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ABSTRACT

Current research has demonstrated significant improvements in damping performance,
mechanical properties, and noise reduction capabilities of aviation pipelines coated with water-
based damping coatings. However, in practical applications, structural degradation of such
coatings induced by moisture diffusion remains a critical challenge. Addressing the waterproofing
limitations of water-based damping coatings is therefore an urgent priority. To elucidate the failure
mechanisms underlying the waterproof performance of the coatings, this study employs molecular
dynamics simulations at the microscopic scale, while macroscopic experimental validation
provides rigorous verification of the computational results. The research constitutes innovative
contributions through:

(1) This study delineates the core raw materials and synthesis protocol for coating fabrication,
developing an environmentally sustainable waterproof coating system through optimized material
selection and process engineering.

(2) Utilizing Materials Studio (MS) simulation software, this research establishes atomic-
scale models of both uncoated and coated systems, incorporating polyurethane (PU), poly(ethyl
methacrylate) (PEMA), muscovite, and aeronautical-grade aluminum (Al). Molecular dynamics
simulations were subsequently performed to investigate moisture diffusion dynamics and
interfacial binding energies. Quantitative analysis of the computational results was conducted via
Origin software, focusing on two key microscopic indicators: moisture diffusion coefficients and
material binding energies. This integrated approach successfully simulates the structural
degradation mechanisms of water-based damping coatings under water molecule intrusion,
particularly elucidating coating-substrate delamination phenomena at the nanoscale.

(3) Conducted saltwater resistance tests on the coating, qualitatively verifying from a
macroscopic perspective that the coating shows structural degradation upon exposure to water,

proving the effectiveness and practical applicability of molecular dynamics simulations.

KEY WORDS: Aviation Pipeline, Coating Materials, Waterproof Performance

Mechanism ,Molecular Dynamics Simulation
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EAEAAE IR IR N BB A A2 . B BT 2 T30 144, (MDD 1EA— Rl Bumih 5 L
H, TEMPRMIE S0 R AR T R E ) £
2.21. FFEHFEEBE N

GrFENIIERAN (MDD AE TS A %0 TR, HoZ o B AR a5 21 1Y
DL ANy, DAIR ST 1 A EAR R R G I RE RRIR AR AL™,  LRGE I Bl
TEBERL TR RS ASHANS TR, IO AR O LB ) 2 7 F B & iERE T
S IIAELE, @S s R, UL PS Z REDKAD SR E T IR E R, SR
MR AEE IR AN R . O EVEA REFE ST % (MMD |« ZRRY (MC) 7 FEi %
(MD) %, IXETTILBI LAy T80y TR RING AR SRt . SEBR o, 1207758
LS R TN o X —BOR BTN TS /IO 7, (G v LI RE 3R T LA
REERIRAL, HN VS BT R EIMEL WL, A TEE KRBT
2.2.2. {RHRHE N

A SCHTAE F AR MS (Materials Studio), MS & Fi i Accelrys J & I EA Z R
FER SR, TRMEERE . (S T —3K 13 Sy S . H TR AR
ZNATAL. T #1125, SRS TSR MS B 0o s s & it
B A TEN L. REMWIASE, RN LEIRATT TN Uy {8 I L = YRS R Y,
HnF M A TG B DL K ORI 5 DS I R AT IR N U R B, RIS
LRt EE ) R N AR MS BUN— Rl I TR, BRI, T
J5R TR DA B 2 25% (4 8y ) A5 0RN F J0 0 B, A RR S IE I SR A SRR AR D) S T S 0 A
DL K 3 BT AR L 45

(1) AL IR

WA T S AL WAL . IRFREINE (B FEII%) , SNE IR T R B SR DA A R4S
PGSR, EPRIEFI T A, KA, HE%.

