74

o 7

rr

[==
[Lm

Fatas AEHo)AE 53 AL A TR AW Ao dig 47

HFET - AR R - o1 RE

“groFistn A LA TR
Finite Element Simulation of Imterface Bonding in Kinetic Sprayed Coatings

*Gyuyeol Bae, *Kicheol Kang, *Sanghoon Yoon and *Changhee Lee

*Kinetic Spray Coating Laboratory (NRL), Division of Materials Science & Engineering, Hanyang
University, Seoul 133-791, Korea

*Corresponding author : chlee@hanyang.ac.kr
(Received September 17, 2008 ; Revised October 15, 2008 ; Accepted October 22, 2008)

Abstract

A finite element modeling approach has been described for the simulation and analysis of the
micron-scaled solid particle impact behavior in kinetic spraying process, using an explicit code (ABAQUS
6.7-2). High-strain-rate plastic deformation and interface bonding features of the copper, nickel, aluminum,
and titanjum were investigated via FEM in conjunction with the Johnson-Cook plasticity model. Different
aspects of adiabatic shear instabilities of the materials were characterized as a concept of thermal boost-up
zone (TBZ), and also discussed based upon energy balance concept with respect to relative recovery

energy (RRE) for the purpose of optimizing the bonding process.
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A& BAHKinetic spraying ®=¥ cold gas dynamic
spraying)v 7129 € #AHthermal spraying)$=
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o|3tE FAIE] wFol|, 129 U] PN LAY
F Qe A3 9 A dEHY 9L A3 F de
ARE AU, HZ 233 wa Y A 78 s)zot,
AEAQ] 2% I® olddx ¥W3 uFA(bulk
metallic glass) 28?2, Tkt B3Alg 38, &
A a&Ae] Bé(repair) ZHE Sol B 71&d v
g AdEoloel HE A sFeAdE BT it
4#-42H(convergent-divergent) de Laval e
wZ(nozzle) T B3 IHE 285 VA(FR FL ®
' 29 e 5% ALE B3 & A w221 -50 m)
e % 4AE ZuSH(PuEoeE  300-1200
msh ez 71 A", uj$ ge AZH10°-107 5)
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Feke] 258 53 old A Z” Wi A m ¥
& 243 (high-strain-rate plastic deformation)
S 2B AW FRAEA dE 2% As(localized
adiabatic heating)& Fd3td I HI(solid-
state bonding %% adhesion)l &3 A8 HF
< b B, old@ 24 T Y 4d 2F
(rolling process, Czichos 1969)< %3 EIE A
€ £4(cold welding)dl 9& TF L2 o|F &
7t A% (metallic bonding) 2.2 olaid & Yob¥. &
A, 4 v 29 F3] #FE AT T YA
Z2E9] 11 MY E 4 1Y A A% 35 2 F
FPe & o B3ie 484 F2 2 Eol ¥4,
2 A 717 oA &S #HEAA et
olg} HAFY, AR 1 HE: AF duA
(stacking fault energy)dl W& FE HF AHY
=4 3¥(dynamic recovery) ¥ F& 2% (dynamic
recrystallization) @4 Busgn'? HZ ¢2n)
9 ¥3& v|3A3Hdynamic amorphization)¢ Z
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& IFRA 3 Wy @go] BauEHArHY. o2 Az
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g ¥ 24 B4 (adiabatic shear instability)
4¥31 o) glon oo WE 97 @43 e
(thermally activated process)®] A'H ¥ (interface
bonding) & B HE YA (adhesion energy)
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g AFEH AEHAE £ 2, Z A59 4

oy dide] Uehe £x9 A¥Fez 349
g dA &% (critical velocity)7} fARHE B3 Wn
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EAT gEo] 1 HIE WY 24 dolAM9 7 A
3H(work harderung) 2 G2 A3Hthermal softening)
50 wel th2A Jeh, o|Ae] AF o] & B

