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Abstract

A ductile metal substrate (1 mm thick Al–5%Mg) with a brittle thin film coating (0.1 lm thick Al2O3) was quasi-statically

stretched to induce an array of parallel cracks in the coating. Additional cracking, decohesion, and buckling of the coating with

increasing straining were observed using optical, scanning electron, and atomic force microscopes. The number of cracks per unit

axial distance and the average opening gap of each crack were found to increase with increasing axial strain. A 2D finite element

analysis incorporating a cohesive interface model of cracked coating segments was carried out to obtain both the normal stress dis-

tribution in coating segments with various widths and the shear stress distribution along coating–substrate interfaces. Both the frac-

ture strength of the coating and the shear strength of the interface were estimated. Several theoretical analyses appeared in the

literature on the cracking and decohesion of thin film coatings were critically discussed.

� 2004 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Thin brittle films bonded to ductile substrates have

diverse applications, such as in abrasion-resistant coat-

ings, anti-corrosion protective coatings, and thermal

barrier coatings [1–5]. In order to improve the mechan-

ical reliability of these thin film coatings, the fracture

and adhesion properties of the coatings are often of ma-
jor consideration [6–21]. Various experimental methods

such as the tensile test [2–4], four-point [6,9] or three-

point [10] bend test, peel test [11], scratch test [10], and

increasingly nanoindentation test [10,12–15] have been

used to evaluate the coating fracture stress and interfa-

cial strength between the coating and the substrate.

For submicron thin film coatings, uniaxial tension of a

flat coating–substrate coupon has been the method of
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choice in some recent investigations [16–20]. Besides

only relatively simple and inexpensive testing instrumen-

tation is needed, a tensile test produces in a well-control-

led manner a large array of parallel cracks over the

nominally homogenously deformed ductile substrate

and it allows also in situ observation of cracking and

decohesion of the coating via various microscopy tools.

Like any other type of mechanical tests, the interpre-
tation of the tensile test data to extract intrinsic fracture

and interfacial properties of the coating attached to a

substrate is still non-trivial. Hu and Evans [6] obtained

some analytical results on cracking and decohesion of

thin film coatings on ductile substrates by assuming a

sliding (yielding) interface and linearly elastic coating

and substrate. Their results may thus not be applicable

to the cases when the substrate is undergoing fully plas-
tic deformation [16–20]. Agrawal and Raj [16] presented

a theoretical analysis to estimate the ultimate shear

strength of a metal–ceramic interface using the crack

density or spacing data obtained from a tensile test.
ll rights reserved.
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They also concluded that the maximum and minimum

crack spacing between the cracks should differ by a fac-

tor of two. However, their analysis was based on the

assumption of a sinusoidal distribution of the interfacial

shear stress and the validity of such an assumption has

not been examined in details. Delannay and Warren
[21] considered the possible effect of crack interactions

and developed a statistical theory to relate the depend-

ence of crack density on strain in terms of a flaw density

distribution function. Jeong and Kwon [17] gave a de-

tailed theoretical analysis based on shear lag approxima-

tion to estimate the fracture strain (and hence stress)

from the minimum strain at which initial cracks devel-

oped and the interface shear strength from the external
substrate strain and cracking spacing at the onset of

saturation.

We present here both an experimental observation

and a finite element stress analysis of cracked segments

for an Al2O3/Al–5%Mg coating–substrate system. The

objective of our study is to assess the sensitivity and lim-

itation of the uniaxial tensile test for evaluating quanti-

tatively both the coating fracture and interfacial failure
properties of thin film coating–substrate systems. The

interfacial decohesion process of the coating is simulated

in the analysis using a cohesive zone interface model

[22–24]. The theoretical analyses cited above will also

be examined by comparing them against the experimen-

tal and numerical results obtained in our study. In Sec-

tion 2, the tensile testing procedure and results for

Al2O3/Al–5%Mg are first given. The finite element anal-
ysis and results are described in Section 3. Discussion

and conclusions are offered in Section 4.
2. Experimental procedure and results

Uniaxial tensile testing of polycrystalline Al–5%Mg

sheets with an anodic barrier type oxide coating was used
in our study [18,19]. The gage section of the dog-bone

shaped Al–5%Mg tensile test coupon had dimensions

of 15 mm long, 3 mm wide and 1 mm thick while the

thickness of the anodic oxide coating was only 0.1 lm.