BEVIMH&ME: WHIGHEET SR E, @ik s, RERMAMSE (o
AN AR DN Y

ERIRAL: REBYARAL T 2 YGRS L R B AT R R, Wi R RN E L SR
PERCAE L 24, MRS R C A Bm B se gn 45 R

IS AT IRERALE BB E R (NVINPT) « . RS, S
JUBSE] (ps-ns %) , BATHAL.
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Bl oy tir: MBS TaashiGil, BTSN 1547 95 L i n i A T B2 3%
B, SR EEE B T EE, AT DS BB R S R T, AR EEEE. RRE. AR
5. BV EEE o] DU I T BE R TV S aT DA N PEAE,  an st T Origin 5.
2.2.3. RN TTIE

R FEERR K T HR BB L G ekt AT flig . BARIT 20
223.1. ¥HURE

IR TFH BRBOR R K 5372 T AL [a) Py, d s B T AR P RS (™ e 2 45 2 40
TR, XA KRR R K FEMEh TG N EZE Y, REUEER, FoR
IR FAEIX AR R BOR BB, Bk PR ZE . REUEB/DN, FR/K TR LEhF
R B0 S, BIK MRS . ARSI EE XK THEAT MSD s, TR K
SFHYBRE, e & EREKERE, FRS T BRI HARA:
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2232, 456
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Zighe. A, Gttt e E T2 EAER T, RIRIE SIS A
M EEFEZE ., AR A A YEE (ps) SRJE PRI 4 3 2 19 119
KN, EEEREM NS R AR AR EN, 468U v ER s A misE, 1k
EHRRFHESFE, HEARN:
Ey=E, s —(E,+Ep)

int

(2-2)
H, Exp N A5 BHGKKERE, E VHEGETHMA WEE, E NHAET
Pl B HIREE
2.3. KB
BRI B AR IR S ) £ HOR SR RERAEHEAT 1 e 504, MlEestel, X5 {1
ey IARERJE SR bt (0 1 46 LSRR B SR A BERAL T ik e v DU AN D7 R 1 R i
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F=F AT FahNERROBIREREM RIS GEA 5 i 16 3iE
3.1. 518

IR 2 BB AS BT 7K S 9 3 BV T K 43T - ST 4 4 AR IR/ PR R I 2R RO L
TERR B R BRI AR TR BT, IR 2017 7K M = AR T A0 7 2 T X 7K ) 47 B OEL o 0 550 25 4 A ok
P HOERMHIHIER . SR, IRJZEMER TV IR S (0 5 SR i AR K= AR BT
FL, ANFEIRIE A 7K 4 B F 2 A PSR O P R A R R A A IE 5 P AR R
PR TOUEBL N, Kot R ULE 2 2SR, AMIER 70T S E0R 2 P9 FLERAS i Hh
AR, TR ER BN Y J, BEMEEAE K> 79 HOR R MK 5 Rk 245 5, Rk
O3 AR 2 -5 RS ST Ak ) VR P 2 11 553 A 2B R (RO VE FE 7, 51 R ST 45 4 RS B 2 /K
T HOE BN IR .
3.2. BiRREMEIK SRR

AR EEA A L PORALE R T, R TEN I, BT RIS B
PRIRZIIE O REK NS ER T2 R TER, 2P REl (PU) . RHENER
ZBE (PEMA) « HzBE (Muscovite) FISLZHE (AD SRS S LR DL IR Z BT K
WU, 7K ER T IR E A ERAL R AN Wb A8 T S SR S e, AT 51 IR 2 451 5 1k
FEUEER IR LA
3.2.1. BHIGE
3.2.1.1. RERL AT

(1) FRJR AL 1 i

£ MS B SNSRI (AL, JTCERAIA Aluminium A48 HI4S, T 4a 00 s f
¥ 0 CanlEl 3.1 (a) ), SRJEIEIE SR SR/ IR it A AL, A A R o R R AR R
(4nk 3.1 (b) ) i#id Build-Surfaces-Cleave Surface ThAEXT i B X ARAEALHEAT (110D
77 A TTIE], BRI S AZ (11 0O YIBI4E 30 1 5y T SR 511 5 R A ks 3 80 2,864,
JEFVE DT HES, BRI, A B HL G T ROR AN L, R S A T
FRUREEM (I RHLZE S ARSI (R Frilki (1100 Jrikr
PIE, RGBT (WEERE R SA, WK 3.1 (o) ), BEHTY e, X
36K 36 £, Z J7 B 8 3% (AnFE 3.1 (d) ), K5 F R4 (B A AR 78 43 3 [ 2 7E b R,
FERAKILI . (& 3.1 (e) D .
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(e) K7L

