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Low-velocity impact damage in brittle coatings 

CHIN-CHEN CHIU, YUNG LIOU 
Institute of P h y s i c s ,  Academia Sinica, Taipei, Taiwan, Republic of China 

Based on thin plate/elastic foundation theory and strain energy release rate calculations, this 
paper presents a lateral crack model to analyse the threshold for and development of impact 
damage in brittle coatings. Numerical solutions indicate that an increase in coating-to- 
substrate elastic modulus ratio tends to enhance the coating's resistance to impact damage 
initiation. The size of the lateral crack in a coating layer is a function of the coating thickness. 
For comparison with the theoretical prediction, experiments were performed on SiC-coated 
graphite specimens, as well as on glass microscope slides resting on various kinds of 
substrates. 

1. Introduction 
Ceramic coatings, for example TiN coatings on steels 
[1], can behave as protective layers for substrates 
against erosive wear. In such applications, the coat- 
ings may be cracked as a result of impact. Thus, 
there is a need to understand fully the impact 
damage development for coating design and material 
selection. 

It is generally accepted [1-14] that the resistance of 
a coated surface to impact damage is associated with 
the following parameters: (1) coating-to-substrate 
elastic modulus ratio; (2) the pre-existing microcracks 
and residual stress in the coating; and (3) coating 
thickness, toughness, hardness, and microstructure. 
For example, Liaw et al. [7] proposed an elasto-dy- 
namic finite element model to replicate impact dam- 
age experiments on monolithic zirconia and then to 
predict further impact damage in zirconia-coated 
steels. They reported [7] that coating thickness affec- 
ted the pattern of damage in the zirconia coating. 
Some researchers [8-11] have used classical elasticity 
theory to analyse the quasi-static contact stress field in 
coated materials, and have shown that the stress field 
is a function of coating-to-substrate elastic modulus 
ratio. Based on dynamic stress wave propagation, 
Springer [12] showed that water droplet-induced fail- 
ure was related to the material properties of the coat- 
ing and substrate. 

Coated materials can be considered as an elastic 
plate of finite thickness but infinite extent bonded 
tO a semi-infinite elastic foundation. Such plate-found- 
ation interaction problems have been analysed widely 
for the design of structural foundations, such as 
pavement systems [13]. In the present paper, the 
threshold for and development of impact damage in 
a coating is studied qualitatively by using a com- 
bination of thin plate/elastic foundation theory 
[13, 14] and strain energy release rate calculations 
to obtain numerical solutions. The theoretical pre- 
diction is compared with experimental results on 
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SiC-coated graphite specimens and model layered 
specimens. 

2. Theoretical considerations 
2.1. Strain energy analysis 
Fig. 1 illustrates an impactor of mass M and velocity 
V striking a semi-infinite solid coated with a surface 
layer. From the viewpoint of quasi-static stress 
analysis, a low-velocity impact on a coated solid can 
be approximated as the problem of contact against 
infinite elastic plate bonded to a semi-infinite homo- 
geneous elastic foundation [8, 15, 16]. The contact 
area is assumed to be small enough so that the 
impact loading can be regarded as a point load 
[15]. The corresponding static load is calculated 
from the kinetic energy of the impactor by the prin- 
ciple of conservation of total energy of the impactor 
by the principle of conservation of total energy 
[16]. Thus, the strain energy in the coating can be 
evaluated from thin plate/elastic foundation theory 
[13, 17]. 