The metal substrate Al–5%Mg was first annealed at

400 �C for 2 h to obtain a completely recrystallized grain

structure with an average grain size of 70 lm. After

mechanical polishing and electropolishing, the
Al–5%Mg test coupon was anodized in a solution of

3% tartaric acid while the current density and the applied

voltage were controlled to �1 mA/cm2 and 75 V, respec-

tively [18]. The thickness of the anodic oxide coating is

known to be a function of applied voltage at a rate of

�14 Å per volt and can be increased only by increasing

the applied voltage [1]. Consequently, a nonporous bar-

rier type oxide coating of 0.1 lm was formed, covering
completely one of the flat surfaces of the gage section

of the Al–5%Mg test coupon.
Tensile testing of the Al–5%Mg flat sheet specimen

was carried out quasi-statically on a desktop mini-ten-

sile tester [25–27]. After each strain increment of about

1%, the test was interrupted and the tensile coupon was

then digitally imaged by an atomic force microscope

(Digital Instrument 3000) and then by an optical micro-
scope for measuring the cracking and decohesion of the

surface oxide coating. The tensile test coupon remained

mounted and loaded in tension by the mini-tensile tes-

ter (i.e., only the screw driven cross-head was stopped

temporarily) during image acquisition. The stress–strain

curves of the 1 mm thick Al–5%Mg test coupons with

and without a 0.1 lm Al2O3 oxide coating are indistin-

guishable within the experimental error levels [25,27]
but some stress relaxation was observed when the test

was interrupted. Extensive cracking of the oxide coat-

ing occurred during the tensile test. A regular array

of long channel cracks more or less perpendicular to

the axial loading direction appeared on the tensile cou-

pon surface and the density of cracks increases with

increasing straining. As shown in Fig. 1 the six images

obtained by atomic force microscopy (AFM), the
nucleation and growth of new cracks happened in a dis-

crete manner in the middle of existing cracked coating

segments and the cracks were deflected and sometimes

even terminated at the surface grain boundary. Broad-

ening of the existing cracks with increasing straining

was also evident, indicating significant decohesion of

the cracked coatings especially at large strains. At the

later stage of the tensile test, buckling of the oxide coat-
ing occurred at locations when slip steps due to plastic

deformation were formed on the Al–5%Mg surface

along directions �45� inclined with the tensile loading

direction. Extensive cracking and buckling of the oxide

coating was also observed by scanning electron micros-

copy (SEM) at the end of the tensile test (at a final axial

strain of about 20%). Buckling of the oxide coating did

not occur everywhere as slip steps did not appear in all
surface grains of the polycrystalline Al–5%Mg substrate

[26].

Figs. 2 and 3 summarize the cracking and decohesion

of the anodic oxide coating on Al–5%Mg in terms of the

dependence of the average crack line spacing (the width

of the cracked coating segments) and the average crack

opening (the width of the exposed substrate at each

channel crack) on the applied overall axial strain in
the substrate. As shown in Fig. 2, the crack line spacing

decreased quickly in the initial loading stage and then

saturated gradually to final crack spacing. Broadening

of the cracking lines (indicating the onset of interfacial

failure of the coating) became more noticeable when

cracking of the coating started to reach the saturation

state. In summary, the cracking, decohesion, and buck-

ling of the anodic oxide coating occurred sequentially
during the initial, intermediate, and final stages of the

tensile test.