ok el 7AA] (onset)dll G v|XA Hr},

£ d7xe £ 84 AEHIHAE B3, AR
vit} tEA vehles 9 &4 B 848 U=
AW el derddd el YelE A5 BA ¢
I WEE ¥y B & @4 4% AY(thermal
boost-up zone, TBZ)2E EAX]o] AHsln, oy
2] ¥ (energy balance)eld] 43t Hejd A
2 3& oA (relative recovery energy, RRE)
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7k st
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7% Agslden, & A (axisymmetric) 2dg o4
o3 A ¥-89(fully coupled thermal-
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Fig. 1 (a) Geometry and (b) mesh design of finite

element model for particle/substrate impact
simulation

stress) #Ao] FYPHUTE Fig. 12 YA 2& 24
9] 71518t Heje} 8 4AFE(mesh) & BAFA Sith
& A B} FEg NS i 24U 84E A}
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Lagrangian Eulerian(ALE) 84 &% (remeshing)
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1& AR 2B 23 1 WEHE 2ANI L 4
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(strain-rate hardening), ¥3 <3 d44E& BA}
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A71M, o= &7t -?r% $% (equivalent flow stress),
e, & 571 24 WY, ¢, & 57} 24
golH(dutdeg 1s) | 71% ¥ E(normalizing
reference strain rate)€ Ztzt Uepddh A, B, C,
n, 2283 m #2 A8 THY 5 A2A, A B¢
% (quasi-static) Jeie] 9 AF F= &F 48
B3] dojA PE 28 Be /1 A As v 9
g /13 A3 Ae, ne 7 A8 AF, me €3
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olF°] glc ©¥ (adiabatic) JEH7} 7F= A} oA
& HE A7t(contact time)# ABL E FAE
(thermal diffusivity)ol <3 2389 & it Ag
(thermal diffusion distance)?} Al2gle] =7)
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7] QRoltl® . waly, & Axst aeEx L& A4
HE uAg W dquAe] F8& v Aoz &
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pc,dl =f-ode, @)
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Taylor-Quinney #452A 44 W3o] 4= A

g Hl&s 2}

23 X & AlBEold

2 dFdMe 247 871413 (thermo-mechanical)
?"é°l oi b2 R As(FE, Ud, 4F0F
Hebs) 8 AEstd, dxtet BA9 5F AR ¢ n
ZEd o3 1 ‘ﬁi"‘s% 1y A4S AlEg ol 3%
o} e 25 &5 200-1000 ms’ HY WellA
5 ms' HAo® -—7}"]Zi on, Y4z A7) 25 m
2 2389 d. =%, g9 BAlY 27| e A
(298 K)o2 7H431t}. Table 19 A& B4 X%

3 A3 E Johnson-Cook FFTEL AE B4 A8V
7 (database) ¢ FHL FaargcH,

o
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3. 7 | S,

Fig. 2 & &&= w2 T YA} BAY 5F
2+ ¥ A% 4 AIAE Bo Fa Yrh 2859 9

Table 1 Material properties used in FE models

Parameter / Material Cu | Al Ni Ti
Density (Kg m™®) 8960 |2710 |8890 (4510
Young's modulus (GPa) 124 [68.9 |207 |116.0
Poison’s ratio 0.34 [0.33 |0.31 |0.34

Heat capacity (J Kg' K') |383 (904 |456 |528
Melting temperature (K) 1356 (916 1726 (1923

