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Simulation of organic coating removal by particle impact
B. Zouari, M. Touratiet

LMSP-UMR CNRS-ENSAM-ESEM, 151 Boulevard de I’ Hopital, 75013 Paris, France

The physicalphenomenactingin paintremovalby particleimpactare not well known. Somesimplified modelsassumehat the paint
removalis theresultof erosion.Our researctdealswith the comprehensiownf the physicalmechanismsvhich happenvhenanabrasive
particle impactsa paintedsubstrate This paperaddresseshe numericalsimulationof the impactof sphericalparticleson a substrate
correspondingo analuminumalloy sheet(A2024) coatedwith thermosepolyurethangaint (PAC 33). The behaviorof the paintin the
real conditionsof decoatinghasbeenidentified by solving an inverseproblemusingimpacttests.Paintremovalis the resultof three
phenomenafirst, the initiation of delaminationat the beginningof the impact due to major shearstressesat the interface;second,
buckling of the paintfilm dueto majorradial compressivestressesn the film which comefrom the particle penetratiorin the coating;
andthird, the delaminationof coatingsby buckling occurs,accordingto the existingliterature,in a combinationof both model andlI
(mixed mode). The criterion of delaminationis basedon the stateof stressest the interfacebetweenthe substrateand paint. This
criterionhas been introducad finite elemenimodeling.The numericalesults are compareslith experiments.

Keywords. Particle impact; Inverse problem; Finite element; Paint delamination

1. Introduction normal contact with a rigid surface. Kral et #.,5] have
studied the repeated indentation of an elastic plastic layered

The announcement of many restrictive rules and regula- medium by a rigid sphere.
tions concerning the protection of nature and the increasing  papini and Spelf6,7] have studied organic coating re-
use of composite parts in aircraft have encouraged the aeromoval by particle impact. They assumed that dynamic ef-
nautical industry to look for new processes for aircraft de- fects such as wave reflection at the interface are negligible.
coating. The industry is searching for solutions to substitute They found that coatings having high interfacial strength
for the existing pollutant chemical processes without reduc- are removed by mechanical erosisi, but coatings having
ing the profitability nor the quality of surface decoating.  weak interfacial strength are removed by delaminafigin

Stripping by media blasting pretends to be one such pro-  Delamination of a paint coating subject to compressive
cess. It consists of a stream of particles accelerated to astresses, was studied by Evans and Hutchiri8band Yin
high velocity by compressed air and directed towards the [9]. Papini and SpeltL0] analyzed the buckling and delam-
coated substrate. The coating is, thus, removed by mechaniination of a thin organic coating due to particle impact. All
cal means. But there remains the problem of matching type of these studies assumed that the coating has a linear be-
of paint with the type of particle plus finding the optimal havior. In this paper, we present a finite element simulation
velocity and optimal impact angle to ensure maximum paint of decoating of a paint layer, based on a model including
removal without damaging the substrate. large elastoplastic deformation at large strain rates. Specific

Many studies have been carried out on the analysis of impact experiments have been carried out in order to both
contact between a rigid or elastic body on a layered solid. characterize the paint behavior by solving an inverse prob-
Diao et al.[1], and Bayashi and Yuaf?] have experimen-  |em, and to validate in detail the way in which the paint is
tally studied the fracture mechanisms of ceramic coatings removed under particle impacts.
in indentation. Komvapoulog] has used the finite element
method to analyse the indentation of a layered solid in ) ) o

2. Experimental investigation
* Corresponding author. Teh:33-1-44-246350; faxi}33-1-44-246468. . .

E-mail addresses: bassem.zouamter@univ-orleans.fr (B. Zouari), mau- An experimental test bench has been Huilf] based on a
rice.touratier@paris.ensam.fr (M. Touratier). gas gun used to accelerate spherical particles. The velocity of



(a) 66 m/s (b) 81 m/s

Fig. 1. Normal impacts with a 2 mm diameter alumina particle.