3.1 SRRERME S HE

(2) Ko RA R

£ MS GRS TR (I 3.2 (@) ), KO FHE O T 352K A0N 02%,
T EN-0.82; H R T 73728808 hio, BT 80CM 0.41.2% T ACC(Amorphous Cell Calculation)
e, ARG FRBBO, WENSEC: BERE R 0.997g/em?®, JK7-FHH N 10000
A, [ ) ABC =10-K %9 37.1 X 119.0X 68.0 (A) , 58 F/K 4> 58 FIRLR o dg 72
(I 3.2 (b))
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(a) 7k5rFH&EE (b) K5 FEREARE

& 3.2 Ky FREEE S HE

(3) PU Wi it

PU CE&HS) 7N CisHisN20s (W1 3.3 (a) ), MR E e R Be/ R
FREE P e MR 73 173 )50 S sesam fo b, I48 PU A PEMA iU LLA 1:1 BCEERIR
JZ BHJE T RE i

%< 3.1 PU #0 PEMA &3 F &Lt

HTR TR CREN HEA TR EAHTR  RASES TR KL
EMA CsH1202 116.16 5 580.8 C30Hs2010 572.736 1 0835739
PU  Ci3HieN2Os  282.296 2 564.592 C26H32N403 528.562 '
EMA CeH120 116.16 11 1277.76 CssH1120 1257.6

61122 6611112122 0.9875845
PU  Ci3HieN2Os  282.296 5 1411.48 CessHsoN 10017 1273.41

IRYER P HE, RIE & 11 4 EMA R SU BCECRS, PR s s nasia T 1.
B PU RV E Y 5 A PU BRH G TR (& 3.3 (b) ) o X PU REWEATEH
oAk, JEILE X5y COMPASS 11713, FHXHEAEF & CHAT, BE RPN
5000 A2, [A]IF HEAT 100 J3B (R ARG, FERTRRIRBARLZ5 I HEAT S5 A IRAL B, mT AN (&
3.4) HEEMRAERREEZETE, KK 34 (@ AP RE RS2,
(b) MR KA NE LT, (o) B KRR RIS 2. RAB/IMRMIEIEEY (A
K3.5 .
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Hg ST TR AR R K B BRI B
JNIHARRE R, AL, HAb Rl 3 & AP, i#id Build—Atoms ¥/ Al 1 O
JEF, AR E TR\ A, K5 IE T A dE R I A K —A Si R THEEE 4 4> 0 R T
(=R Si0s) , ARJFIEIE O-O AHEER AR A\ T A A DU T R 45 &, S5 7E 50 O J5
T REEE— H ET REAARE (OH) , REHTEREGWHE (PACKING) , fiH]
Build—Layers—Stack Layers T H & ZERIEE, [FB{EZEEAN KET, SEHETRRME
AT, BIRAE C2/c Z3A R, SRJG I Forcite Calculation HEAT RE & /ML, HLALBIRL, 45
B, (K 3.9 (b))
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3.9 BLEHERMRRER

(6) IRJEHEAY [ H
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BN — AR ERA (I 3.10) , RJGXHE R T IR L AN, TR A5
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(c) BERERHEE (d) REBHSTHALLE

3.1 I EL

T (Hamiltonian ¥ IR T WA ZhBE AL RE 2 AT, A2
LENIPSEE HIAF 50 R He EL LT %, MR RE0RR H0nT DL Sk fifiid
REGMGEE, AFIEZRERMARR. MER T ¥, #RTETFRENE AHET
HFrE R Re & R AR Re R DA T 5 R TR R AR ELAE e ) 45
Bk 3.12) , KIBEERARKING 731069 25, 28 732 AMRALE M H B8 2N H=-30877.6
ZEFA 37.76 X 41.35X 32.16A.

