2026 4F 55 46 % mi o= M OB % K 2026, Vol. 46
HoW 5 69-80 JOURNAL OF AERONAUTICAL MATERIALS No2 pp.69 - 80

51 AR R, AR, EBERL, 45, SiOyTPGDA/SIOy “ = WA S5H4 R my HLFR W R et S K SRR R RE [0]. ot s b1
KL, 2026, 46(2): 69-80.
FENG Erpeng, WU Shenghu, WANG Xiaoyi, et al. Construction and performance of high barrier films with
SiO/TPGDA/SiOy “sandwich” structure for water-oxygen barrier properties[J]. Journal of Aeronautical Materials,
2026, 46(2): 69-80.

SiO/TPGDA/SiOy “=FRi8” &S EIREE
ML&,*ﬂE%E%

LoRps, RAER, ek, AEE EAK, 24V,
T R, IZE, ERX#, T &

(CEM 2 T E AR YT BT B2 R 53 4 [ 5 S S0 00 =, 2491 730000)

R KB B5 B T2 S AR (roll-to-roll plasma chemical vapor deposition, roll-to-roll PECVD) | %] #:7%
K IRFE AR (roll-to-roll evaporation coating technology ) #il % SiO/TPGDA/ SiOy “ =HHIR” 45y RlZ 2 W, 6 H
BRI B 3 TR R T TG AR AR = JEHLZ SiOy S HUZE TPGDA Z BRI AT A 11, W5t &2 AR A il 2 R S
H Sy RE | BHFRTERE ROtk fE . 45 R FE M. SiOTPGDA/ SiOy “ =HHIR " 45H I SRR N i) Filkr 1 Fy R
174.17 N, Ji 78 aL N 112%, K 1 3 8E 7 Frg KOS ey 40510 159.86 N 5 135%, FH R /K 28 <iE i RIKE
0.1g-m’-day ', 23X “85” SU G (AR HIBH K ERE, I FLBH I 4 K% 55 1 43 3 ik 89.2% F1 1.05%,
TEAR 23 A1 B ot AL A7« K PH 8 P T Al st 2, S b 245 v BB B 80 B 7 TR 214/ S rhoks 2 3 ) B 1 A5 i
25 LR TR VAR ) N TR

KR L ELE; TR W SiOy; TPGDA; BH/K P ; BLAAM:; J1-# 1B ; i GHE

doi: 10.11868/j.issn.1005-5053.2024.000205 CSTR: 32420.14.j.issn.1005-5053.2024.000205
hE 425 TB32 XRKFRIRAD: A XEHS: 1005-5053(2026)02-0069-12

Construction and performance of high barrier films with SiOy/TPGDA/SiOy

“sandwich” structure for water-oxygen barrier properties

FENG Erpeng, WU Shenghu*, WANG Xiaoyi, HE Yanchun, CAO Shengzhu, MOU Xiankai,
WANG Hu, WANG Lanxi, DONG Maojin, DING Lei

(National Key Laboratory on Vacuum Technology and Physics, Lanzhou Institute of Physics, Lanzhou 730000, China)

Abstract: SiO,/TPGDA/SiOy sandwiched films are fabricated by roll-to-roll plasma vapor deposition (roll-to-roll PECVD) and roll-
to-roll evaporation coating technology. Silane coupling agent and ion source treatment for surface activation are employed to
enhance the interface bonding force between the inorganic layer SiOy and the organic layer TPGDA. The preparation technology,
mechanical properties, barrier properties and optical properties of laminated films are investigated. The results indicate that the
longitudinal breaking force F; and strain g of SiO/TPGDA/SiOy “sandwich” structural barrier film are 174.17 N and 112%,
respectively, and the transverse breaking force Fjy and strain ey are 159.86 N and 135%), respectively. The water vapor transmission
rate of the barrier film is as low as 0.1 g - m’- dayfl, and it still maintained good water resistance performance after the double “85”
experiment. Moreover, the light transmittance and haze of the barrier film are 89.2% and 1.05%, respectively. This technology holds
promising application potential in acrospace and military sectors, including but not limited to: future space station food packaging
and storage, encapsulation of solar panels, moisture-proofing of sensitive materials in missiles and ammunition, as well as protection

of precision components in radar and infrared remote sensing systems against humidity.