Fig. 1. Selected AFM images of the cracked oxide coating on Al2O3/Al–5%Mg. The images (from the upper left one to the lower right one) show the

increasing density of coating cracks with increasing straining of the substrate and buckling of the oxide coating towards the end of tensile test. The

tensile loading axis is aligned with the horizontal direction of the images. The deflection of cracks in the first five images occurred at the grain

boundary due to heterogeneous plastic deformation occurred at the grain level [26,27]. Buckling of the oxide coating shown in the last image initiated

at surface locations of slip bands.
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Fig. 2. Average crack line spacing vs. the overall axial strain of the

substrate. Crack line spacing decreased quickly in the initial deforma-

tion stage and reached a saturation state after a strain of about 10%.

Schematic of the cracked coating segments is also shown.
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Fig. 3. Average crack opening between cracks vs. the overall axial

strain of the substrate for different characteristic lengths (used in the

cohesive interface model). Schematic of the cracked coating segments

is also shown.
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3. Numerical analysis of cracking and decohesion of oxide

coatings

3.1. The finite element model of cracked coating segments

The objective of our numerical analysis was to char-
acterize the stresses within the attached coating seg-

ments (see Fig. 4(a)). The analysis was carried out

using the commercial nonlinear finite element code

ABAQUS. However, as there is a very large mismatch

between the dimensions of the thin film coating and

those of the metal substrate (the ratio of the coating

thickness over the substrate thickness is about 1:10,000

and the ratio of the cracked coating spacing over the
gage length of the substrate is about 1:1000 or higher),

it would be computationally inefficient if not impossible

to analyze the entire geometry of the tensile specimen by

the finite element method. A ‘‘unit cell’’ or single

cracked segment attached to the substrate was analyzed
Substrate
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Fig. 4. (a) Schematic of the ‘‘unit cell’’ coating segment model

ABCDEF used in the finite element analysis. ABC is the symmetry

plane for the single coating segment and DE is the edge of a crack

(completely running through the coating thickness). (b) A series of

finite element models of the cracked coating segments for establishing

the proper model size under far-field uniaxial tension. Due to the

symmetry consideration, the convergence of the stress distributions in

the coating and along the interface is examined for only half of the

‘‘unit cell’’ coating segment at the left end of each model in the

numerical analysis.
instead by assuming the channel cracks are spaced more

or less uniformly and perfectly aligned in parallel in the

transverse direction of the test coupon. By the symmetry

consideration, only half of a single cracked coating seg-

ment with a sufficient thick substrate part ABCDEF was

modeled (see Fig. 4(a)). One needs to consider first how
to impose the proper boundary conditions to this re-

duced problem. While it is straightforward to assign

the boundary conditions for the symmetry plane ABC

with all nodal displacements in the horizontal direction

being set to zero but allow the nodes to move freely ver-

tically (except one of the nodes such as at point C is

fixed to a zero vertical displacement as well), the chal-

lenge is how to impose suitable boundary conditions
along the boundary CF and the boundary EF for the re-

duced coating–substrate system shown in Fig. 4(a). The

homogenous uniaxial tension boundary conditions for

the whole test coupon at the far field may not be appli-

cable to the boundaries CF and EF, respectively, of the

reduced ‘‘unit cell’’ model. A series of finite element

analyses were first performed on multiple coating seg-

ments (one, three, five, and seven, see Fig. 4(b)) to estab-
lish the proper depth of the substrate in the reduced

coating–substrate model and to identify the suitable

boundary conditions for CF and EF based on the St Ve-

nant�s principle [19]. More specifically, both the depth of

the substrate and the number of the coating segments

were gradually increased until the convergence of the

stress distribution in the coating and along the coat-

ing–substrate interface in the ‘‘unit cell’’ (the half of a
coating segment at the left end) was reached. Our

numerical simulations indicated that a reduced model

with a substrate of at least 50 lm thick and up to five

cracked coating segments were sufficiently accurate to

capture the far-field uniaxial tension loading conditions

of the substrate on the ‘‘unit cell’’ coating segment.

Coating segments with different widths ranging from

20 to 4 lm were modeled using finite elements. Four-
node, plane stress, reduced integration elements were

used. The mesh density along the interface region and

around the cracked edge (such as the regions along the

interface BE and the DEF boundary shown in

Fig. 4(a)) was increased in order to resolve the details

of the plastic deformation and stress distribution in

these places.

