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Study on Mechanism of Anti-Erosive Damage in High-Speed Train Coatings
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Abstract: For the problem of high-speed erosion and wear caused by microfine particles on the surface coatings of rolling stock during opera-
tion, the effects of fine particle velocity, incidence angle and particle size on the erosion wear rate of the coatings were conducted using finite
element numerical simulation and erosion wear test system. The anti-erosive damage mechanism of polyurethane coatings was analyzed, which
was primarily characterized by micro cutting during low angle erosion and brittle fracture mechanism during high angle erosion. Results showed
that the erosion wear rate of the coating increased exponentially with particle velocity, which experienced an 87% rise when the velocity
changed from 70 m/s to 80 m/s; the coating exhibited characteristics of ductile material erosion wear to a certain extent, with the erosion wear
rate reaching a peak value of 0.94 mm’/g at an incidence angle of 15°. Furthermore, the coating exhibited a brittle material crushing and shed-
ding erosion wear mechanism under vertical incidence of different particle sizes. The simulation results obtained from the computational model
showed a mere 7% error when compared with experimental validation, indicating that both the model establishment and computational methods
possessed high effectiveness. This model could be utilized to simplify or replace experimental approaches, providing a basis for optimizing coat-
ing structures in windy and sandy environments.

Key words: solid particle erosion; erosion wear rate; finite element calculation; erosion test; erosion morphology

DX A RO RS2 o) 1 o 47 A A A o % 4 R T 114 IR
erErete s THE A ZIER . BHET, S RN T %
Wit v AR B T S U R R R N PG AR M A T M W B ER AR A 4 R R T R AR R A%
[Uhi HIA] 2023 -07-18

[HLHH] EZRESUF A5 (2021 YFB3500100)

GEGER] S E(1984-) LR A IR 5L, WE5E 07 1) R SE it T iR 2 13 1T S & , AL . 010- 82545796, E - mail ;
gaofangyuan@ imech.ac.cn;

B OJR(1963-) LA A S0, SR 5 10 5 B AL Wy B ASCH DO R | B 010 - 82543858 , E - mail ; xia @

imech.ac.cn

0 mi &

]



K44 154

= P il R/ B0 N 1/ v 1 R W =B 1 11 A
) i 2 7 RO TRRE B B BB 30 S IR, X 32 S i+
iR A R B A U 2 T R B IR AL ] S PR AN D ik i A
FE, "R N IR Z S R A SR AR HE , BT &
BLR I I TR E

P BB I A 2 Y A 4 4 Ak AR e T OB Y
e, Bz N HE A RE, S EZ R
(AR EL AR P75 50 DA o e 3 56 g 5 S LA L e b AL
B HRTECE AR AR S 5T oh LB A A SO 7
HA) B T R 36 AR 52 A0 A 2 kb 7, i B 4 1 i A
I ) 02 ) AR A5 wp b s R A W B B, A Pk —
AR R P LEE B X URE T e il A 5T, H A
ONTF R ZR R SCHR 22 4 v 7 3k BN L Bl 22 R X R
LN LY RS TS RULLIE 2 I YA o 9 AN L
FRE 1 RO TR AR S e el S R R A S E
KA AT R BT b it B . BE Ak, A BFE T I
SRR shpoR T R BRI TR Sz b o R P
KT IEAR 22 o0 AS R 0K | 2200 7 sk s 1 (4 T8 bR %o
Pk R A EE B R A e T 22 R A b
s i /b

ANSYS/LS-DYNA J2& H i [ b 23 1A B 5 3% 44 1 8
FA 5330 77 3 B A BR ST R, X 4% 28 3 2tk e ek il
BRSNS ERNEN ST REe, AT EE
1 BB S T LS - DYNA #5725 s s 4k 1
PRSI | 2 R TR A RO 743 A (4 5% T 3 3 A
PSR LE A 0 07 75, WF 58 AR 7 76 R ] o ik =
BT R 2 o ik S 5 8 (14 5 W KA, 255 0 b L v ke
EBREE S WAL

1 ik W

1.1 MR ik

ARG Ve FHER A 4 A 3R, #il 5 RSF R 25 mmx25
mmx5 mm PIRFE, XA HE T WD A B S R
IR B AL AR e TH & T RABRIRZ, A5 3%k
JE IR | () 3R R AT SRR B AR 3 R A A
TR - i e 3 56 2R FH S 0 =X ik iR 8 L, 13K
WAL R B R A R BRI A R G S
KB e B A A, H T AR a1 R,

ST IA E A 4 453 AE 200~ 300 km/h JEFN,
W3k 35 AT EAE 250 km/h 2247 (2970 m/s) AN A2k
AV LI T XA A 90° , EMACKE B [ P 5% iy P v S
X T 2T M X VbR RS BV IR 2 — N 5y
SRR 22 3 v SR R 0 2 A Vb U 2 3z wl b ks