A (MPa) 90.0 1148.41163.0(806.57
B (MPa) 292.01345.51648.0|481.61
n 0.31010.183}0.330|0.319
C 0.025{0.0010.006|0.0194
m 1.09 |0.895|1.44 |0.655
Reference temperature (K) |298 {293 (298 |298
Reference strain rate (s™) |1 1 1 1
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Fig. 2 Simulated deformation features of a copper
particle on a copper substrate, for the
impact velocities of (a) 400, (b) 450, (c) 500, and
(d) 550 ms™. The arrows represent the velocity
vectors of particle and substrate

g Yol grE AN &4 FE SEE S
HE &8 #d¥ & xR0l dires £ @
ZA$(400 ms Delle ¥¥d| 9@ o] A% Ho}
2 oA Fol ¥ 2 AL dSE I FE S
= F7Kel wet, ke 29l W3] A I4
Az, " 3t A 2u7t Aoz A3
dEe =t @A E0lse €+ do 59,
£%7} 500 msoldol HY FE AW EZE(et)
o] Ao, 550 ms oA 2 @AYol F=HAA

22AY. o] ¥ &= TN WY AL E O &
A% AWEE, Fig. 304 2 + UFel, 9% 3%

+3
+5. 799. 02

e (a)

+
173340 02

2lx (b)

Fig. 3 Deformation and equivalent plastic strain
profiles at the side of copper particle after
impact onto copper substrate, for the
impact velocities of (a) 500 and (b) 550 ms
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Fig. 4 Stress-equivalent plastic strain curves for
(a) center, (b) intermediate, and (c) edge
region of impacting interface, during Cu
particle impact onto Cu substrate (at v =

550 ms™, for ¢t = 62.7 ns)
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sAlgh, 7HE 7Asteke] A Ao U8 fE &
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0ol 7MAiA}, olHe FE AW 8 B
< A¥e X el 4P @™ gled,
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Fig. 5 Temporal development of temperature in
the most severely deformed region designated
as thermal boost~up zone (TBZ)'® during
impact for different velocities from 400
to 550 ms’', indicating adiabatic shear
instability
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ZE A &%d W& Bz} Epe H3E BAFT Q)
th Ere &xof e} Z7lete W, Ex/Ep(relative
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Fig. 6 Plots of ratio between recoverable strain
energy and plastic dissipation energy
(Er/Ep, termed as relative recovery energy,
i.e., RRE), in case of Cu particle impact
onto Cu substrate (v = 100-550 ms™)

622

2 IR, FE AR 9 & Ao o3t 4
A Azl FZH], {% $EY AUt AR
jEolth. T3, ¢ A Fig. 5ol EQl whel o] &
d 24 B¢ d@4o) Uehke 94 $%(550 ms™)
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2 G714 BAo 43S et Fig T MR ‘TJr
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Hel npe} o] Fejv} Addd g A 7 we
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& FEd A WY FuE 2. ol
v, 4FuEH BlebEe Fel YA viE ¥%3]
=2 YA SEE Ze, o3 o F AR W
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MY Al F A A e 23Ut X8 3
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¥t o W, &4 Age AR o ¥3sH dx 3
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Fig. 7 Deformation features and temperature contours
of particle impact onto substrate: (a) Cu
particle/Cu substrate (at v = 550 ms’, ¢ =
62.7 ns), (b) Ni particle/Ni substrate
(at v = 700 ms”, t = 48.8 ns), (c) Al
particle/Al substrate (at v = 775 ms™, ¢t =
325 mns), and (d) Ti particle/Ti
substrate (at v = 865 ms™, t = 23.3 ns)
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Fig. 8 Temporal evolution of temperature in
TBZ: (a) Ni particle/Ni substrate (v=
700 ms™), (b) Al particle/Al substrate
(v = 775 ms "), and (¢c) Ti particle/Ti
substrate (v = 865 ms ™)
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Fig. 9 TBZ columns versus RRE plots for the
cases of Ti/Ti, Al/Al, Cu/Cu, and Ni/Ni
(particle/substrate) at critical velocities
of 865 ms", 775 ms”', 550 ms’, and
700 ms "', respectively
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Fig. 10 Critical velocities (columns) and maximum
temperature (plots) at interface for the
cases of Cu/Cu, Ni/Ni, Al/Al, and Ti/Ti
(particle/substrate)
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