3.2. Coating and substrate material models

The thin film Al2O3 oxide coating was assumed to be

linear isotropic elastic with a Young�s modulus Ec = 42

GPa [3,5] and a Poisson�s ratio mc = 0.25 and that it frac-

tures in a brittle manner at a certain fracture strain or

fracture toughness. The substrate was modeled as an

isotropic, rate-independent elastic–plastic solid with a
Young�s modulus Es = 70 GPa and a Poisson�s ratio

ms = 0.3. The von Mises effective true stress–strain curve
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of the Al–5%Mg substrate [25,27] was approximated by

the following equation:

r ¼ rY þ ðrs � rYÞð1� expð�e=esÞÞ; ð1Þ
where rY = 70 MPa, rs = 290 MPa, and es = 0.1 are,
respectively, the yield strength, saturation flow stress

and reference strain of the substrate.

3.3. Interfacial decohesion

Decohesion along the coating–substrate interface

was simulated using a cohesive zone interface model

[22–24]. In this model, the constitutive equation for
the interface is prescribed such that, with increasing

interfacial separation, the traction across the interface

reaches a maximum, decreases, and eventually vanishes

so that complete decohesion occurs in a gradual and

controlled manner. Unlike the early work dealing with

decohesion dominated by the normal traction and sep-

aration [22], decohesion of the oxide coating on a uni-

axially strained substrate is dominated by the
tangential traction and displacement. Similar to [24],

the original interfacial cohesive zone model due to

Needleman [22] was modified to model more effectively

the shear-dominated decohesion of the oxide coating in

the following.

An interface supporting a nominal traction field T

(force/unit area) has both normal and tangential compo-

nents. Two material points, P and Q, initially on oppo-
site sides of the interface, are considered, and the

interfacial traction is taken to depend only on the dis-

placement difference across the interface, D~uPQ. At each

point of the interface, we define normal and tangential

displacements and tractions as

un ¼~n � D~uPQ; ut ¼~t � D~uPQ ð2Þ
and

T n ¼~n �~T ; T t ¼~t �~T : ð3Þ
In Eqs. (2) and (3), ~n;~t form a right-hand coordinate

system chosen so that positive un corresponds to increas-
ing separation and negative ut corresponds to decreasing

interfacial separation. The mechanical response of the

interface is described through a constitutive relation that

gives the dependence of the tractions Tn and Tt on un
and ut. Here, this response is specified in terms of a

potential /(un,ut), where

/ðun; utÞ ¼ �
Z u

0

T ndun þ T tdut½ �: ð4Þ

The specific potential function used is

/ðun; utÞ ¼
27

4
smaxd

k2

2
1� 4

3
kþ 1

2
k2

� �
;

k2 ¼ ut
d

� �2

þ a
un
d

� �2

; ð5Þ
where smax is the maximum tangential traction per unit

width that can be carried by the interface undergoing a

purely shearing deformation (for jutj 6 d and un ” 0), d is
a characteristic length in the tangential direction, and a
specifies the coupling of normal to shear stiffness of the

interface. The interfacial tractions are obtained by differ-
entiating Eq. (5):

T t ¼ � o/
out

¼ � 27smax

4

ut
d

1� 2kþ k2
� �

; ð6Þ

T n ¼ � o/
oun

¼ � 27smax

4
a
un
d

1� 2kþ k2
� �

ð7Þ

for 0 6 k 6 1, and Tn ” Tt ” 0 when k > 1 (un P 0). The

contact condition for normal compression (un < 0) of the

interface may be approximately represented by elastic

springs with high stiffness similar to [24] although it does

not dominate in the substrate straining problem

considered.
Prescription of three parameters smax, d and a is re-

quired for the interface model given in Eq. (5). Values

of these parameters were estimated by trial-and-error

through a series of numerical simulations. Our simula-

tion results show that both cracking and decohesion

behaviors of the coating segments considered here were

not very sensitive to the choice of a and so a = 1 was

thus used in all simulations reported in the following.
As decohesion of the coating was clearly observed after

3–5% substrate strain, the maximum interfacial shear

strength smax was reached during the test and it should

be lower than or equal to the maximum shear flow stress

of the substrate (i.e., the maximum shear stress can be

exerted through the ductile substrate undergoing fully

plastic deformation), which is about 150 MPa at 20%

strain. By using smax somewhat smaller than 150 MPa
and by requiring that decohesion of the coating at the

crack edge be developed significantly after a few percent

of plastic strain, smax was estimated to be �140 MPa.