When a concentrated load, P, acts on a coated 
solid, the axisymmetric flexure of the coating, W (r), 
can be described by a nonhomogeneous biharmonic 
equation in terms of a cyfindrical coordinate system 
(r, 0, z) with the origin at the loading point. The equa- 
tion is 

D V Z V Z W  (r) = P - Q(r) (1) 

where 

Ect 3 
(2) D - 12(1 -- vc) 

D is the flexural rigidity of the coating layer. V 2 and 
Q(r) are the Laplacian operator and the contact 
stress at the coating/substrate interface, respectively. 
The subscripts, c and s, refer to properties of the 
coating and the substrate, respectively. E, t, and v are 
Young's modulus, thickness, and Poisson's ratio, 
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Figure 1 A schematic diagram of a particle impacting on a coated 
solid. 

respectively. Selvadurai [13] and Sneddon et al. [14] 
solved Equation 1 and gave the following solutions 

P(1 -- v~) f~ Jo(xr/A) W (r) 
- ~ A E ~  ~ (1 + x  3) dx (3) 

P ~o XJo(xr/A) dx (4) 
Q(r) = 2 ~  (1 + x 3) 

P(1 -- v~) 
W (0) = 0.3849 (5) 

AE~ 

where 
1 

V 2D(! _- v2) ] ~ 
A = k E, (6) 

Jo represents the zeroth order Bessel function of the 
first kind. W (0) is the deflection of the coating at the 
point of loading. Equations 3, 4, and 5 are solutions 
corresponding to quasi-static loading conditions. To 
model low-velocity impact damage based on quasi- 
static stress analysis, this paper assumes that the kin- 
etic energy of the impactor can transfer totally to the 
target. The energy loss from material damping and 
surface friction as well as the dynamical effects of 
strain rate and adiabatic temperature are neglected. 
Equating the kinetic energy of the impactor to the 
strain energy of the coated solid gives 

1/2 M V 2 ~--- 1/2 P W (0) (7) 

The term on the right hand side of Equation 7 repres- 
ents the work done by the concentrated load, P. Com- 
bining Equations 5 and 7 yields 

1 MV2AE~ ~ 
P = 0.3849(1 -- v 2 ) ]  (8) 

Equation 8 gives a solution for the quasi-static load 
evaluated from the kinetic energy of the impactor. 

According to plate theory, the strain energy of the 
coating in a circular region (r _< ro) is calculated by [17] 

U(ro) = TeD \ br 2 + rbr J 

2(1 -- vc) 6W 62W ] 

r 5r 6r 2 J rdr (9a) 

For convenience, Equation (ga) is rewritten in terms of 
a simple form 

f2o 
U(ro) = r~D @(r)dr (9b) 

Differentiating Equation 3 gives 

6W P(1 - v 2) f ~  xJl(xr/A) 
5r - -~AT~ , ~  (1 -~ X 3) dx (10) 

62W ~W P f o  x2 j~ dx 
6& + rbr - 2reD (1 + x 3) 

(11) 

J1 is the first order Bessel function of the first kind. 
Combining Equations 9a, 10, and 11 yields the strain 
energy density distribution, dU/dr, in the coating (Ap- 
pendix A). 

2.2. Impact damage 
Impact against a brittle coating may cause lateral 
cracking, radial cracking, Hertzian cone cracking, or 
coating/substrate interface debonding beneath the 
contact point [1, 2]. Generally speaking, the appear- 
ance, dimensions, number, positions, and the stressed 
state of the impact-induced cracks are complicated so 
that a study of every growing crack is difficult. The 
present paper proposes a lateral crack model to study 
qualitatively the threshold for and the development of 
impact damage in coatings. It is assumed that: (1) the 
as-deposited coating layer contains penny-shaped 
cracks of radius r = Ci, which are distributed 
throughout the material; (2) the pre-existing crack 
immediately beneath the impact point can be forced to 
propagate, developing into a lateral crack in the coat- 
ing layer [1, 2, 18]; (3) this crack growth results in the 
release of strain energy from the coating; (4) Griffith's 
failure criterion determines when crack propagation 
and crack arrest occur; (5) the effective radius of the 
damaged region is equal to the radius of the lateral 
crack. 

