P

CrossMark

Wang et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng) 2016 17(1):65-75 65

Journal of Zhejiang University-SCIENCE A (Applied Physics & Engineering)
ISSN 1673-565X (Print); ISSN 1862-1775 (Online)

www.zju.edu.cn/jzus; www.springerlink.com

E-mail: jzus@zju.edu.cn

JZUS

Evaluation of the critical stress of anodized coating-AZ91D

substrate using SEM in-situ technology*

Xi-shu WANG'', Xing-wu GUO?, Yuzo NAKAMURA®, Hui-hui YANG', Pan PAN'
(‘Applied Mechanics Laboratory, Department of Engineering Mechanics, Tsinghua University, Beijing 100084, China)

(*National Engineering Research Center for Light Alloy Net Forming, School of Material Science & Engineering,
Shanghai Jiao Tong University, Shanghai 200030, China)
(*Department of Mechanical Engineering, Kagoshima University, Kagoshima 890-0065, Japan)

"E-mail: xshwang@tsinghua.edu.cn
Received June 13, 2015; Revision accepted Nov. 9, 2015; Crosschecked Dec. 16, 2015

Abstract:

Experimental investigations of the micro cracking behavior of a coating-substrate structure were carried out in-situ

with a scanning electron microscope (SEM). An anodized coating layer was deposited on an AZ91D substrate by the galvanize
pulse method. Results indicated that the failure mechanism of the coating-substrate structure was due to a mismatch of micro
deformation between the coating and substrate. The micro deformations induced by different failure models were cracking,
spalling, or delamination. The failure models were validated using theoretical, experimental, and digital image correlation meth-
ods. The critical stress of failure can be evaluated by measuring the biaxial stress.
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1 Introduction

Light metals, such as magnesium and aluminum
alloys, are very attractive structural materials for
achieving high performance and energy savings in
machines and structures. This is because of their ad-
vantages, such as a high strength to weight ratio and
high specific stiffness (Mordike and Ebert, 2001).
Therefore, the use of light metals (especially magne-
sium alloys) as structural materials has recently been
attracting increasing interest in many applications. In
particular, some magnesium alloys are considered to
be replacing some aluminum alloys in aerospace and
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automobile fields with a concomitant saving in
weight, and good casting properties in automotive
industries (Dahle er al., 2001; Tang et al., 2005;
Wang and Fan, 2006). However, the active chemical
reactivity and low fatigue strength of magnesium
alloys have deterred many potential users from in-
corporating magnesium into their designs. Recently,
anodizing coatings and plasma electrolytic oxidation
(PEO) coatings have become effective methods for
improving the corrosion resistance of magnesium
alloys (Nykyforchyn et al., 1998; Yerokhin et al.,
1999; 2004; 2005; Khan et al., 2005; Guo et al.,
2007; Rajasekaran et al., 2008). Unfortunately, some
results have indicated that anodized or PEO coating-
substrate structures have reduced fatigue strength or
fatigue life compared with uncoated substrates (Ei-
fert et al., 1999; Yerokhin et al., 2004; 2005; Raja-
sekaran et al., 2008). Wang et al. (2014; 2015) pro-
vided a method for improving the fatigue strength of
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coated-substrate of Al 2024-T4 alloy by using PEO
with an impregnation epoxy resin sealing pore meth-
od. One of reasons for the improvement in fatigue
strength was that the PEO coating with impregnation
epoxy resin not only “welds” the original thermal
cracks, but also fills in the micro pores or meso pits
previously formed in the PEO coating process or
hard anodized process. This so-called synergistic
effect between coating and substrate is able signifi-
cantly to improve the surface fatigue crack initiation
resistance and the fatigue crack propagation re-
sistance. However, it is still unclear how the rela-
tions of the interface influence the surface defor-
mation and micro cracking behavior of the coating-
substrate structure, especially how to evaluate criti-
cal stress failure in the coating layer or substrate. For
example, little is known about the effect of increas-
ing the coating thickness or adding multiple coating
layers, or the effect of the interface on crack initia-
tion and propagation mechanisms in the micro scale.
Although Tvergaard (2001; 2004) reported interface
crack nucleation and growth under mixed mode
loading conditions based on special interface ele-
ments in theory, relevant experimental results have
rarely been reported. In addition, the suitability of
elastic mechanics theories and finite element (FE)
methods for thin anodized coatings (hard thickness
layers) and relatively thick substrates (relatively soft
thickness layers) has been debated. This is because
the elastic theories used to evaluate the failure stress
are based on the plane strain state which assumes
that the effect of width of coating layer on the strain
or stress can be ignored. On the other hand, there are
difficulties in mesh refinement using the FE method
(Hutchinson and Suo, 1991; Fawcett, 1998; Yan and
White, 1999; Michler and Blank, 2001; Zhao et al.,
2002; Schwaiger and Kraft, 2003; Yang et al., 2014;
Dean et al., 2015). Therefore, to investigate failure
issues of thin coating layers/substrates, experimental
study is the best and directly approach (Wang and
Xu, 2003; 2004; Wang et al., 2004; 2009; Li et al.,
2008a; 2008b; Dean et al., 2015). In addition, it is
necessary to estimate the delivery criterion of stress
close to the interface of thin anodized coatings and
thick substrates using SEM in-situ technology
(Wang et al., 2004; Wang and Fan, 2006; Jia et al.,
2012; Ren et al., 2013; Ren and Wang, 2014).

