000 TSP Transfer Surface  and
N N Coatings Technology
3 . “973” / Journal of the European
N N Ceramic Society
N o / N SCI 50
. J. Heat Mass 130
“ Combust. N o “
N 7 . Sens.  Actuators A 75
1990 Instrum. o o /
o 15 / 5 .
1986 Rolls Royce 10 (4 ). /
o Meas. Sci. Tech— (3 ).GF 7
N 2012 2014 Mater. Res. Express. . GF N .
. 2008 o GF N
2019 1982 ( ).
2014 . .
2019 3 ( )~
. 20 o (
/ ) o
2019 Computational Materials

F % A )

« ”

alia  Surface and Coatings

Corro— N
Ceramics In— o
ternational  Scirpta Materi— : 1975
29
3. 2004
3
. 2007 ~

2008

B Nano Lett. PRB
APL J. Euro. Ceram.
Soc.  JECS  Electrochem
Acta  SCI

100
5

NASF