F56% « H1240 - 20235124 97

Air Compression System Abrasive feed system

Valve
7T

— Sand
Air flow flow J

\

Sand recycle

1wt e g LR

Fig. 1 The principle diagram of erosion experiment machine
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Table 1 The scheme of erosion experiments

i mmw BB, AR LA A okl i/
/s (m-s')y  BE/(°) #/H (g+min™")
1 5~60 70 90 120~200 0.76
2 30 50~100 90 120~200 0.76
3 30 70 15~90 120~200 0.76
4 30 70 90 70~210 0.76
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Fig. 2 Morphology and finite element model of coating and particle
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Fig. 3 Equivalent plastic strain cloud of coating surface
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Fig. 4 Variation curve of coating equivalent plastic

strain with multiple particle erosion( group 1~10)
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Fig. 7 The surface morphology of polyurethane coating after different velocity erosion
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T3 SO I v, DT 28 BB R G, T A 8 ) R IR
SREF RIS RE Y 1 1) 3 A O IR e
e E il TR B SRR el R B S IR A R
ZRENL,

2 b o A RN 1 A BE TR AHE T R
ik LRI AR, A 2 TR 22 I B0 R AR i Ff T I A
RN RU NSRS SN A /R o S A TR i S B A WS
SIERIRIZ BTN S, 76 %5 ISR TR 2 10 S 22 PR RE Y
I, o 5 B2 HE B 2 2 R 3 AN ) (o2 B Ak 9 R J=
FLE

R T 3R G R U2 I oh P T 5 22 02 4 P £ o
— PR R e o 0 A A 5 R T SRR R B e
B It 2 I R A S /R, X T oh it 2 %02 18]
VPSS ERCR NN DS B g = R IS X T S
JREEREFORE S FAE LR D5 1

(1) MHLBERI LR . SR B Rk 1 LA b1k
AORERE SRR i IR )/ B B 4 R R Y 2
i FETR sp b PR RE , 7 PRUERRHE L AU RS2 T, 52 v T

RN 5i FCAT oh ik ) BE T A T B, X TR
PRRPRE, e B A B 5 3 5 3 B B4 (4 o ik
TiBOW ;

(2) LB GO - 4% J2 1 45 it BE | BE AR 2 J80
KR g5 SCHREE DL SEORL A R 3R R L o
TPERE MY CEESA )l R T O TBE,
U H IO EE R, AT Ik B G BRI H 69

(3) B —JEAGURIL A 21 22 Al AL i 2 AR o
o R A0 ) A A48 G WL o it oA A AN ] T A BT AN ), 52
BRI o ot S A O A By B — S SR AR 4
ZRAE LT 2 th Z2 M B L ] 52 AR T, {H T BE i
— bl R 32 T e ol B A5 ) K (RO L b
A S A AR 22 A B B 0 S8 LA A ok — 2 ) B
AT,

4 4 B

S NN IK e IR s VAN L € A R



K44 154

FETRY FEUR 2 N 77 55 0 AR i [0 2 T A R T Y AR
SRR, 5T TR FRAR /N R T A S5 o1 B X
WRIZ i B BRI A, RS .

(D)W )Z i ESCR A RoTit B4 2N E, =
0.54 mm*/g, WIS ZE RN E, =0.50 mm’/g, #54)
TR B R S IR R 22 R 7%, B %Rl
ST SR T B B A Aot T R A R
RIS FBe, WD 5 T IR JZ S50 1 AL P2 B 5

(2) VR 2 B o o P 0 4 iy - T S R G o
Pl RS R AR T R M 70 m/s A8 R 80 m/s i B4 I 1A
87 %; I JAAE— B FERE b S BB M ARl b b R 58
P R A A AR 15T A BIE(E 0.94 mm®/g; FEAN
[FPRLAR L3 ELA ST T T, W 2 35 3R 30 a1 #4
FA)RBE AR 58 75 b B B BTL A

(3) RABRYRJZ B ik B 458 R fICD0 1) e PRl e
2 FAILEIE I, BEE AT AR EE AR A TS [7) AP A R ik
AT EIBL S 3 A ok S (AR s ) T )
FISAEEE 15 w5 A BE v i e P e LR S = VB, o
ot B A RE P T A R 1 38 % 12 i

[ & % x # ]

(1] % G BCKR, A, 5. 2000~2019 4 H[E 1L 5 Hs

DX Ub A2 BRI 25 A8 Al B FOAR DGR (R 3R [ ] BB Rl 272
#2,2021,41(8) : 2 966-2 975.
YANG J,ZHAO T L,CHENG X G,et al. Temporal and spa-
tial variations of sandstorm and the related meteorological in-
fluences over northern China from 2000 to 2019[ J]. Journal
of Environmental Science, 2021,41(8) : 2 966-2 975.