2 Testing sample preparation and method

All specimens consisted of an anodized MgO
coating and AZ91D substrate with a rectangular
cross-section (30 mmx5 mmx2 mm). Experiments
were carried out by SEM in-situ observation under a
three-point bending loading (Fig. 1a). The sample
subjected to the bending loading was inserted into
the vacuum chamber of the SEM system (Fig. 1b).
Force diagrams of a sample with a two-layer-
laminated beam are shown in Figs. 1a and 1c.

P2 L=20 mm |PI2
g Coatin{layer

Fig. 1 A schematic of the coating-substrate structure
based on SEM in-situ technology

(a) Shape and size of the sample; (b) Experimental method-
ology; (c) Mechanics model of a two-layer-laminated beam.
L is the span length, M. is the bending moment, 4. and A, are
the thickness of the coating and substrate, respectively, d is
the displacement of neutral axis, and P is the applied loading

The chemical composition of the AZ91D sub-
strate was 9.50% Al, 0.90% Zn, 0.17% Mn, 0.05%
Si in weight, with very low contents of copper, iron,
and nickel. The anodized coating on the AZ91D sub-
strate was prepared by a galvanostatic pulse tech-
nique in K;SiO;+KOH+KF solutions with a small
quantity of proprietary additives for about 15 min.
The square pulse current had an average current den-
sity i of 0.05-0.1 A/cm®, the frequency / was
1000 Hz and the ratio (&) of switch time on (z,,) to
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switch time off (¢,5) (a=ton:torr) Was about 5%. The
solution temperature was about 30 °C and the two
end voltages were 330 V and 350 V, respectively.
The thickness of the anodized coating layer meas-
ured from the cross-section of the coating-substrate
using the SEM was about 3040 um (Fig. 2a). Some
micro voids of about 1 um in size were present in the
cross-section of the coating layer. These micro voids
resulted from the release of residual stress during the
anodized coating process. Therefore, the residual
stress in the anodized coating was ignored. In addi-
tion, the interface between the anodized coating and
the AZ91D substrate had a better integrality (Fig. 2a),
although the interface was not regular, as shown by
the arrows in Fig. 2a, where there is neither interface
cracking nor debonding in the region of observation.
The free surface microstructure of the anodized coat-
ing is shown in Fig. 2b. The free surface roughness
was estimated to be about R,=0.3—0.5 pum using an
atomic force microscope (AFM) so as not to cause a
change in the stress in the coating layer.

(b)

Fig. 2 Microstructures at the interface and surface of the
coating-substrate structure

(a) Cross-section image (scale bar 10 pm); (b) Free surface
image (scale bar 5 um)

The main mechanical properties of the anodized
coating-substrate structure are listed in Table 1. The
Young’s modulus of the anodized coating-AZ91D
substrate and AZ91 alloy are similar (Konsta-
Gdoutos and Gdoutos, 2005). However, the strength
and elongation of the anodized coating-AZ91D sub-
strate were lower than those of the AZ91D bulk sub-
strate. One of reasons is that the sample can be de-
fined as composite layers of structural material so
that the strength and toughness of the structural ma-
terial decreases with increasing thickness of the coat-
ing (Li et al., 2002).