The characteristic length d in the model was estimated

by comparing the strain dependence of the average

cracking opening from both experiments and simula-

tions. As shown in Fig. 3, d = 0.02 lm gives the best

match with the experimental data (using a = 1,
smax = 140 MPa).
3.4. Finite element simulation results

Fig. 5(a) shows a typical axial tensile stress distribu-

tion in a coating segment (width = 19 lm). As expected,

the in-plane tensile stress always reaches its maximum

value at the middle point (x = 0 lm) of the coating seg-

ment and decreases rapidly to zero near the edge of the

crack (x = 9.5 lm). Fig. 5(b) shows the shear stress dis-

tribution along the interface of the same coating seg-

ment. It shows that the shear stress develops gradually
along the interface reaching its maximum near the crack.
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Fig. 5. (a) Normal tensile stress distribution within the coating;

(b) shear stress distribution along the interface. The unit cell coating

segment is 19 lm wide.
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Some decohesion leads to its relaxation to zero towards

the edge of the crack. The maximum shear stress level of

140 MPa is the same as the maximum interfacial shear

strength prescribed for the interface model.
By performing a series of finite element analyses of

cracked coating segments with various widths up to the

strain levels observed in the experiment (see Fig. 2), the

maximum tensile stress in the coating was found to be

nearly identical, varying around the value of 1200 MPa.

Alternatively, a series of finite element analyses were car-

ried out for each coating segment width and the plastic

strain levels were recorded when the maximum tensile
stress in the coating reached 1200 MPa. Fig. 2 shows

the comparison of the predicted (using the constant max-

imum tensile stress of 1200 MPa) and measured depend-

ence of crack line spacing on the applied axial strain. An

excellent fit up to the strain level of 7.6% is obtained.

When the plastic deformation increases (beyond 7.6%),
some extensive decohesion between the coating and sub-

strate begins to occur in the numerical simulations, mak-

ing the cracks line spacingmuch less dependent on further

increasing strain. Nevertheless, the fracture strength (the

stress level at which fracture occurs [28]) of this anodic

oxide coating can be deduced to be about 1200 MPa.
The excellent match with the experimental data on the

dependence of crack line spacing on the applied axial

strain shows that our finite element model can simulate

the cracking behavior of this coating–substrate system

reasonably well and one can indeed infer the coating frac-

ture strength consistently.

By assuming different fracture strength for the coat-

ing, the sensitivity of the strain dependence of crack
line spacing can be assessed. Fig. 6(a) shows the

dependence of crack line spacings on the substrate
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strain with respect to three different fracture strength

levels of the coating (1000, 1200 and 1400 MPa). It

turns out that the strain dependence of crack line spac-

ing is rather sensitive to the coating fracture strength

assumed. As expected, weaker coatings will fracture

early and reach a lower saturated density of crack
lines. Several other factors including strain hardening

of the substrate, coating thickness, and the fracture cri-

terion other than the maximum tensile stress that may

affect the strain dependence of the cracking line spacing

have also been examined. By varying the reference

strain es while keeping all other two parameters the

same in Eq. (1), one can alter the strain hardening rate

of the substrate. Fig. 6(b) shows the comparison of the
strain dependence of crack line spacing assuming three

different strain hardening behaviors with es = 0.05, 0.1,
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Fig. 7. The effect of the coating thickness on the strain dependence of

crack line spacings: (a) the constant fracture stress criterion; (b) the

constant fracture toughness criterion.
0.15 for the substrate (the fracture strength of 1200

MPa is assumed). Clearly, the substrate that strain

hardens slowly (es = 0.15) produces a more gradual

transition towards the saturation.