Fig. 2a is a schematic drawing of a cross section of 
an impact-induced lateral crack, which has been ob- 
served experimentally by some researchers [2, 7, 19]. 
For instance, Fig. 2b illustrates a scanning electron 
micrograph of such lateral cracks in a SiC-coating on 
a graphite specimen (see next section). The cross-sec- 
tion of the lateral crack appears to be an exponential 
curve. The distance from the free surface to the lateral 
crack surface, h, can be approximated by the following 
empirical equation (Appendix B) 

h ( r ) = t c [ 1 - e x p ( -  f~t~)l (12) 

If the damaged region of the coating is considered as 
the superposition of two separate layers (Fig. 2a), the 
formation of a lateral crack causes a decrease in the 
flexural rigidity of the coating. Thus, the effective 
rigidity, Deft, of a small element in the damaged region 
becomes 

Ech 3 Ec(tc -- h) 3 
Deff - 12(1 - v 2) + 12(1 - v~ 2) (13) 
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The total area, B, of the lateral crack is the area 
obtained by rotating the exponential curve (Equation 
12) around the z axis (see Fig. 2a). That is 

2rt f ]  2tcln[(tc - z)/t~)] B(C)  7c 
1 

(5t~ - 2tcZ + zZ)~dz (15a) 

= - 2x ~]  ~(z)dz (15b) 

where f~(z) is defined by comparing Equation 15a with 
Equation 15b. Consequently, the strain energy release 
rate, G, is 

Figure 2 (a) A schematic diagram of the cross-section of an im- 
pact-induced lateral crack in the coating layer. (b) A scanning 
electron micrograph of the cross section of the lateral cracks in SiC 
coated graphite. 

A substitution of Equation 12 into Equation 13 shows 
that Daf is a function of the radius of the damaged 
region, r. 

When the pre-existing crack beneath the impact 
point grows from r =  ci to r = c f ,  the flexural rigidity 
of coating and the strain energy decrease locally. To 
analyse the cracking effects further, it is assumed that 
impact damage does not change the flexure of the 
coating W (r) before and after crack propagation. This 
means that the kinetic energy of the impactor is first 
converted into the strain energy stored in coated solid 
as the coating drvelops a certain flexural shape, W (r). 
Then, crack growth occurs in the coating layer with- 
out further changing the shape of the coating (i.e. W ( r )  
is constant). Thus, impact damage decreases the effec- 
tive rigidity and the strain energy in the damaged 
region (r < c I). However, the impact damage does not 
affect the strain energy in the region (r > c s), since the 
corresponding W (r) and D do not change (see Equa- 
tions 9, 10, and 11). 

Because of the rigidity decrease from D to Daf,  the 
strain-released energy, L, by the damaged region of 
the coating (r _< c) is given by 

L(C)  = x Deff(r)@(r)dr - x D  O(r)dr (14) 

where 

c(c) 
-- dL  _ - d L / d C  

dB d B / d C  

[Deff(C) -- D] qb(C) 
fl(h) e x p ( -  C/2tc) 

(16) 

 c[1 exp( )] 
According to the Griffith criterion, the pre-existing 
cracks beneath the impact point will grow if G > 2% 
where �9 is the fracture surface energy of the coating 
material, and crack arrest will occur when G < 2z. 
Consequently, Equation 16 gives information on the 
threshold for and the termination of impact damage in 
the coating. 

3. N u m e r i c a l  ana lys is  
Table I lists the input parameters used in the present 
study. Fig. 3 illustrates the effects of Ec and Es on the 
flexure of the coating, W (r). The maximum value of 
W (r) occurs immediately beneath the point of impact 
and decreases with the increase in Ec and Es. W ( r )  
monotonically decreases with the distance from the 
point of impact. 