The micro crack initiation and propagation tests
of the anodized coating-AZ91D substrate were car-
ried out using SEM in-situ observation at room tem-
perature in a vacuum chamber (10 Pa) (Figs. 1b
and 1c¢). To achieve a good roughness R, of the ob-
servation cross-section (R, was about 0.8-0.9 um),
each cross-section was carefully polished with
P1000-P2000 (grits page) abrasive papers before the
bending tests were carried out (Fig. 2a). A signal
from the SEM was directly transferred to a computer
via a direct memory access type A/D converter, mak-
ing it possible to sample 960x1280 frames of SEM
images successively in in-situ observation during the
bending test. All bending tests were controlled by a
stroke ratio of 107 mm/min (Wang et al., 2004;
Wang and Fan, 2006; Huang et al., 2007; Jia et al.,
2012; Ren et al., 2013; Ren and Wang, 2014).

3 Theoretical background

This method is based on the neutral axis main-
taining its original position achieved through a side
anodized specimen (Fig. 1c). The two-layer-
laminated beam was subjected to a bending moment
M and shear force S. The coating layer and AZ91D
substrate were assumed to display elastic-plastic be-
havior (Stoney, 1909; Ren ef al., 2013; Dean et al.,
2015). For a relatively thin coating and relatively
low substrate stiffness, the inside stress gradient can
be ignored. The shear force S and bending moment
M, at a distance of x from the edge in a three-point
bending test (Fig. 1c), are given by

S =P/2, M_=Px/2, 0<x<L/2,
S =—-P/2, M =PLI2—Px/2, L/I2<x<L.

(1a)
(1b)
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Table 1 Mechanical properties of the anodized coating-substrate structure

Coating-substrate system E (GPa) Poisson’s ratio 0v» (MPa) op (MPa) 5 (%)
Coating-substrate in 330 V 42 0.385 100 169 5.7
Coating-substrate in 350 V 42 0.385 96 164 5.1

AZ91D bulk substrate 42 0.390 170 203 10.2
Coating layer 37 0.350

oy is the uniaxial tensile strength, oy, is the yield strength, Jis the percentage elongation, and £ is Young’s modulus of the anodized

coating-substrate structure

The shear stress 7, is taken up mainly by the in-
terface of the substrate (Fig. 1c). The tensile stress o,
is able to be estimated roughly using the so-called
Stoney equation (Stoney, 1909) as follows:

Eh]
o = ,
°~ 6Rh,

2

where the subscripts s and ¢ denote the substrate and
coating element, respectively, and Es is Young’s
modulus of the AZ91D alloy. Therefore, the bended
curvature radius R can be determined based on the
known span L, h (h=h.ths), and the measurable pa-
rameter d in the SEM in-situ testing process can be
approximately expressed by

R® =(§J +(R-d), (3a)

1 2 2
R=—( +4d*), 3b
Sh( ) (3b)

where the displacement d, as shown in Fig. 1c, can
be indirectly and accurately measured by the SEM
in-situ bending process.

Due to strain compatibility at the interface of
the coating-substrate, the maximum tensile stress in
the substrate o; (Fig. 1) occurs at the interface of the
coating-substrate and is given as follows (Fawcett,
1998; Konsta-Gdoutos and Gdoutos, 2005):

oo M. B @
S bhh E.

where E, is Young’s modulus of the coating material,

and b (2 mm) is the width of the beam. Li et al.