W %% Hamiltonian PR

=]

Ho

IS

o

= >

Sl SN

NN

He B,

Kcal/mol, 1%

A B C D E F G
1 |Structure Frame step Frame number Hamiltonian Total kinetic energy  Total potential energy  Bond enerc
2 |model Anneal - 732 731069 732 -3.09E+04 4 43E+03 -3.09E+04 4562521
3 |model Anneal - 729 728090 720 -3.09E+04 4.33E+03 -3.09E+04 4557540
4 |model Anneal - 730 729075 730 -3.09e+04 4 43E+03 -3.09E+04 454 1656
5 |model Anneal - 868 867098 868  -3.09E+04 4 42E+03 -3.09E+04 4530468
6 |model Anneal - 968 967058 968  -3.09E+04 4 43E+03 -3.09E+04 4510482
7 |model Anneal - 731 730073 731 -309e+04 4 29E+03 -309E+04 4573514
8 |model Anneal - 757 756077 757 -309e+04 4 29E+03 -309E+04 4523719
9 |model Anneal - 728 727075 728 -309e+04 438E+03 -309E+04 4550141
10 |model Anneal - 967 966082 967  -3.09E+04 4 39E+03 -3.09E+04 4531479
11 |model Anneal - 909 908066 909  -3.09E+04 4 43E+03 -3.09E+04 4497009
12 |model Anneal - 733 732064 733 -3.09E+04 4 36E+03 -3.09E+04 454750
13 |model Anneal - 893 892100 893  -3.09E+04 4 30E+03 -3.09E+04 4527234
14 |model Anneal - 877 876032 877  -3.09E+04 441E+03 -3.09E+04 4528742

3.12 Hami ltonian BREITE
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H=F ST T E R R EAIRR E AR K MR RERE T R K G E

Gk S BB W INTE AR TL SR, IR 1% 8 L R IR J2 I EE  15 E  30A, [ R
IR WA (R AT B AR, BENE A AR TR R S M AR NS, EARIEPI
R e ) FLIE ) 58 BE 3 30 3R, AR IR R RE I AR TR . P BTN AR A% K/ 37.0995
X 154.275X 121.077A, PG R/ A 37.0995X 118.960 X 121.077A, 1 H. B 05 44 A AR,
B 30%, MK T REBEA 30%, TEFEABAERL -, S BAFRLL, R ki)
IR, SRR TSRO, IR AR R, HAP RS RO, SE I K 4y
TFAFPRRT WA (313 (@ « (b)) o ERYIBEERAEER, ZPKST
e KAV, IR AR R IN Oy 7K 5 T BT, R ek e 2oy
B IR 53 5 B 22 AR I — 2 80 R AR R T AT L3R, 58 B E Ak (il 3.14)
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(a) FEEALH] (b) FEURF
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3.2.1.2. JI3p BN 40T

ET R Z TR P2 A A 3444 F /2 COMPASS T /73%, COMPASS 25— ab
initio (AKTFENE) 7737, RefEHEmh I [5]E Fi & Fb 2> 1 AR SV PE T, MBS T 5
DTMET RS R, Erndds 7T HERASMHR. COMPASS I #H2% COMPASS
M K, HSHET 2 i 8 AT H e R, 1 H COMPASS 1T JG 2 17 7 5
AT, OEH T REWEEMN T, J15VEREIRLLAN TN . A<y £ Zfid COMPASS T A
TR BREMEI S KD FEERMEAER . MD #8155 Forcite Calculation #E47,
X T FE AN (] AP B O 287.0K A1 0.16s, 1A NVT (HUEN R ED b RERIE RS T
JEFHR . R R SR FARR R SIRE R CRREANAS . [FIN AR BT U7 ) b SR R A S i 5t
SEAT A B R 08
3.2.2. KRN EFLEFERITANS FRINFIHE

AT B WS TCR 2 IR0 A ALIE R 1R IR 2H LI K o AR AT S, ARG 3R
MERIESAHIE ps T HIEHAT IR, #5073 e 2145 5, SAa i imid
IMTERAT origin HEAT AT, WG RAKG T BMABA XML SR A, TR
AR,
3.2.2.1. LRERIKT BT /1%