https://doi.org/10.11868/j.issn.1005-5053.2024.000205
https://doi.org/10.11868/j.issn.1005-5053.2024.000205
https://doi.org/10.11868/j.issn.1005-5053.2024.000205
https://cstr.cn/32420.14.j.issn.1005-5053.2024.000205
https://cstr.cn/32420.14.j.issn.1005-5053.2024.000205
https://cstr.cn/32420.14.j.issn.1005-5053.2024.000205

70 o= M

5 46 3

Key words: roll-to-roll; laminated film; SiOy; TPGDA; water resistance; oxygen inhibition; mechanical property; light

transmittance

i BEL A 2 % 43— e AT P Al 2 T <A
AL G Y EA BB E R E MR, W HKZE
K38 1 & (water vapor transmission rate, WVTR) |
A Ed R (oxygen transmission rate, OTR)ZEF5H5
AR B R e B R ]
T A ML & T K (organic light-emitting diode,
OLED) &7~ J# | i F &% (quantum dot, QDOT) #4
LA HL T B K BH E L jtb (organic photovoltaics,
OPVs) . H.%5 41 #44ft (vacuum insulation panel, VIP)
R B 2 i B 2 S

OLED .78 Bt . HL 14055 RE 7™ il 1Y BT i
AR, R I P FR T RE AR Y J e B AR B 4 7S i Ak
B L R 2O B R R FR s
MR KZE RSO AR, Ry 1 R e AT 75
AT E] 10000 h, J524% BH I 152 1) 375 7K 48 (WVTR ) 2
HF10°g-m”- dayfl[%] o T ABEXT K
A2 P E 22, Y i AR R R K2
S, R R OGPERE S TG T R, R XS
i R AT B, HOKZE MR R 2k /N T
10" g-m>-day ', OPVs 15 4% 5% 16 KB
T, HA AR YRGS DI Re M kL g 52 5
SRR ERI S A T PR R A%, HoK 78 SR
FEPERE RN T 1070 gom T - day 'Y B 25
258 BRI P B 2R AN Z AR A | AR AN
PR R WA, dERE T fe e, K MR
sk/NT 10—1 g- m?2. dayﬂM i

THLHRE LN SiOy. ZrO,. ALO; FE 4 H) 2
JHF LT 7 i B4 1 Kwon 251 i1 45
T35 )5 7 2T (plasma enhanced atomic layer
deposition, PEALD ) /U #1 30 nm Al,O 1E & JTCHLEH
i T OLED 4%, RS A A4 OLED WrRn+s,
fili OLED /R af fERFEE sise 363 KJm, AR AT LUIE
WTAE. SR, JCHLEERE AR A B e, 7852 3
HAL N ) AR R SR I, 2 o AL
30 T T 5 A, A RO

A AL EA LS 1 AR E P L I |
e | T JE ek T 2 S S AT T RE SRR, )T
R A3 5 I 1R 1N = R S DO N A B D = 55 WS A P i g
TS ATL UE l A FE R R AATR  —
TR ) 1R 43 F S AR JF T A BE PR SR HK A
fe s AR A /N | R BEAIR, AR S SR T £ R
VA PR T VB, L SR 5 0 v P A 3 W PR - IR

B M ETE | PrA AR | BHACE | B MBS
B, AERZ AT R T i Guo %
TR P I % 2 7 B 3 A o A LA WL R P 1
A B K SR D A R T R A, L YR LA R A2 AR
SE PR R 355 B B, 7R R . R BH R H b T A 55
GUFEA T Z N AT . BN & —FPaE &
SREW, £, HE e e A 5 5%
5 HABAIMFN SR, T A IR 254, BRI U<
K2R E5 5 ™, Zhong % Y R Desmodur
L75 # Erisys Ga240 W #1657, 75 PET 5K
TR U A 12 T 5 S [ ) B ) 38 TR R i v
W HAR B P RE, 25 SR R BRI I K 72 A A R
T 356 AT 88 i 2R VA 07 T TR RS %) BEL S, 5 R AR
PET JLJiCAH L, BHAA R4S T 68%.