Fig. 7(a) shows the effect of the coating thickness

(h = 0.05, 0.1, 0.15 lm) on the strain dependence of
crack line spacing using the constant fracture stress cri-

terion. It is seen that more plastic straining is needed to

reach the saturation for thicker coatings but their stea-

dy-state crack line spacing is also larger. One can also

replace the fracture stress criterion with a criterion based

on the fracture toughness Gc, which has the following

relation with the fracture strength rc and coating thick-

ness h [29,30]

Gc / hr2
c : ð8Þ

Fig. 7(b) shows the effect of the coating thickness on

the strain dependence of crack line spacing using the
constant fracture toughness criterion, which is clearly

different from that given in Fig. 7(a). In other words,

one may be able to experimentally assess the most

suitable criterion for predicting cracking in a given

coating–substrate system by using coatings with vari-

ous thicknesses.
4. Discussion and conclusions

When a ductile sheet metal Al–5%Mg substrate with

a continuous anodic oxide film is subjected to uniaxial

tension, the thin oxide film undergoes elastic deforma-

tion while the metal substrate undergoes elastic–plastic

deformation. As the continuity between the thin film

coating and the substrate must be maintained at their
interface before failure, this gives rise to interfacial shear

stress when the hard thin film, which shows little defor-

mation, inhibits deformation of the substrate. As a re-

sult of the interfacial shear stress, force is transferred

from the substrate to the thin film thus inducing the ten-

sile stress in the thin film. As the substrate deformation

increases, this tensile stress will accumulate and eventu-

ally reach the fracture strength of the coating. Parallel
long cracks then shows up on the surface of the sub-

strate with the thin film coating in a direction perpendic-

ular to the tensile loading axis. Once the first array of

multiple channel cracks are formed throughout the once

continuous coating, the stresses within the cracked coat-

ing segments are relaxed and modified by the free edges

of cracks and the coating deformation becomes non-

homogenous and far different from the overall uniform
plastic deformation of the substrate. In this study, addi-

tional cracking of the fragmented coating and decohe-

sion at the coating–substrate interface upon further

straining of the substrate has been investigated by a sim-

plified 2D finite element analysis incorporating a cohe-

sive interface model. By matching the strain
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dependence of the average crack line spacing and the

average crack opening gap observed in the experiment,

both the fracture strength of the coating and the shear

strength of the coating–substrate interface have been

estimated to be about 1200 and 140 MPa, respectively.

The complicated coating buckling behavior [31,32] at
large strains due to lateral contraction under uniaxial

tension (see Fig. 1) has been omitted here.

As shown in Fig. 2, the minimal axial strain level in

the substrate is about 3% when the channel cracks begin

to emerge. Assuming that the strain in the continuous

film is the same as the strain in the substrate, the fracture

strength due to linear elasticity is rc = Efec � 1260 MPa,

consistently with the above result. On the other hand,
the shear strength of the interface bs has been related

to the film stress via [16,33–35]

bs ¼ phrc

ws

; ð9Þ

where ws is the maximum spacing of the cracks when the

crack density becomes constant. Using h = 0.1 lm and

ws � 6 lm, one obtains bs � 63 MPa, which is much less

than our finite element analysis result. As shown in

Fig. 5(b), the shear stress distribution along the interface

of a cracked coating segment obtained in our analysis is

not sinusoidal at all as previously suggested by Agrawal

and Raj [16]. Consequently, their method of measuring
the ultimate shear strength of a metal–ceramic interface

may be quite inaccurate. The ultimate shear strength of

the silica films on annealed 99.9% pure copper and nickel

substrates was estimated to be 900 and 1400 MPa,

respectively, by Agrawal and Raj [16,33]. However,

these numbers are questionable as they greatly exceed

the shear flow strength level for both metal substrates

(assuming von Mises isotropic plasticity, the shear stress
is only 1=

ffiffiffi
3

p
of the tensile normal stress of a substrate!).