the particles is measured with an accuracy of 3% by timing paint. The radius of the cracked region is independent of
their flight between two infrared light beams located near the particle velocity. It varies with particle diameterg. 1a
the muzzle of the gun. shows a 66 m/s velocity impact site on the paint at normal
Three different materials were used as particles: steelincidence. The coating did not delaminate, but the impact
100C6, alumina and polyacetal. In this paper, we presentcreated an indentation and there is plastic paint deformation
only the result of the impact with alumina particles. In fact, and a circumferential cracking pattern. Removal of the paint
with steel particles, the phenomena are similar to those ob-layer in the impact region revealed plastic deformation in
served for alumina. On the other hand, polyacetal particles the substrate.
did not result in any imprint or erosion mechanisms, even  When the velocity increases, the level of paint damage
at high velocity (200 m/s). Specimens used were aluminum increases and for an impact velocity of 81 m/s, we find that
alloy circular plates 30 mm in diameter and 1 mm thick, there are two regions, s€&. 1b. The firstis the center of the
coated with a 0.1 mm polyurethane paint layer, and clampedimprint where the paint is still present, while the second is
on their circumference. that where the paint is delaminated. The radius of this last re-
A parametric study has been conducted according to vari- gion is about 1 mm, the diameter of the particle being 2 mm.
ations of impact speed and angle.

2.2. Obligue impact
2.1. Normal impact
Fig. 2a and lpresent the imprint of oblique impact with an

When the particle speed is high enough to create paintinitial velocity equal to 60 m/s and for impact angles equal
delamination, a central region (of disk shape, &&g 1) to 60 and 30, respectively.
of the imprint remains painted. This phenomenon is due For oblique impacts, it is seen that paint delamination
to excessive plastic strains in the paint under the particle occurs at an impact velocity lower than in a normal impact.
during impacts which, thus, promotes the adhesion of the Fig. 2ashows the presence of circumferential cracks. The

(a) 60° (b) 30°

Fig. 2. Oblique impacts at 60 m/s velocity (2mm particle diameter).



delamination region is localized in the opposite direction of
the incoming particle direction. In 3Mblique impact, the
paint does not delaminate but we notice a ripping of the
paint.

To try to understand the main mechanism responsible
for paint delamination, we simulate impact problems corre-
sponding to the above tests, by using a finite element soft-
ware.

3. Mechanical characterization of the paint under
impact

To simulate the impact of a spherical particle on a coated
substrate, we need to characterize, under impact, the me
chanical behavior of the coating film. This task is difficult,
especially because the paint thickness is only aboujph®0
and it is subject to high strain rates.

In a classic traction test on a paint film, only a crack in the
film was seen, but no plastic deformatifiti]. This is due
to the difference in strain rates acting in the traction (about
10~2s71), and impact (about P&1) tests, which leads to
two different deformation mechanisms. In the first case, we
have essentially viscoelastic strains, while in the second we
have plastic strains.

The constitutive law of the paint must take into account
the effect of strain rates. In order to include sensitivity to the
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Fig. 3. Crater dimensions.

velocity of 45 m/s. In the second one, the particle is of steel
100C6 and has a 2mm diameter and an initial velocity of
35m/s.

The error function to be minimized is then defined by:

5[ 33 9]
i—1 h; Pi d;

)

where @; are experimental crater dimensions issued from
theith measure, and; are crater dimensions deduced from
finite element simulations of the corresponding impact.

Because the finite element model is non-linear with re-
spect to the parameters, the minimization is referred to as a
non-linear least square problem.

The minimization ofEq. (2)is subjected to constraints
on the unknowng\, B, n andC based on the physics of the

above phenomena, the flow stress of the paint is modeledproblem. These constraints are written in the form:

by the Johnson—Cook law as folloy&2]:

5 =(A+B&")(1+CInHA— T (1)

wherez is the equivalent plastic strai, = &/éo the di-
mensionless plastic strain rate oy = 1s™1, T* = (T —
Troom)/ (Tmelt — Troom) the homogenous temperatuii@gom
the room temperaturd@mel; the melt temperaturd the elas-
tic limit of the material B andn the hardening coefficient§,
the viscosity, anan the thermal softening coefficients which
is neglected in our study.

To obtain data for the Johnson—Cook law coefficients of
the paint, within impact loading conditions, we have to solve
an inverse problerfil3—16]. The aim of this technique is to

Cjm) =0 3)

The constraints in our case must deal with the thermal acti-
vation theory developed by Eyriri@7]. They result if18]:
A—-01>0
2—A>0

C -0.012>0
012-C =0
B>0

n>0

(4)

The constraints are enforced by the interior penalty function

compare the impact crater dimensions issued from experi- method, which is an unconstrained sequential minimization

ments with those coming from finite element computations technique, and they are incorporated directly in the penalized
achieved as stated hereafterdaction 4. Thus, the inverse  myti-criteria objective functiord*, as follows:

problem is given as a parameter estimation problem where

the four unknowns aré, B, n andC.

The researched unknowws B, n andC are those which
minimize in the least square sense the differebdaetween
experimental and computational dimensions of the crater.
This is accomplished by minimizing the error functidn
with respect to the set of the parameters.