(2002) proposed the formula shown in Eq. (3) for

estimating Young’s modulus. The benefit of this

method is that the E value obtained represents

the overall property of the bulk coating. Therefore,
Young’s modulus of the anodized coating layer was
also calculated as follows, according to Eg:

3
2 E +1E =L
484 (5)
I _J-hc+hg/2 2y, T _J‘hg/ 2pd
c h/2 y, s ‘hs/y Ly,

where /. and /; are the moments of inertia coating
and substrate, respectively.
The shear stress 7, in the substrate is given by

s (6)

When the normal stress in the substrate is small
relative to the shear stress, it can be assumed that
substrate failure occurs when the shear stress reaches
the critical value of interface bonding strength.
Therefore, the critical failure stress either in the coat-
ing layer or at the surface of the substrate occurs
when the distance x is L/2.

The presence of a stress or deformation gradient
on the coating-substrate structure under the bending
test is important in the evaluation of the mechanical
behavior of the anodized coating-substrate. The
stress distribution in the close vicinity of the coating
layer needs to be effectively determined, although
the stress gradient in the coating layer can be ignored.
Hutchinson and Suo (1991) investigated mixed mode
cracking in an interface with different materials from
essential mechanics analysis, but the inside stress or
strain at the coating layer was not determined, and in
particular, there were no experimental data related to
the thin coating-film-substrate structure. Yan and
White (1999) showed how to estimate the residual
stress in the coating layer using an experimental
method based on the thickness of both the coating
and substrate.
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In this study, the flexural stress was estimated
using Eq. (7) from Wang et al. (2009) and Eq. (8)
from Yan and White (1999). These equations ade-
quately consider the effect of transversal strain on
the longitudinal stress. Biaxial stress is different
from the Stoney equation (axial stress) in that the
flexural stress involves the indirectly measurable
parameters of the biaxial elastic modulus and radius
of flexion for a two-layer beam.

2
O-c = Ee u hs >
“ 6h_R

(7

where Eequ=[Es/(1—05)] is the biaxial elastic modulus
of the coating-substrate, vs is the Poisson’s ratio of
the AZ91D substrate (Table 1), and o, is the biaxial
stress in the coating, which is defined as the re-
strained stress. A measurement of the flexural stress
can be estimated based on the thickness of the coat-
ing, Young’s modulus, and Poisson’s ratio as fol-
lows (Yan and White, 1999):

hE,
o = el
T 6R(I—0,)
y (I+4af+6a’ f+4c’ f+a’ B)
(1+a)1+ap)

(®)

>

_E(d-v)
CE(1-v)
ratio of the coating layer. The thinner the coating
layer, the more difficult it is to measure Poisson’s
ratio. In addition, as h.<hs, p=hy/2 (p is the distance

h, . .
where a=h—5, £ , and v, is Poisson’s

C

of the neutral axial from the coating-substrate inter-
face). z is the size of the interface layer between the
coating layer and the substrate thickness, so z is de-
fined as 0 in the anodized coating-substrate because
the interface layer was enough small (about 1-5 pum)
(Fig. 2a) to be ignored.

According to the parameters in Table 1 and
methods for estimating biaxial stress from Egs. (7)
and (8), which differ mainly in their simplicity and
convenience, the surface flexural stresses were con-
sidered the obvious effects of the thin coating and
mechanical properties. Note that the flexural stress in
Eq. (7) depends mainly on the elastic properties of
the substrate and the geometric relations of the

coating-substrate structure. Typically, the thickness
of the anodized coating layer is about 30—40 um, and
the ratio of the thickness is about 100. In such cases,
the equivalent Young’s modulus is completely dom-
inated by the properties (£ and v;) of the substrate.

4 Results and discussion

4.1 Quantitative analysis of flexural stress based
on SEM in-situ observation

Fig. 3 shows the relationship between the flex-
ural stress and the stroke displacement (d), which is
defined as the displacement of the indenter, calculat-
ed using three different methods based on Eq. (7),
Eq. (8) (Yan and White, 1999), and the flexural
stress equation for a traditional beam, as follows:

M,y
1

z

9

200

Three-point bending testing for
coating-substrate system

(Yan and White, 1999) y@
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Fig. 3 Relationship between flexural stress and stroke
displacement

