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Fig.1 Thermal spraying process'”’
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AU TR 7 2 I 5% 4 AT A T R B U 2 ) A T T S
B 2 R0l 2 B Tl R 5% T B A0 I B R JE T 2 21
AL REAS B N VR AN, ST A T AL A X B0
0 5 AT 2 T A T B A
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145 W F I $ B% (scanning electron microscope,
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R T K 2 1) 2 1 U S S A R A 25 4k Ak
IRTFHEEAR S 2% g K gh i) WC-12Co B &Mk, &
S BT WA AR SR WC-12C0 )2, B 4
GIKEGH) WC-12Co WRIZHON A Z /s ey, 7T

Sprayed coating
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Fig.2 Cross-sectional microstructure of the thermally sprayed

FeS coating'®
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Fig.3 Cross-sectional micrograph (a) of the FeCrBSi coatings

and its micro-defect morphology in the coatings (b)!'*)
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K, 2B AT 4 IR L) SR T,
1.3 EFBFREHEGS T

I 51 HL 7 2. 74U B% (transmission electron microscope,
TEM) 2 HF R b, BT BUETR &N T 0.2 pm
(R4 H . P. Poza 25 S i i v T WA BE L 8¢ LU AR T
BT v 2 R A B T VR KA (thermal
grown oxide, TGO) =K i FEAN [R] I 21 1 S ol &5 Ay A%
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Fig.4 SEM images of nanostructured WC-12Co coating: (a~c) SEI images and (d) BEI image
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FUBR A FLBRIESURFAE . FLBR 2 100 (A1 A AT
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[15]

K5 Ni-YSZ ikJZ 1 TEM Wiz
Fig.5 Bright-filed TEM micrograph of the Ni-YSZ coating'"”’
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Fig.6 Matlab image processing flow!
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Table 1 Porosity measured by Matlab software*!

Field of

. 1 2 3 4 5 6 7
view

Porosity/% 5.40 4.74 530 527 4.52 5.60 4.50 4.67
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AUTOSORB-1 %! (@)W KX, 75 77.35 K 44 T x)
WRE AT T Al B R B S R A e UG T AR
300 CEZA4&MENHATT 8 h BRAALEL, XFPH R
JZ YL R A B ALAR Ay A HEAT T A B MR AL . AR
Kelvin 7782, fEAHXS 1k P/Po ISR B 5t kA2
BRI LA

-20V

nzfﬂﬂﬁﬁﬁ (4)
X moh Kelvin 242(m), o HWEA 77.35 K 11
FTmsk Sy, HoAl hy 8.85X 107 N/m, T M WA M3 A(K),
HAH N 77.35 Ky Vi HREHIWAIR I &, £ 77.35K
ik 34.65X10° m’/mol, R NEE/RSMHFE, AL N
8.31 J/mol-K

T LLAS B e 1R 0E

rk:ln(ifi;)XIOJO ®

Kelvin A2 R R AEAHXS 5 J) 4 PIPy T AW BT 5t
KA I AL AR TS PRAERER 2 AT, FLEE O A7
MR, BRBEME R N — 2 E . Rk, SERR
(LA (il 2 2 3

V:Vk"!‘t (6)
Softs % 5 PR BB B ().
SR AR

DT A, R 45 S5 56 v A5 B A 0 s 7 (P/Po) 5 W B
AEFNIIE R, BT LATH 5 R AU RTFLAR K/
{97 i T

ARSI 1T Ni-YSZ ¥RJZ 1 Ny W PR - AW b i
W 7 fioR, SIESREN LRIy 3.232 mYg, T
BIfLAE k25 nm, EAFLARL 0.0202 em’/g. B FHR
RaE KR, WRIZ AR FUBR AL ) 2 AL KL
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Ji 7 71 W 5485 (atomic force microscope, AFM)j&
7E 41 45 % 18 2. 74 B% (scanning  tunneling microscope,
STM) K REA L=, A FH B 05t ] i 42 DR BT A BERE R i
1 nm Ak BC A it 24 T 1 48 (RO b AT 1 R BT 4148
M CAE T30, SRR T BE E BB AN REIRTS 1A
SRR A PSR o BN il B TE S B ) Zh RE A BT
AhFEAYRE,  dEE e R T H R TE AN U ¢
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Fig.7 N, absorption-desorption curves for the Ni-YSZ coating™”’
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Fig.8 Atomic force microscope working principle®®”!
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Fig.9 Topography of top coat surface with 20 pm? scan size (a), 40 um? scan size (b), and 60 pm? scan size (¢
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JE 5 AEL S LR TS 4 /0N P 8 D T 2 1 3000 3 s 22 K
B A THRURE R My o R B4R 2204 HL VY ML K2 1Y
S. Stach %P AL AL WO R B BEXT iR 2 R W
BEAT ZYEFHE, W ST AR LA 2y R BB 0 TR R