Fig. 4 illustrates the distribution of strain energy 
density in the coating, dU/dr ,  as a function of E, for 
Ec = 100GPa and coating thickness tc for Es = 
Es = i00 GPa. To emphasize the behaviour in the 
region near to the point of impact, this distribution is 
shown only from r = 0 mm to r = 0.2 mm (as in Fig. 
3 also). Each curve exhibits a maximum. With increase 
in E~/Es and to, the maximum value decreases and the 
radius at which it occurs shifts further from the point 

T A B L E I Input parameters" required for the numerical analysis in 
the present study 

Kinetic energy of impactor b 
Coating thickness 
Elastic modulus of coating 
Elastic modulus of substrate 
Poisson's ratio 

1/2 MV 2 = 0.0001J 
tc = 150 ~tm 
E~ = 25, 100, or 400 GPa 
Es = 25, 100, 200, or 400 GPa 
vc = vs = 0.25 

"The parameters are used in the numerical analysis, unless other- 
wise indicated. 
bThe change in the magnitude of the kinetic energy of impactor 
only shifts downward (or upward) the curves in Figs 3, 4, and 5, 
without changing the essential characteristics of the curves. 
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Figure 3 Impact-induced flexure of coating, as a function of (a) 
coating's elastic modulus E~(E, = 100 GPa) and (b) substrate's elas- 
tic modulus E,(Ec = 100 GPa). 
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Figure 5 Strain energy release rate of coating, as a function of (a) 
E,(Ec = 100 GPa) and (b) tc (Ec = 400 GPa and Es = 100 GPa) 

of impact. The strain energy stored in the coating is 
calculated by integrating the area under  the curve. 
Thus, it is clear that  increases in Ec/E~ and tc decrease 
the accumulat ion of  strain energy in the neighbour-  
hood  of  the point  of impact. Fo r  instance, the total 
strain energy in the circular region of r 50.1 m m  de- 
crease with increasing Ec/E~ and t~. If  a local max- 
imum strain energy density criterion of failure is ad- 
opted [20], increases in E~/E~ and/or  t~ can increase 
the resistance of coating to initiation of impact damage. 

Fig. 5 is a pl0t of strain energy release rate G versus 
crack length C, showing that  the max imum value 
of G decreases with the increase in Ec/E~ and/or  tc. 
Griffith's failure criterion indicates' that  crack 
propaga t ion  occurs if G(C) > 2x. For  a given coating 
material, the length of  the pre-existing crack C = Ci 
immediately beneath the impact  point  is difficult 
to determine experimentally so that  Ci remains an 
unknown  variable. If  Es = 200 G P a  and 2T = G/ ( see  
Fig. 5a), the pre-existing cracks of length 
Ca < C~ < C2 can propagate.  However,  if 
E, = 50 G P a  a n d  2x = Gy, no crack propagat ion  oc- 
curs. Thus, the lateral crack model  embodied in Equa-  
tion 16 predicts that  increases in Ec/E, and/or  t~ tend 
to decrease the probabil i ty of  failure of  the coating. 

Figure 4 Influence of the change in (a) E~(Ec = 100GPa) and (b) tc 
(Es = Ec = 100 GPa) on the strain energy density distribution of 
coating, dU/dr. 
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Figure 6 A plot of lateral crack radius C2 versus coating thickness. 
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Figure 7 Probability of the impact induced failure of the glass slides 
resting on graphite substrate, with respect to impact energy. 

The model thus accounts for the fact that stiffcoatings 
are usually used to protect against erosive wear. 

According to Griffith's failure criterion, crack arrest 
occurs if G(C) < 2z. To analyse the effect of coating 
thickness on the size C2 of lateral crack developed, 

= 15Jm -2, C i =  13gm, and tc~> 13gm are sub- 
stituted into Equation 16. Fig. 6 shows that the radius 
C2 of the fully developed lateral crack is a nonlinear 
function of t~. With an increase from t~ = 13 gm to 
t~ ~ 150gin, the radius C2 increases and reaches 
a maximum. For  t~ > 150 gm, C2 decreases. Finally, 
the impact damage does not occur in coating layer 
when tc/> 320 gm. Generally speaking, radial cracks, 
cone cracks, and/or interface cracks may occur im- 
mediately after the impact damage (lateral crack) initi- 
ates. All such cracks can contribute to the release of 
the strain energy in a coating. Thus, the numerical 
result of Fig. 6, which is deduced from a model of 
a single and isolated lateral crack is only a qualitative 
prediction. For  completeness, experimental work was 
performed on SiC-coated graphite specimens and 
model layered specimens. 