(1) BFRERKS T BREOTE

Wi MS AT R R SR H, &1 Forcite Analysis fH k4T
MSD (Mean square displacement) 1573 Forcite MSD £5 3 (Wil 3.15) , SR )5 HEZEE
Hm, SRS Origin H, 76 5cd A0 FE b 75 B 2 B B d s T — /N B, RO G T
HHmEH SO RE MR E . RIEE 3.15 R, 78 Ops E 70ps I ab-FH AR E IR
&, FTUTEEE AL L Ops-70ps X Beif AR 4 5 N /3 M4k Origin A E A7 #0ds i
B/, RS, REEHT &G, SRR (i 316> BHLE TR R
2, WY BRI (2-1) 1 Origin SAEHEE, MR BT A ST

Pl k=41.28906 %5t D =§ﬁf%~é§% D~6.88151 .
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Forcite Analysis - Mean Square Displacement (Layer 2)
Diffusion coefficient: 22.5548 A~2/ps  R~2:0.8805
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3000 |- [ kK N5
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2500 |- |5z FIiH 1178666. 2359
Pearson’s r 0. 99702 7
[ |RF-J7 (COD) 0. 99405
2000 F ¥ GRSy 0. 99403 3
=
=) A
£ 1500 - -
>
1000 |
500
0 """'(T/ I (I NI | VI S B S |
0 10 20 30 40 50 60 70 80
FTE] (ps)

3.16 Origin XMHFHIELER

(2) TRZEHMEILS AR

2 MS BT IR BRI SRt 5, @ SRR Z A Ops. 10ps. 20ps.
30ps. 40ps. 50ps. 60ps. 70ps. 80ps. 90ps. 100ps Hf HIfEHERIE (&l 3.17) , KRG
ATHEX A —ANAE ps AT RRBI T4 G RE, RIEZGRAKX (22, 4litE
Ky FAEE AL % H BB R LA LA R &, S5 S 54N PS NIMAi &R 3.2),
AT Origin BEAT45-& B8 A A I (i 3.18)
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(a) Ops (b)

(k) 100ps

317 M ANMEREIKSFIEETARER

* 3.2 TREREGE SR

A [E]/Ps S BEE/mol SAREKEES/mol K5 FEEE/mol £5& 8E/mol
0 -62504.640012 -84448.483311 22155.535551 -211.692252
10 -128811.384443 -85648.290156 -41247.750265 -1915.344022
20 -128931.319777 -85279.148804 -41160.258574 -2491.912399
30 -129029.487485 -85230.057553 -41197.477824 -2601.952108




ST B 10T AR R R AR K PEREWT 7T K il IR 9 E

40 -128556.134137 -85306.451081 -40610.484714 -2639.198342
50 -128512.644371 -85331.101153 -40532.872704 -2648.670514
60 -128493.792149 -85355.279225 -40457.958421 -2680.554503
70 -128496.959959 -85392.503222 -40429.038297 -2675.418440
80 -128523.699392 -85530.502831 -40254.475826 -2738.720735
90 -128446.411174 -85525.424124 -40176.10338 -2744.88367
100 -128679.747424 -85669.425804 -40269.02755 -2741.29407
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3.22.2. HWRZEMKGIEHI T3 150 H

(D BRERKSFI RO E

i MS AT TR Z R H Y RO, 2id Forcite Analysis B iik4T
MSD (Mean square displacement) %575 Forcite MSD 455 (#0/& 3.19) , SRJ5 &%k
¥, SABNGHEAE Origin m, TEHHE b2 b 75 LA 20 MR B S5 T — /N B, RS T 4L
P 2 MO R A, MRAE I 3.19 W R, 76 Ops Fl 80ps B 4T 5 N Fa e FPIRAS,
Jit CATE 50405 b 25 A Ops-80ps 3 BN 8] )48 52 N 43 T 81 44 Orrigin mH AT HiCHE A0 25 11| B2
BUSE, RJEHT i — A, SERUEER CInE 3.120) RHIE R TR ALE, 1R
PEARBITE (2-1) fE Origin FAEIE/G, X LM T7 > BEAT LG G510 T 5 R 2

k=11.78906 K%t D = % {845 3 D~1.96484
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Forcite Analysis - Mean Square Displacement (Layer 2)
Diffusion coefficient: 3.3883 A~2/ps  R”™2:0.9357
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