A crater in a paint layer is characterized by its depth (p),
diameter (d) and lip height (h), séég. 3. The experimental

q
*(m) = D(m) + »_¢;(m)

j=1

(5)

where the weighted penalty functioqs, are the inverse bar-
rier functions proposed by Carrdl9], and are expressed by:

wj
6
C om (6)

¢j(m) =

dimensions used in our objective function are those issuedin which the weighting coefficients; are to be adjusted.
from the following two normal impact tests. In the first, the The advantage of the penalty function method is that the
particle is of alumina and has a 2 mm diameter and an initial constrained problem is solved as unconstrained through the
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Fig. 4. Crater shape before and after optimization.

minimization ofEg. (5). To minimize the objective function strate have elastoplastic behavior. The paint flow limit fol-
we used the modified Levenberg—Marquardt mef2oc21]. lows the Johnson—Cook law as mentioned in the previous
As aresultFig. 4shows an experimental crater shape and section. The substrate is assumed to have a perfect elasto-
two calculated craters using either arbitrary or optimized pa- plastic behavior with a plastic flow limit equal to 465 MPa.
rameters, corresponding to a 35 m/s normal impact velocity The Young's modulus of the substrate is equal to 71 GPa.
with a steel particle. Note that similar results regarding the The Young’s modulus of the paint is equal to 2.3 GPa. It has
predicted crater shape, have been obtained in the case of #een obtained from traction tests on paint films at several
velocity of 45m/s and an alumina particle. The values of strain rates (10* to 10-2s~1). Prony’s series have been in-
the optimized parameters are= 1.46 x 1071 GPa B = troduced to deduce the relaxation functi@2].
0.15GPa C = 0.097 and: = 0.498. This problem is quite complex, with large strains, high
Finite element computations to achieve the mentioned strain rates, plastic constitutive law and contacts. In our nu-
inverse problem have been deduced from an elastoplastiomerical simulation, we used a dynamic explicit finite ele-
model taking into account large deformation and large strain ment software (LS-DYNA).
rates as explained now. In a non-linear analysis, the equilibrium of the body con-
sidered must be established in the current configuration,
which is unknown. In general, it is necessary to employ an
4. Thefinite element model to simulate paint incremental formulation and to use a time variable to consis-
removal from particle impact tently describe the loading and the motion of the b{ij.
To solve the equation of motion, we used the finite el-
In this section, we model and simulate the impact of ement method for the space discretization. Our problem
a spherical particle on an aluminum alloy plate (A2024) has a symmetric plane, so we only consider half of both
coated with a polyurethane paint (PAC33). The thickness the particle and plate. The region under the impact (around
of the plate and paint are, respectively, 1 and 0.1 mm. The three times the diameter of the particles) is meshed with
plate is circular with a radius of 15mm. The plate is as- three-dimensional eight node elements (HEXAS8),See5,
sumed clamped on its circumference. Both paint and sub-as the impact is very localized, while the rest of the plate is

Particle
Paint layer

Substrate

N\

Shell part

Fig. 5. The mesh used.
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Fig. 6. Internal and kinetic energy evolution in the case of a normal impact.

meshed with four node Belytchko shell elemef$]. The coated with a polyurethane paint in conditions simi-
junction between the two types of mesh is achieved by intro- lar to the experiments. In a first case we assumed that
ducing kinematic conditions. During the calculation, brick the interface between the coating and the substrate was
nodes located at the junction surface are constrained to lieperfect.
along the full fiber thickness of the shell, having the capa-
bility to move relative to each other in this fiber direction.  5.1. Energetic balance-sheet
The target elements have a full integration scheme to avoid
possible hourglass modes during simulations. The other el-  Although the great difference between the Young’s mod-
ements have a reduced integration scheme. In our modelylus of the paint (2.3 GPa) and that of the particles (380 GPa
there are 46,000 brick elements and 1600 shell elementsfor alumina), we consider that the particles are elastic, con-
giving 206,514 degrees of freedom. trary to the major part of the studigk 2] which take the par-
ticles as rigid. In fact, during impact the particle is subjected
to a very high stress level which induces its deformation.
5. Results Energetic distributions have been analyzed in all parts
of our mechanical system (particle, substrate and paint) for
Using the previous model, we have simulated the im- two cases of impacts: normal and obliqliégs. 6 and 7
pact of alumina spherical particles on an aluminum plate represent the evolution of internal and kinetic energies in the