UEAER, A HL/TEHLZ )2 5 A M R Ry BEL RS
JESZ BN TR, AV AAERERLLE B 7E
TeALZE 5 gE AR K, T H R SR 22 ToHLZ DU R fiE
ST, W S SR K YR BB BE A R T
Bto AH/ICHLHIE SR 2 W) Fi 56 [ Vitex Systems
ONTFIETHIT B — R SRR RE O S 3 7
Weaver 45 > | FJ EL2s [N FEH A, 45 79 4 I il B
R BN 175 um 1Y PET LU I, FIHL4ME
AR TR 13 B 5 K P 2R DR 0 R T e, I Js 7 Ji
FH G R A W DR — 2R A 30 nm f
ALO;, KA SEEZ . W EE LB, RE
YIEREA TCHLZ B ia . BT 7L, 5 m B b e
Kwon 257 4145 ALO,/fERYI A5 BEBT K | 2
PR TCHL/A ML JZ AR, 58 230, TCHLZ ALO;
FELRMKIE, HOKERA DL RER £ K
BB AR A RCF AL Y2 R EER . 2T
M, A TAE#E I —FP SiO/TPGDA/ SiOy “ = B
R G5 R E BEL R B R R, IR IR 4
14 SiOx/TPGDA/ SiO - i 5 1Y BELF 75 5E | AL A1k
SR E PR | BRI BE DL ROt M RE, A R A
()3l £ T AL B A A | 5L 24 v R e B TR TR AT
A3 SR rFORS 5 T 2 7 ) R B8 — E BT ST
FAih

1 LBEHMBERE

1.1 LM EEE
T4 =N T N TR BE (TPGDA ), 43+ 34



5 2 3

SiO/TPGDA/SIOy “ =R L5t %!

vy L A A B K S BH B P 71

C,sHa,04, B i 1.030 g/em’, |55 B #b R R
Ny ORI (2, 4, 6-= F R R B RE ) AR AL B
(TPO-L), 43 T3\ CpH,,0,P, 5| Bt RA
RS Al 5 JEHE PET, Wi VK 5258 MR A BR A
Al AN, 4iEE 99.99%, ¥ FH FE &S A TR
Al A (Ar), 4B 99.99%, 1% BH E &S AR FR A
A LB, 99.999%, i FH Ak 2= 25 50 A7 BR 2 Al 5 B
R, 99.99%, I fk2#iR 50 A A A p-(H N
A I AR ) P9 AR = AR RE e (KHST70) , 43 5K
C10H,005Si, VLI SRR FRAS w5 75 H 2 k4
%t (HMDSO), YTIR W58 ARG BR A 7 .

¥ H Form Talysurf PGI NOVUS £ 51 it £ T 4
JERASCIN 38 36 S e TR S 5 SR Sigma360 37 & 8 41
i F - I BT 3R A BH BRI Y 2% 1E T 85 ok A
VERO # JiL 7 77 & fofc B 0] 3 BEL ol J5 % T AL A 5 A0
210 B[4 53 A 3 R Fl AQUATRAN MODEL 2 3t
FAKGBANERE . K C610M B gl 17 113
BILI 3 B B 5 1) 07 24 PR B s R B 1 TH-100 55
TR ZE B ; SR VISTA 8 B (SR E %

1.2 KEAHE
1.2.1 SiOy THLZ A %

K 80 mL/min 451 800 mL/min 75 H % —
ik SUBEAE T2A, EHTanE 1 s i 5 58X
PECVD P R G UL SiO, ToHL)Z M, DAL FE
2SN 2.4%10° Pa, FRARFHL IR IR N 5 kW, H
JE A%k 60 kHz, A58 4 0.5 m/min, 95 BE5E IR
JEoh 10 °C, BRZ MK T8 60 N,

4_

R
Process gas

Guide roller Guide roller

Electrode roller Electrode roller

1

Kl 1 %% PECVD il 4 SiOy THUZ R EK
Fig. 1 Schematic diagram of the preparation of SiOy inorganic
layer by roll-to-roll PECVD

122 TG KHS70 7 A H &

I 20 mL 1 KHS570 % . 60 mL [ G /K 4
B 20 mL A BS RV VR, 351 1R 6 5 TiCE T 3
FHEFE 30 °C LA 500 r/min AR 60 min,
IR KHS70 58 42 & A B i S N o e il 4% A 4
BEH KH570 IS WM A K 2 frs B4 b, Rk
LEAM IR AL B %, TS5 B ESEmE

2.3x10 ' Pa, & EEZ3K IR 60N, L 1 mL/min f4
(BB 25 3% | 1 m/min [ SEA T (B IR 2 1Y
4%, HrhZE BIREE R 120 °C, SR 4 W,