Laser

—>Objective
mirror

2=0.605 pum

2=0.818 pm

Excitation pinhole

7 Excitation filter
Emission filter

31
)[ ]

I\ Detector

Emission pinhole

10 WG I IR AL BB A I g

Fig.10 Basic principle of the

microscopem]

laser

scanning

confocal



%9 1

AT HABHRIR IR FLIR G KR AT BT SUE

* 3061 °

R = HE Ry, 57 11 Pros. A&7
AT DA — PR LA e thR )2 3R L BRI 23 A B AR
FUR N, AER 0 T30 2 P T L B s a2 e AT 58 BE 1) R ALE
5.2 HHEHERHG

FHRAG IR IR ZTES ) 53 b — DN HARZ T E AT
B A% (Computed tomography, CT) B, 3 A Jgi 1 2 F)
FH A 4 2 3ok 0 A ) S el AR S 0 BB A 4 R 0 3K
i, FEY N HE— 55 W7 b SRR B G
B AR, SR I UCOR 4k SR — FR 51 W 1 AT A
B YN RS AR G . Tk CT & E R &1 31
A 00 BT ) AR K R R DL R I K R Oy
AL I P A o ) B AR L (R Oy A R o 4 e W % T
(1)), B Ry i, DU REor HR AR Tl CT B
PRELAPRL R R, 3R T R AT BLR U ) e A40)
b 5E F:

MR =Ap/ p,, x100% (8)

= |ILII - luref /lurefx 100% (9)

Aot g ARG SRR B o T SRR
TERAR s A PN BRA LEIE s e 5% EI
U Mekn)-

RO VR L OB 24T BPRL AL MR L 3
B AR, DIGCRM: AEARRER R, R

K11 2R E LB = 4 1K
Fig.11 Coated surface porosity (a) and 3D map of coating
pores (b)F
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AT ABEE — BUE, 8 CT AR T BME R R F N A2
AL, AR T RE R S RS B 5 R HE
PRI ALEUR X, B

x =34/ x100% (10)
X A4 CT AR T B R ZEG A4 il
ERTHINPSEE S -8

AL B, ABCRT TS ALER A, R IE AT
TS P X S A FLBR B o B TR P CT fEH
PRAE 22, P38 CT B AT PR AU A AN () X 48
W JSEFE S s M0 B i 2= TR AL A T A 38 S

HI T CT BMEA S B 20 512 x4 2R A
ARG AU, R EAE A I R 0 g AL
MK, ARG LI RO SO, [, R
BT AR Kt AN [ K 2 2 AT RE 22 JE FAN [ [ P 2
BB 73 1 SR R AN TR R B AR, VA5 T AR 45 2R
MR . Bk, R CT EUGH R BB R R
MR, X R FLR R SR 22 57
ANTA] ) U200 2 MR AT AN R IR MR L, il
T BIGR BAR T B 54T, E R T A B {5
AT R AN TR] B0 B ED X X 45 2R RS2 M K

HO DNV SR A B b 1S 1) 2 R AT IR
ANREMCEIS AR LN AL BEAT RN, = HE R CT

S CT LB 4k CT.  P. Spanne 2P0 A [
AR CT WA W IR R v J2 1 ol B A, 1)
SCEE ST CT T LAERAE 2 wm 19405 LRI RE o, ] ) #h i
W2 GO FL R AT AR

B BT A K2 B 5 BT A 4 AR Bl 2R 1
il AR, HEAT X SRR b . LAk R
12 fros, M 12a AT LA H edge 45 1n) 3L S St T
WIERE LIS R RH 22 RO X bl R 3 i 55
P 12a FEATAREE, F3FIE 12b. KL TSR



* 3062 -

Wit m MR TR

48 2%

WIERIKEAS), RIGYTEE, IR
T 11 JsL DR ) R 5 AR v 2 S5 B T ) AR (R 2 AL
Ko RHMAE R CT X EATBURE M 07, 5] I
PRI 2 A B LB AT = R . I 13 R LU
W Yy #) R EECh 1102 )2 EIF R BLR)E,
W BT LRI ZANFLE, A BRI 2 BACH IE
o M VGstudio MAX B F Il & 2h fig b 47 FLBR
K, B 13a PALER 1 SWEKA )T AN
24.8 um, FLBE 2 KT8 20.14 pm. 4 y HiDIF
JZHCN 1108 JZI, WRIZ B Z, fLBHE . R
PR RO B 13b HPALBR 3 K AR T [ 4
H27.79 um, FLBR 4 KA2T7 LN 28.38 um, FLKE S
KARTT 2K 48.07 um. 4 y Fli ) v 2500 1120 21,
COANTEAESE R R), % 2 8 BBl X 3847 A8 K i/ FLRR
T P TR) DX 3 B AT A7 AR B R SR X, T BB 2 H TR 2
RIMAAAEMBUITE 4y JY) v 2800 1148 |21, 5%
(3R 2 b AL ER VR S, AT RUR AR R 2 R B AN 3
Ao My BT AN R B IR R 2 D) AR A b A5 21
ZIR AR AL, SR R