4. Experimental procedure 
Impact damage testing was performed on SiC-coated 
graphite and model layered specimens. The latter were 
prepared by resting commercial glass microscope 
slides on graphite substrates, glass plates, alumina 
substrates, and SiC whisker/A1203 composite tiles. 
The smooth interface between the glass slide and the 
substrate was wetted with water to promote adhesion 
by capillary action. The dimension of the glass slide 
was 17 mm x 17 mm x 0.146 mm. The thickness of 
substrate was > 3 mm. During testing, the layered 
specimen was set on a lead brick. Then a steel sphere 
with a weight of 0.699 g and a diameter of 5.55 mm 
was dropped vertically on to the layered specimens. 
Since the glass slide was transparent, the onset of 
impact-induced damage was examined by eye in trans- 
mitted light. 

The SiC coated graphite specimens were prepared 
by chemical vapour deposition E21] (Material Tech- 
nology Corp., Dallas, TX, USA). Using a diamond 

saw, the as-received billets were cut into specimens 
8 c m x 0 . 8 c m x 0 . 5 c m ,  with the coating on one 
8 cm • 0.8 cm surface. The coating was polished down 
to the desired thickness using diamond paste and its 
thickness was measured by viewing a cross-section 
under an optical microscope. An impactor with 
a weight of 21.7 g and a hemispherically-shaped head 
of radius 0.75 mm was dropped vertically onto the 
specimens. The impact-induced lateral cracks caused 
interference fringes in reflected light. Thus, the radius 
of the fringe could be measured using an optical 
microscope with a suitable filter. The occurrence of 
impact damage was determined by whether or not the 
fringe could be clearly observed by optical micros- 
copy. 

5. Results and discussion 
Fig. 7 illustrates the relationship between impact en- 
ergy and the probability of failure of glass slides rest- 
ing on graphite substrates. The probability of failure is 
calculated by 

failure probability = 

number of impacts causing cracks 

total number of impacts 

Each data point corresponds to 30 impacts. The linear 
regression line was calculated using the method of 
least squares. In this paper, the impact energy corres- 
ponding to 50% probability of failure is considered to 
be the critical energy required to initiate impact dam- 
age. Thus, the critical impact energy for glass slides 
resting on graphite substrates is about 5.8 x 10-4J.  
Table II lists the elastic moduli of the various substra- 
te materials, and Fig. 8 indicates the effect of modulus 
on the resistance of glass slides to initiation of impact 
damage. When the slides rest on a substrate with 
a smaller elastic modulus, more energy is needed to 
initiate impact damage. Increase in Ec/Es apparently 
increases the resistance to impact damage, in agree- 
ment with the theoretical prediction. 

Fig. 9a is an optical micrograph of impact damage 
on a SiC-coated graphite specimen. The number and 
length of the cracks on the surface of the coating do 
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TABLE II Elastic modnli of substrates and glass slides (units, GPA) [measured using a standing-wave technique [21]] 

Graphite Glass Alumina SiC/AlzO3 SiC coating Glass 
substrate plate substrate composite layer slide 

Elastic 
Modulus 10 68 306 403 376 68 
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Figure 8 Effect of the change in substrate's elastic modulus on the 
critical energy required to initiate impact damage in glass slides. 
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Figure 10 Variation of lateral crack radius with SiC coating thick- 
ness. Each data point represents at least six impact tests. 
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Figure 11 Relationship between the coating thickness and the criti- 
cal energy required to initiate impact damage in SiC coating. 