——internal_particle

0,016 o ;
—m— kinetic_particle
0,014 4 —e— internal_substrate
0,012 —a— kinetic_substrate
—e— kinetic_paint
) 0,01 —x¥— internal_paint
>
2 0,008 -
(7]
=
W 0,006
0,004 -
S~ A——1
0,002 - i
0 T v T T T — . . ] £

0 0,001 0,002 0,003 0,004 0,005 0,006 0,007 0,008
Time (ms)

Fig. 7. Internal and kinetic energy evolution in the case of an oblique impact°at 60
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Fig. 8. Variation of interface shear stresses with the radial distance for different instances of normal impact.

substrate, coating and particle, respectively, for the normal These two cases of impact show that the shear stresses
and oblique (under an angle of §dmpacts. reach their maximum fs after the beginning of the im-

We notice that the substrate consumes a large amount ofpact. These maxima are located at 0.26 mm from the center
energy which is divided into two parts: the first is kinetic of impacted region if the impact is normal, and at 0.35 mm
energy and the second is the internal one. The substratdor the oblique case. These stresses are responsible for the
internal energy is greater in the case of normal impacts thancircumferential cracks observed during experiments (Figs. 1
in oblique impacts. We can conclude that the substrate has aand 2). In oblique impacts, shear stresses are greater in
greater degree of plastic deformation and damage in normalfront of the particle (in the right region ofig. 9) than
impact than in an oblique one. This result is confirmed by behind it.
the fact that the kinetic energy of particle rebound is greater Shear stresses induce the initiation of paint delamination

in an oblique case than in a normal case. but they are not alone responsible for paint removal because
they become negligible at a radius distance equal to 0.6 mm
5.2. Sress state for a normal impact, and at 0.8 mm for an oblique one. In

addition, their effect is very localized under the region of

The study of the state of stresses at the interface is re-mpact. o
quired to understand the mechanisms acting in the paint re- 10 have a more realistic finite element model, we must
moval by particle impacts. Papini and SpgltL0] assumed take into account the separation of the paint from the sub-
that shear stresses at the interface are mainly responsibl&trate.
for coating removal in the weak interfacial strength coating
case. We have studied the variation of shear stresses along
the interface between paint layer and substrate, with the ra-6. Paint removal model
dial distance from the center of the impacted region at dif-
ferent impact timesFigs. 8 and Shown these evolutions, Delamination and sapling of coatings subjected to com-
respectively, in the case of normal and oblique impacts by pressive stresses have been studied by many authors. Evans
an alumina particle under an initial velocity of 60 m/s. et al. [8] have developed a model based on the fracture
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Fig. 9. Variation of interface shear stresses with the radial distance for different instances of oblique impact.
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mechanics theory and the plate buckling theory. The authorsand Spel{10] developed a model for predicting the coating
demonstrate that the delamination of pre-compressed filmsbuckling under normal impact by a spherical particle. They
occurs if the film buckles, while a stress concentration ap- assumed that the region of the coating in contact with the
pears at the buckle perimeter. Yji@] has used an iterative  particle can not buckle.
procedure based on the fourth-order Runge—Kutta integra- In order to study the propagation of paint delamination
tion formula, to generate a family of non-dimensionalized under particle impacts, we have introduced a debonding
postbuckling solutions of the von Karman’'s non-linear criterion between paint and substrate in our finite element
plate theory. These solutions determine the change of themodel. We adopt a special finite element mesh. Initially, cor-
energy-release rate with the growth of a circular thin film responding nodes on the substrate surface and on the paint
or midplane delamination, which in turn determines the surface are perfectly bonded, and therefore, have identical
stability characteristics of growth. displacements. During the simulation, the nodes debond in-
When a coating is subjected to an indentation, the corre- troducing tear-off of the paint layer. This node separation is
sponding penetration into the coating induces compressivegoverned by the following debonding criterion:
stresses. These stresses, in the presence of the initial delam-
inated region of the coating can induce buckling of the coat- [ (on) 2 los] \? 1 7
ing and then the propagation of delaminatid®]. Papini (NFLS) < ) = )




where (o) is the positive part of the stress vector normal buckling when they reach a critical value. Paint delamination
to the interfaceos is the shear stress, NFLS and SFLS propagates following a mixed mode.
are, respectively, normal and shear failure stresses. Fail- Finally, to extend the present work to the more practical
ure is assumed if the left hand side of (7) is greater than problem of decoating of paint layers by using media blast-
one. ing, a stochastic multi-impact model of particles has to be
The values of NFLS and SFLS are deduced from tear-off developed.
tests [11] and they are, respectively, equal to 50 and
200 MPa. This criterion does not take into account the
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