VEZ WS y Bl 1 R E 282 2 CT K%, 850~1131
JZ, M VGstudio MAX ¥, K hbsin 2 A ¥ i L
BRabAT 0 ), W 14a, Zid gy B4R IR 0 M5 4
JE AR BN FLBR rT AL S5 R B 14b, P 2L B SR T
HE 27 B

Dark field

5.3 ZH# X HEEMEME

=Yk X SR W ABL(3D X-ray microscopy)se—Fi
FET IR DB A YR SE O 5 R R SR BT 8 CT i
BR, W T4 CT SR 5% BMEBAR KA,
T S R BCR BUR B, Hor B — MK
HEAOSAO = o XS4k WIS 5L 4L CT AN,
KB RIBOREA, XFE X I 2 85088 1 O A% 20
JUAT B2 TR A% B0 5 06 2 TBOR A B ) e B, P i
KEARG R 15 Fron. 1556, S5 8M CT —#
XSRS BEAT JLRTTBOR BAS,  Ze st I 5 I, LA i
KAGHCH T LT 25 Disl Fl Dis2. 45 X B2kl

Coating

Substrate

bt

12 E 2 HEE X L B o b R A o

High resolution X-ray imaging (a) and contrast

Fig.12

enhancement (b)*”

Bl 13 ¥Ry Bl A A7 8 1 IR 2 CT BIHMR
Fig.13 CT images of TBC in different cross sections along y axis: (a) slice 1102, (b) slice 1108, (c) slice 1120, and (d) slice 11483"
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Void 1  Other voids

¥

14 FRBTERIR R A B AL AT ML = 4R A

Fig.14 3D visualization of voids in thermally sprayed coatings

Geometric Optical

Scintillator Detector

15 XS 2 08 B Y R K 45 s T

Fig.15 Two-stage magnification architecture of XRM™”

PRI 1R DA R B WS e S vl IO, Tl e 2= i A
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WOR . HEEREZANME NBOEEG, Wit R
CT H g 545 3 o i R

B BT K2 00 At 5 OV L 4 by A
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Fig.16 Analysis of pores in TBCs: (a) 3D visualization of pores

in ceramic topcoat and (b) 3D visualization of pores in
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Table 2 Porosity of the TBCs!*"!
Voxel
Constituent number of Vp/um3 V/um3 P/%
pores
Ceramic 350549 1637952.3 472739264  3.46
topcoat
Bond coat 124893 543272.7 40983419.9 1.33
TBCs 501442 2181225 88257346.3 2.47
Interface of
bond coat 249572  1085614.5 — —
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Fig.17 X-ray three-dimensional images of coating pores
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Fig.21 Phase differences with different TC porosity when frequency is 26.5 to 40 GHz: (a) the theoretical results and (b) the

experimental results””
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Progress of Pore Structure Characterization of Thermally Sprayed Coatings

Gao Peihu', Jia Han', Wang Wei'*, Chen Baiyang', Guo Yongchun', Yang Zhong', Wang Jiandong®
(1. Xi’an Technological University, Xi’an 710021, China)
(2. North General Power Group Co., Ltd, Datong 037032, China)
(3. Xi’an Military Representative Office, PLA, Xi’an 710032, China)

Abstract: Pores are common in the thermally sprayed coatings. The pore morphology, size and distribution take great effects on the
performance of coatings. Therefore, it is very important to characterize pore structures of thermally sprayed coatings. In this work, the
characterization means of thermal sprayed coatings’ pore structure were comprehensively reviewed. The often-used image analysis means
of pore structure characterization included optical microscope, scanning electrical microscope and transmission electron microscope.
Besides, there were infiltration compression, gas adsorption and desorption, contact measurement of atomic force probe, 3D ray scanning
imaging including X-ray and neutron ray, ultrasonic imaging analysis, and so on. The advantage and disadvantage of all kinds of pore
characterization means were discussed. The application scopes of each means were analyzed. The future characterization technology of
thermally sprayed pore structure was prospected.
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