[2] DR A, 5], A 60 AF 1) P4 S5 JHR L X b b

T AR IE R ARG K 1 [ 1] K R ARFRE IR
2021,28(5) :254-260.
LUO X L,LI' Y Y,YAN Z M, et al. Evolution Characteristics
of Sandstorm and Meteorological Influence Factors in Hexi
Corridor in Recent 60 Years[ J]. Research of Soil and Water
Conservation, 2021,28(5) ; 254-260.

[ 3] fbadn, skEiE, B R E S A ] AR TR
AITRTT[ T ). BRIEEOR MR 2013 ,41:1-3.

YANG S B, ZHANG B X, ZHAO M. Discussion on the
standard of coating for the body of high - speed rolling stock
[J]. Railway Quality Control, 2013,41.1-3.

(4] 8 R, MRk @& 4 4% A R H e Kt
(1] HRE L8, 2012,15:24-27.

ZHAO M, JING ] E. Localization and Application of High
Speed Motor Train Units Coating System [ J ]. Technology
and Experience Exchange, 2012,15.24-27.

[5]

[6]

(7]

[8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

F56% « H1240 - 20235124 103

HAMILTON A, SHARMA A, PANDEL U. Effect of im-
pingement velocity on solid particle erosion behaviour of
CA6NM hydroturbine steel[ J]. Materials Today: Proceed-
ings, 2018, 5(9): 17 325-17 332.

SAPATE S G, RAMARAO A V. Effect of erodent particle
hardness on velocity exponent in erosion of steels and cast
irons[ J]. Materials and Manufacturing Processes, 2003, 18
(5): 783-802.

ZHENG C, LIU Y, QIN J, et al. Experimental study on the
erosion behavior of WC - based high - velocity oxygen - fuel
spray coating [ J ]. Powder Technology, 2017, 318.
383-3809.

EDIRIWEERA M, CHLADEK J, RATNAYAKE C. Effect
of impact angle, exposure time, and particle size on impact
erosion[ J]. Particulate Science and Technology, 202139
(1):10-18.

OKA Y I, MIHARA S, YOSHIDA T. Impact-angle depend-
ence and estimation of erosion damage to ceramic materials
caused by solid particle impact [ J]. Wear, 2009, 267
(1-4) . 129-135.

AVCU E, Yildiran Y, Sahin A E, et al. Influences of Parti-
cle Impingement Angle and Velocity on Surface Roughness,
Erosion Rate, and 3D Surface Morphology of Solid Particle
Eroded Ti6A14V Alloy[ J]. Acta Physica Polonica A, 2014,
125(2) : 541-543.

VITE-TORRES M, LAGUNA-CAMACHO J R, BALDENE-
BRO-CASTILLO R E, et al. Study of particle erosion on Al-
S1420 stainless steel using angular silicon carbide and steel
round grit particles[ J]. Wear,2013,301;383-389.
DESALE G R, GANDHI B K, JAIN S C. Effect of erodent
properties on erosion wear of ductile type materials [ J].
Wear,2006,261:914-921.

Septrte U SO ARSI, A5 DO el 5% Y (B0 A
Jrid[ )] N %, 2008,33(9) + 21-25.

WU J H, TANG W C, XV H X, et al. Numerical Analysis
of Abrasive Particles Erosive Wear[ J]. Lubrication Engi-
neering,2008,33(9) : 21-25.

e 5 P U 2 A [ AORL T o B AT O BIF Y
[D]. dba . deatA ik 2%k, 2015.

DONG X H. Study on Erosion Wear Behavior of Sold Parti-
cle for Cermet Coating[ D]. Beijing: Beijing Institute of Pet-
rochemical Technology,2015.

JUNKAR M, JURISEVIC B, FAJDIGA M, et al. Finite ele-
ment analysis of single - particle impact in abrasive water jet-
machining[ J 1. International Journal of Impact Engineering,

2006, 32 (7). 1 095-1 112.



104

[16]

[20]

[21]

[22]

[23]

[24]

Vol.56 No.12 Dec. 2023

LIU Z G, WAN S, NGUYEN V B, et al. A numerical study
on the effect of particle shape on the erosion of ductile mate-
rials[ J]. Wear,2014,313:135-142.

GAO S Q, JINH Z,0U G F. Erosion Behaviors of Gas-Sol-
id Flow on an Assignment Plate Using CFD-DEM[ J]. Jour-
nal of Applied Fluid Mechanics, 2022, 15(5): 1 609 -
1 620.