The moment M, 18 a function of the stroke
displacement or the flexural radius of the two-layer
beam. The flexural stresses measured using the three
methods are plotted in Fig. 3. These results indicate
that the stresses determined by Eq. (7) and the previ-
ous method (Yan and White, 1999) were similar, but
the results from using the traditional method based
on Eq. (9) differed somewhat from those obtained
using Eqgs. (7) and (8). One of the reasons is that the
effect of the coating layer on the estimated stress in
elastic-plastic scope is ignored and the method based
on Eq. (9) does not satisfy the requirement of plane
strain assumed theory.
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To explain clearly how the flexural stress varied
with the deformation of the beam, the curves of flex-
ural stress based on the different methods are given
in Fig. 4. As the flexural radius changed from 0 to
100 mm and the displacement d changed from 0 to
1.8 mm, the flexural stresses decreased more rapidly
based on Egs. (7) and (8) than it did using the tradi-
tional method. Thus, with slight variation in the
flexural radius, the flexural stress at the coating layer
showed observable wvariation. The inflexions of
curves based on the results from Egs. (7) and (8)
suggest that failure occurs easily during the inflexion
process, because the coating layer of the beam might
be subjected to plastic deformation. That is, when
the flexural radius of the beam varied from 79 mm to
50 mm, the flexural stress at the free surface of the
coating layer increased from 45 MPa to 80 MPa.
This can be approximately transformed (¢=¢/E) in
the elastic-plastic region with the corresponding
strain values of 122 pe (45 MPa) and 2160 pe
(80 MPa) at the coating surface. As a general materi-
als mechanics concept, when the engineering strain
is equal to 2000 pe, the strength of the material is
able to define the offset yield strength. Therefore,
plastic deformation may have occurred at the coating
layer at that moment. This means that the offset yield
stress of the anodized coating is about 80 MPa,
which is lower than that of the coating-substrate
beam (96 MPa) at 350 V (Table 1). Although the
critical failure stress of this coating-substrate beam
has been estimated by the above analysis method,
the result needs to be verified by experimental re-
sults based on the SEM in-situ technology.

200

Three-point bending for coating-substrate system
(Yan and White, 1999)
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Fig. 4 Relationship between flexural stress and flexural
radius

4.2 Failure types of coating-substrate beam un-
der three-point bending loading

Fig. 5 shows a topically enlarged image of the
cross-section of the coating-substrate structure with
the interface. When the flexural stress reaches about
65 MPa (e.=1757 pe, which is defined as the elastic
range of the coating-substrate structure) based on
Eq. (7), obvious cracks of about 3—5 um were ob-
served at the shrinkage defects in the coating layer
and at the coating-substrate interface. This flexural
stress was rather lower than the yield strength of the
coating-substrate structure (Table 1) and the above
mentioned estimated value of about 80 MPa. This
reflects the fact that multiple cracks and interface
delamination at the coating layer may occur during
the elastic deformation process of the beam, espe-
cially near the shrinkage voids. This is because stress
is concentrated in these micro regions. Another rea-
son for the failure is that the flexural stress at the
coating layer is a biaxial stress including the flexural
stress and a restraint stress induced by plastic defor-
mation in the width direction of the substrate. With
increasing curvature of the beam (such as when the
flexure stress reached about 88 MPa (¢.=2378 g)
based on Eq. (7)), the coating layer was subjected to
a higher strength level so that fragmentation and
spalling occurred and more cracks occurred at the
substrate and coating layer (Fig. 6). The local frag-
mentation and spalling at the coating layer con-
firmed that the coating layer is subjected mainly to
biaxial stress and the local coating completely lost
the function of surface protection. Therefore, the
critical deformation or flexural stress of the anodiz-
ing coatings can be obtained based on the failure
analysis. That is, the critical flexural stress was esti-
mated to be between 65 and 88 MPa (the relative
radius of the beam is between about 70 and 50 mm).
With increasing flexural stress (such as 100 MPa,
£~2703 pe based on Eq. (7)), not only did the coat-
ing layer show complete spalling or delamination
from the substrate at the flexural top of the beam
(Fig. 7a), but also multiple macroscopic cracks
formed in the substrate (Fig. 7b). Therefore, the
coating-substrate beam suffered complete failure
when the flexural stress reached 100 MPa. The fail-
ure characteristics of the anodized coating-substrate
beam indicated that the types of failure were mainly
multiple cracks in the coating layer and substrate,
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spalling of the coating layer, and interface cracks in
the shrinkage region. Therefore, the SEM in-situ
observation results indicated that the damage charac-
teristics of the anodized coating-substrate beam can
be summarized as follows: (1) the initiation and
propagation of multiple cracks occurred mainly at
the site of shrinkage in the coating layer and the in-
terface. When the flexural stress reached about
88 MPa, multiple cracks propagated in the substrate
and appeared discontinuous. (2) The propagation of
macro cracks was not apparent either at the interface
or inside the coating. This suggests that the adhesion
between the anodized coating layer and the substrate
is large enough not to induce interface crack propa-
gation in the macro-scale, but some shrinkage occurs
on the interface in the micro-scale. Shrinkage voids
lead easily to crack initiation. (3) The spalling/
delamination of the coating layer occurred mainly in
the vicinity of the maximum flexural stress point.
One of the causes of failure due to spalling/
delamination is that the coating layer is subjected to
the action of biaxial stress.