Figure 9 (a) An optical micrograph of an impact impression on SiC 
coating. (b) Interference fringe caused by the lateral cracks in the 
SiC coating layer. 

not  exhibit any regular variat ion with impact  loading 
or coating thickness. In contrast ,  the interference 
fringes caused by lateral cracks, which can be ob- 
served in reflected light using an optical microscope 
(see Figs 2b and 9b), shows a systematic variat ion of  
radius with the thickness of the coating. For  example, 
the radius of fringe produced at an impact  energy of 
1.7 x 10 - 3 j initially increases with increasing coating 
thickness (Fig. 10). As the thickness of the coat ing 
increases further, the crack radius reaches a max- 
imum. Finally, the interference fringes formed when 
tc ~> 210 gm cannot  be seen clearly by optical micros- 
copy. The relationship between the radius of  the lat- 
eral crack and the thickness of  the coating exhibits 
a b road  maximum,  which agrees qualitatively with the 
theoretical prediction given in Fig. 6. 

In the present study, the thickness of the SiC coat-  
ing ranged from 24 rtm to 277 gm. Fig. 11 indicates the 
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effect of this thickness on the impact energy required 
to initiate impact damage. It is seen that the resistance 
of the coating to initiation of damage increases with 
increasing thickness. The results agree with the theor- 
etical prediction. However, the present authors believe 
that a coating of sufficient thickness, for instance 
tc >> 277 pm, effectively "insulates" a given low-velo- 
city impactor from the substrate. The impactor can 
not feel the existence of the substrate and the initiation 
of impact damage is determined only by the properties 
of the impactor and the SiC coating. Thus, the critical 
impact energy required to initiate impact damage may 
converge to a limiting value. As a result, the linear 
relationship between coating thickness and critical 
impact energy seen in Fig. 11 may occur only for 
"thin" coatings, and may not hold for a "thick" coat- 
ing. 

Strictly speaking, the theoretical analysis in the 
present paper is based on a simple low-velocity impact 
model. Even if the SiC coated graphite specimens 
reveal agreement between the experimental results 
and the theoretical analysis, studies of differently 
coated systems are still needed to understand impact 
damage in coatings. 

6. Summary 
The threshold for and development of low-velocity 
impact damage in coated materials has been studied in 
the present paper. Numerical analysis of a model of 
the growth of lateral crack has given the following 
results. (1) Increases in Ec/Es and/or tc have a tendency 
to increase the resistance of the coating to initiation of 
impact damage. (2) At constant impact energy, the size 
of the lateral crack is a function of coating thickness. 
Experimental results obtained from glass slides resting 
on various substrates show that such slides exhibit 
increasing resistance to impact damage as the elastic 
modulus of the substrate decreases. At an impact 
energy of 1.7 x 10 -3 J, the radius of the impact-in- 
duced lateral crack in SiC-coating on graphite speci- 
mens varies with the thickness of the coating. An 
increase in SiC coating thickness from 24 gm to 
277 lam improves the resistance of the coating to the 
initiation of impact damage. 
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Appendix A 
The Bessel's integral for J . ( x )  is given by [22] 

J ,  (x) = - cos (nO -- xsin 0) dO 
7~ 

(A1) 

where n is any positive integer. In the present study, 
the Bessel's integrals were carried out using the IMSL 
(International Mathematics and Statistics Library) 
subroutines. 

Appendix B 
Equation (12) is an empirical description of the dis- 
tance from the free surface to the lateral crack. It can 
be replaced by other mathematical expressions which 
satisfy the initial condition h(0) = 0. For instance 

h ( r ) = ~ [ 1 - e x p ( - ~ - - ) ] - B r  A _ > I , B > 0 ( B 1 )  

and 

h(r) = ~ 1 Br/tc + l A>__I ,B>0  (B2) 

are acceptable in the present study. Such a change in 
the form of the empirical equation does not change the 
essential characteristics of the curves shown in Fig. 5. 
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