SINGH J, KUMAR S, MOHAPATRA S K. Study on role of
particle shape in erosion wear of austenitic steel using image
processing analysis technique[ J]. Proc Inst Mech Eng Part
J J Eng Tribol, 2019, 233. 712-725.

2 R S R R ()], R TR, 2015,
31(2): 31-32.

LI H. Erosion wear theory and influencing factors[ J]. Jour-
nal of Light Industry, 2015, 31(2) . 31-32.

FRIGE R, 95 W12 T A BROTHMIETEAS R R R =
R kB [ )] RERRER 74,2014 ,42(6) :761-767.
LIAN X Q, JIANG M X. Erosion Wear of High Alumina
Brick Impacted by Erodent Particles with Different Shapes
Based on Finite Element Method[ J]. Journal of the Chinese
Ceramic Society,2014,42(6) :761-767.

O T W, AR A hEAG Y RV R AR
FERHMIE LA [ T]. AKARDRERIFSE ,2011,18.6-11.
HUO W,HE Q, YANG X H,et al. The Research on Grain
Size Characteristic of Desert in North of China[ J]. Research
of Soil and Water Conservation, 2011,18.:6-11.
WOYTOWITZ P J, RICHMAN R H. Modeling of damage
from multiple impacts by spherical particles [ J]. Wear,
1999, 233-235. 120-133.

CARTER T J.Common failures in gas turbine blades[ J ].En-
gineering Failure Analysis,2005,12(2) :237-247.
ELTOBGY M S, NG E, ELBESTAWI M A. Finite element
modeling of erosivewear [ J ]. International Journal of Ma-

chine Tools & Manufacture, 2005, 451 337-1 346.

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

Mateviaty Protlection

WANG Y F, YANG Z G. Finite element model of erosive
wear on ductile and brittle materials[ J]. Wear , 2008 ,265
(5/6) : 871-878.
TILLY G P. A two stage mechanism of ductile erosion[ J].
Wear, 1973, 23.87-96.
YERRAMAREDDY S, BAHADUR S. Effect of operational
variables , microstructure and mechanical properties on the
erosion of Ti-6A1-4V[]J].Wear,1991,142.253-263.
DESALE G R, GANDHI B K,JAIN S C. Effect of erodent
properties on erosion wear of ductile type materials [ J].
Wear, 2006,261.914-921.
ACIERNO D, SANGUIGNO L, ARENA G, et al. Erosion
behavior and mechanical properties of thermoplastic polyure-
thanes[ C]//Proceedings of the 7th International Conference
on Times of Polymers (TOP) and Composites. Ischia; ATP
Publishing, 2014, 1 599. 110-113.
OKA Y I, MATSUMURA M, KAWABATA T. Relationship
between Surface Hardness and Erosion Damage Caused by
Solid Particle Impact[ J ].Wear, 1993,162-164.688-695.
N TR IR R AR TR R B A ORL b i A ST e ()]
AA BT TR, 2020,17(12) :67-75.
SUN W, FAN ] J. Research Progress on the Solid Particle
Erosion of Polyurethane Coatings[J]. Equipment Environ-
mental Engineering,2020,17(12) :67-75.
O, KiEA e AR AUS EWIE BT R R
PRI T U 2 BT 5T [ ] R & Tllz, 2016,31(6) :
40-43.
LI X,ZHANG Y S,ZUO Y ,et al. Wind - Blown Sand Resist-
ant Polyurethane Acrylate Coatings for Aerospace Transpar-
ency[ J]. Polyurethane Industry,2016,31(6) ; 40-43.
DONG M, LI Q, LIU H. Thermoplastic Polyurethane - carbon
Black Nanocomposite Coating: Fabrication and Solid Particle
Erosion Resistance[ J]. Polymer, 2018,158; 381-390.
[HRR B E]

(E#EE 64 )
[23] LAI Y K, SUN L, CHEN C, et al. Optical and electrical

[24]

characterization of TiO, nanotube arrays on titanium substrate
[J]. Applied Surface Science, 2005, 252(4): 1 101-1 106.
LI W F, WEIL C, SHEN T, et al. Ingenious preparation of
“layered - closed” TiO,-BiVO,-CdS film and its highly sta-
ble and sensitive photoelectrochemical cathodic protection
performance [ J ]. Chemical Engineering Journal, 2022,
429. 132 511-132 521.

[25]

[26]

MA X M, MA Z, LU D Z, et al. Enhanced photoelectro-
chemical cathodic protection performance of MoS,/TiO,
nanocomposites for 304 stainless steel under visible light
[J]. Journal of Materials Science & Technology, 2021, 64
(5):21-28.
TADA H, MITSUI T, KIYONAGA T, et al. All-solid-state
Z-scheme in CdS - Au-TiO, three - component nanojunction
system[ J |. Nature Materials, 2006, 5(10) ; 782-786.
[HR:R E]