Fig. 5 Enlarged microstructure near the interface region
(the flexural stress is 65 MPa, scale bar is 5 pm)

L ) R ~
Fig. 6 SEM image at flexural stress (88 MPa) based on
Eq. (7) (scale bar is 10 pm)

Fig. 7 (a) SEM image at the flexural stress (100 MPa)
based on Eq. (7) (scale bar is 50 pm); (b) SEM image at
the flexural stress (23 MPa) based on Eq. (7) (scale bar is
500 pm, R=300 mm)

4.3 Crack initiation at the interface based on dig-
ital image correlation method analysis

Although the cracking and debonding behaviors
of the anodized coating-substrate beam can be char-
acterized according the SEM in-situ images, the mi-
cro displacement and deformation fields on a cross-
section of the beam close to the located failure re-
gions during a discretional applied loading process
can also be calculated and quantified using a digital
image correlation method (DICM) (Vendroux and
Knauss, 1998; Wang and Kang, 2002; Ma and Jin,
2003; Zuo et al., 2010; Li et al., 2013). DICM uses
patterns of two SEM in-situ images from the same
area under different bending curvatures. SEM imag-
es with and without deformation are compared using
a pixel and its signature. If an initial deformation
state in a small region of the SEM image is chosen
as the reference subset, any other deformation state
in another SEM image that corresponds to the initial
deformation state can be defined as the target subset
of image patterns. The two subsets share a relation-
ship between the deformation field, and more im-
portantly, the deformed region. Therefore, the
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measurable mismatched deformation is changed to
compare the extent to which subsets move between
the two images. A mathematical correlation coeffi-
cient U'(u", v") for determining deformation parame-
ters of the gray levels was used to obtain the dis-
placement components u(x, y) and v(x, y) between
the speckle variation in two SEM images, in the x
and y directions, respectively, as follows:

NS RPN IO,
S x> gy

where u, Vv are the x-displacement and y-
displacement, respectively. fi(x, y), i(x , y*) are the
gray levels at any point in the reference and de-
formed images, respectively. The searching correla-
tion was carried out among sub-matrices for each
pixel with different values of 4" and v". The correla-
tion coefficient U indicates how closely the two
subsets are related. The matching point is obtained
when U" reaches a maximum value where the pa-
rameters satisfy « =u and v'=v, from which the dis-
placement components u(x, y) and v(x, y) can be de-
termined by searching the overlapping subsets in the
whole image. Therefore, U=0 corresponds to image
correlation. Because there are systematic errors, ran-
dom errors, and distortion of images, the correlation
coefficient U" cannot equal 0. That is, the minimum
of U is considered a coincidence of the assumed
displacement and strain values with the actual de-
formation components. Thus, the deformation or
displacement measurement becomes an optimization
process of repeated iteration calculation for the min-
imum of U’. In this section, the SEM and DICM are
combined to quantitatively evaluate the micro de-
formation of the surface of the coating-substrate
beam. The key characteristics of the analysis method
are that it is more suitable for identifying defor-
mation at a micro scale and is able to make adequate
use of the variation in gray levels with the obvious
concave-convex characteristic in the SEM in-situ
images (Zuo et al., 2010). Based on the above men-
tioned principles and advantages of DICM, two SEM
images each with different magnifications of 500,
1000, and 2000 times were compared. At the 95%
confidence interval, there was a resolution that was
about 0.007 to 0.048 of the SEM images. Therefore,

* # *

U@,v)=1

. (10)

this indicated that the precision of the results was
less than 0.05 pixels. In the SEM in-situ observation
images, the actual length was 0.95 pixels/um and the
accuracy of the DICM was 0.05 pixels. Therefore,
the error range of the analysis result was about
0.01 pm.