Rewinding roller

Unwind roller

Velocity direction
y

* %, °|Evaporation source

(ﬁ)UItrasonic nebulizer

Precursor

12 Roll-to-roll 7 & #E R A5 K]
Fig. 2 Schematic diagram of roll-to-roll evaporative
coating equipment

123 TPGDA HHUZMI &

I TPGDA FGH | & 7 (TPO-L ) MR AT
UKRIR A, Bl 85:1, 1R & i A rb i FH B Jes e
HEEREE, WE AR . ARIEE 2 iR Y roll-to-
roll 7% J B i 4 DR B P, 2 8 T L i 0 )2 )
ST 60 N [T 5K T, BRI TR A, R
B2 5 3.0x10 ' Pa, BEE S AMEIRIIR S Ll
60%, 7 FALTH R K 6 W, 25 K PR ) H T+ &
240 °C, W GE P BN 1 m/min, BAKGHE =N
| mL/min J&, HHTESELEHENL . b, LA
Wi KA 385 nm.,

2 HERESHR

21 ERFEARSHSH

LV SR TH RSN i 2 W Yy 4 50k | B M S
FEE )2 PR N g AR R A b S A R R R 3 A T
WA B OCH EE, R AN R T TR AR S
JRFREFERR Fil %, 7ESEg b RO, KR A
it 22 075 YL By, I B2 B A T e ) ) RO AR
K, HLAETS Y4 J8 B 35 0 1 4 vh, S 30
FEEAE 0 B AR T B & AR AR

PEHR 50 um JE£ PET f&4E R Si0/TPGDA/ SiOy
BB AL . PET L )52 — P K45 A9 At
IS, RIEDEH, Tl 2R, TiIRIE S TiEE S
FEHERTIER, TR AR, A T BB IR RS Y
REPIRA, SRR AL B0 PET HEIKR TR
TEA AT, 25 1E 3 s . W Bl 3(a) AT, PET 3



72 o= M

B i 5 46 %

JRE TP, ol KRR il 15 3(b)
(c) & PET JE i Y 2 ThI 1 30 — 4 i B2 181 12 SRy ik
KK, ol LU ), PET 2 Ji 5% ik AR /0N, K i
SP-3H,DAR THIT R P A R AL SR 3 ) S R
A&, XS ph PET 5 34 0 e FEL W% B A A 4 P 2

Length/mm
0 02 04 06

Width/mm

0.6

K 3(d) . (e)J& PET LI 10 (1 46 BE AR 1 734,
Kl 3(e) u] A1, PET & T 1 4% W& =5 B 22 R 4 1
10 nm DAY, B PET JL)E R DR A R 47, ArskR
SRR RIAR, 7oA LR M 55 PR R AP
TeHLZ W

0.8 nm

o

N

o
Height/nm

Amplitude/nm
o
-
o

0 0.01 0.02 003 004 005 0.06 0.07 0.08 0.09 0.10 0.1

Length/mm

El 3 PET HJERMIRZESHT  (a)PET RIRFHES; (b)PET KRNI A 4k =
(c)PET HJR Rk = 4R ; (d)IREUEE LR ZE R ; () FEHUS R R IR 2k

Fig. 3 Analysis of the surface state of PET substrate (a) surface morphology of PET substrate; (b) 2D height map of surface

morphology of PET substrate; (c) 3D surface morphology of local magnification of PET substrate; (d) schematic

diagram of extracting contour lines; (e) amplitude curves of extracting contour line
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Fig. 4 Scanning electron microscopy characterization of TPGDA organic layer on SiO surface
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EDS full spectrum of SiOy/TPGDA/SiOy stacked barrier film; (d) energy spectrum analysis in the cross-section;
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Fig. 10 Trends in the water permeability of barrier films after
surface treatment of ion sources with different powers
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Table 1 Latest national standard for barrier films
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Test curves of tensile strength and strain of samples in
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Fig. 12 Test curves of tensile strength and strain of samples in
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Fig. 13 Trends of the water permeability of laminated struc-
ture barrier films with the number of layers
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Fig. 15 Trends of the oxygen permeability of laminated struc-
ture barrier films with the number of layers
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Table 2 Test results of light transmittance and haze of barrier
films with different laminated structures

Film structure Transmittance/%  Haze/%
PET+SiOy 88.7 0.98
PET+ SiOy +TPGDA 90.1 1.01
PET+ SiOy +TPGDA+ SiOy  89.2 1.05

Position Transmittance/% Haze/%
110 cm) 90.2 231
2" (20 cm) 90.1 2.55
3" (30 cm) 90.1 221
4" (40 cm) 90.2 2.33

# 4 PET+SiO+TPGDA JEIE 58Ty [nl B GRS
F BEMNASE AR
Table 4 Test results of light transmittance and haze of
PET+SiO,+TPGDA barrier films in the width direction

Position Transmittance/% Haze/%
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