Similarly, the ultimate shear strength of the NiO–Pt

interfaces reported by Shieu et al. [34] to be as high as

4460 MPa for a Pt substrate with a tensile strength of

145 MPa is also rather doubtful. Using Eq. (9), Chen

et al. [35] obtained the interfacial shear strength of a

TiN coating on a steel substrate to be 650 MPa, which

is also clearly higher than the shear flow strength of
the steel (450 MPa). The analytical results on the inter-

facial shear stress distribution given by Jeong and Kwon

[17] seem to have the characteristics somewhat similar to

those obtained from our finite element analyses. Their

equation used to compute the maximum interfacial

shear strength is nevertheless still questionable. For a

DLC thin coating on a soft annealed AA1050 substrate,

the interfacial shear strength of the coating was reported
to be 400–700 MPa by Jeong and Kwon [17], again well

exceeding the maximum shear flow stress level of the

substrate. Surprisingly, the analytical results given by

Agrawal and Raj [16] and Jeong and Kwon [17] for esti-

mating the interfacial shear strength of the coating do
not require the knowledge on the plastic deformation

properties of the substrate at all. As the fragmented

coating can only be loaded by the substrate, the maxi-

mum shear stress that a ductile metal substrate can exert

on the coating has to be limited by its plastic flow

strength in shear at large strains. So their analytical re-
sults for estimating the interfacial shear strength of thin

film coatings is invalid.

If indeed the interfacial shear strength of a coating is

very high and it exceeds the maximum shear flow stress

level of the substrate, then decohesion usually cannot be

realized right at the coating–substrate interface. Instead,

the substrate will have to deform at the cracked loca-

tions by growing either blunt notches or cracks into
the substrate itself or by subsurface plastic deformation

just below the interface. In either case, one can no longer

assume that the strain in the fragmented coating is the

same as the overall axial strain in the substrate (far from

the coating region), as Jeong and Kwon [17] and Wang

et al. [30] apparently did. Direct measurements of the

strains in the coating is highly desirable and one should

also observe carefully the crack opening characteristics
while the coating–substrate remains loaded in tension

(see Section 2) to distinguish the two possible deforma-

tion modes (coating decohesion vs. substrate damage,

see Fig. 8). As coating decohesion was evident based

on the microscopy images for our Al2O3/Al–5%Mg sys-

tem, the finite element analysis was carried out only for

the decohesion mode of the deformation in this study.

In summary, a brittle thin film deposited on the duc-
tile substrate cracks under uniaxial tension once the

accumulated shear stress transferred by the interface

makes the tensile stress in the coating reach the fracture

strength level. At relatively larger strains, decohesion of



C. Xie, W. Tong / Acta Materialia 53 (2005) 477–485 485
the coating from the substrate may occur. While simple

shear-lag type analyses [6,16,17] are valuable in under-

standing the coating fracture behavior qualitatively, the

application of their analytical results such as Eq. (9) in

quantitatively estimating the interfacial shear strength

of a coating–substrate system is very questionable. Reli-
able measurements of the coating and coating–substrate

interface properties by utilizing the uniaxial tensile test

data require both a complete characterization of the

plastic stress–strain response of the substrate at large

strains and a more accurate stress analysis of the coating

bonded to the substrate by the nonlinear finite element

method. Our results presented here demonstrate that a

proper selection of the interface parameters in the cohe-
sive interface model used in the finite element analysis

can provide consistent results of stress distributions in

a ‘‘unit cell’’ single cracked segment and it leads to a

more reliable means of measuring the fracture strength

of the coating as well as the ultimate shear strength of

the coating–substrate interface. If decohesion of the

coating is completely absent, then the maximum shear

flow stress level of the substrate can only serve as a lower
bound estimate on the ultimate shear strength of the

interface. One simply cannot at all use the uniaxial ten-

sion test to measure the interfacial shear strength of a

coating that is higher than the maximum shear flow

stress level of the substrate, as claimed in [16,17,33–35].
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