Fig. 8 shows the estimated deformation level
according to the displacement change in the Langrage
coordinate by using a mathematical computing soft-
ware package code (Sharpe et al., 2007; Eberl et al.,
2010), which can also be used for calculating other
parameters. We found that the result produced by
this software agreed with the previous results (Figs. 5
and 6). For example, the maximum relative dis-
placement determined using the mathematical com-
puting software package was about 10.5 um. To re-
duce the error and to obtain an accurate deformation
field or the deformation mismatch points close to the
interface between the anodized coating and the
AZ91D substrate, the mathematical computing soft-
ware package can be used to filter some noise in the
distortion image. The peak values of strain distribu-
tion in the y-direction indicated that the strain varia-
tion was not more than 2500 pe and the inferior peak
value of the strain was about 1000 pe. This means
that the peak value of about 1000 pe is the critical
deformation value between the anodized coating and
the AZ91D substrate. This result of about 1000—
2500 pe strain roughly corresponds to the critical
failure stress (biaxial stress) of about 45-100 MPa.
As mentioned above, the failure stress of the ano-
dized coating-AZ91D substrate structure was from
about 65 MPa to 88 MPa based on SEM in-situ ob-
servations and using Eq. (7). Therefore, DICM

) Cracking,
spalling/delamination

X direction

Fig. 8 Strain distributions near the interface based on
DICM technology
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technology can be used not only to evaluate the fail-
ure point qualitatively, but also to estimate roughly
the critical failure stress or strain of the anodized
coating-AZ91D substrate (Fig. 8). The failure strain
ranges of the coating layer estimated using DICM
and Eq. (7) based on the SEM in-situ measurement
method were in good agreement. This is because the
coating layer is subjected to biaxial stress, not uniax-
ial stress, and because of the material’s tensile
modulus effects.

5 Conclusions

The quantitative evaluation of failure of an an-
odized coating-substrate beam based on the flexural
radius R of a beam with a thin coating layer was in-
vestigated using SEM in-situ observations and
DICM. The main results obtained from this study
were as follows:

1. The adhesion between the anodized coating
layer and the substrate was large enough not to cause
interface crack propagation even if an interface crack
was initiated. The anodized coating layer had good
interface strength.

2. Evaluation of flexural stress under three-
point bending loading using Egs. (7) and (8) was
more suitable for the coating-substrate structure than
evaluation based on Eq. (2). There was a less than
5% difference between estimates obtained using
Egs. (7) and (8), but the method based on Eq. (7) is
simpler. The critical stress of failure (65 MPa) was
obtained for the anodized coating-substrate structure
under three-point bending loading. The stress was
biaxial, including the flexural stress and a restraint

stress induced by plastic deformation of the substrate.

3. The types of failure of an anodized coating-
substrate beam under flexural stress are multiple
cracks at the coating layer, interface, or substrate.
Cracks at the interface and in the coating layer are
formed preferentially. However, as the flexural stress
increases, multiple cracks are initiated and propagat-
ed in the substrate. These are accompanied by
spalling/delamination of the coating layer in the vi-
cinity of the maximum flexural stress point when the
flexural stress is more than 88 MPa, which is lower
than the yield strength of an anodized coating-
AZ91D substrate structure at 350 V.

4. Estimates of the range of the failure strain of
the coating layer obtained using DICM were in good
agreement with those obtained using Eq. (7) based
on SEM in-situ measurement method. This is be-
cause the coating layer is subjected to biaxial stress
rather than uniaxial stress, and because of the mate-
rial’s tensile modulus effects.
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