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Abstract The analysis of moiré data obtained in
bimaterials with near-interface cracks is examined.
To extract stress intensity factors, a collocation-type
method is developed where Westergaard crack-tip exp-
ansions are used for displacements in the cracked por-
tion of the bimaterial, expansions from the method of
fundamental solutions are used for displacements in
the uncracked portion of the bimaterial, and continuity
conditions at the interface are used to couple the two
expansions. Proof-of-principle numerical experiments
performed on synthetic data from a boundary element
analysis of a cracked bimaterial successfully demons-
trated the analysis method. Mixed-mode stress intensity
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factors were then determined from actual moiré data
obtained in a copper—tungsten specimen.
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1 Introduction

A variety of optical methods of experimental mecha-
nics have been used successfully to measure the stress
intensity factor at a crack tip. Methods such as pho-
toelasticity (Dally 1979; Etheridge and Dally 1977;
Sanford and Dally 1979; Schroedl and Smith 1975)
and caustics (Rosakis and Zehnder 1985; Theocaris
and Gdoutos 1972; Kalthoff 1987) have been extensi-
vely applied to both stationary and propagating cracks
to extract stress intensity factors in both the opening
mode, K7, and the forward shear mode, K. The advan-
tage of these methods is the determination of either the
stress intensity factor or the fracture toughness directly
from the experiment. This is especially useful when
the experiments being analyzed are non-standard and
no readily available formulas are available for determi-
ning the stress intensity factor from measured load and
displacement data.

Moiré methods are another optical technique which
have been widely used for the analysis of crack-tip
stress fields. Moiré methods rely on the geometric inter-
ference between a deforming grating and a fixed grating
to generate quantitative, full-field displacement data.
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The fixed grating may be a physical grating, or may
be generated by the interference between two mutually
coherent beams of laser light (Epstein and Dadkhan
1993). The latter technique is commonly referred to as
moiré interferometry. The moiré method has also been
employed in a scanning electron microscope (Dally and
Read 1993) where electron-beam lithography is used to
generate the specimen grating and the scanning motion
of the electron beam in the microscope naturally forms
areference grating. Electron-beam moiré has been used
to study fracture of fiber reinforced plastics (Read and
Dally 1994) and the mechanical behavior of conductive
adhesives (Drexler and Berger 1999).

One difficulty in terms of the analysis of displace-
ment data obtained by moiré methods is the wealth of
data available from a particular experiment.
Barker et al. (1985), developed a linear least-squares
method to extract the opening mode stress intensity fac-
tor, K1, from the measured displacement fields. The dis-
placement field around the crack tip was written using
generalized Westergaard expansions (Sanford 1979),
which are equivalent to the usual Williams expansions
(Williams 1957). The unknown coefficients in the dis-
placement field expansions are determined through
least squares fitting to the displacement data. The eff-
ects of rigid body rotations, uncertainty in crack-tip
location, and the degree of redundancy in the data were
all investigated in Barker et al. (1985).

In this paper, we extend the method of Barker et al.
(1985) to problems involving a cracked bimaterial. In
particular, we are interested in the analysis of moiré data
obtained around a crack tip which is in close proximity
to the interface between the two parts of the bimate-
rial. Some of the moiré data available for analysis is in
the uncracked portion of the bimaterial; however, the
Westergaard expansions are only valid in the material
containing the crack. These solutions will not satisfy
the continuity requirements on displacement and trac-
tion across the interface, so they are not valid in the
uncracked portion of the bimaterial. We use expres-
sions for the displacements in the uncracked portion
of the bimaterial determined from the expansions used
in the Method of Fundamental Solutions (MFS) (Fair-
weather and Karageorghis 1998). The MFES is a mesh-
free numerical method which has been applied to a
variety of problems including harmonic and biharmo-
nic boundary value problems (Poullikkas et al. 1998),
potential, Helmholtz and diffusion problems (Golberg
and Chen 1999), and elasticity problems (Berger and
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Karageorghis 2001). Here, we use the MFS expansions
for displacement in the uncracked material, the Wes-
tergaard expansions for displacement in the cracked
material, and enforce continuity conditions across the
interface between the two materials. The continuity
conditions then serve to couple these two expansions.
We then use a linear least-squares method to deter-
mine the coefficients in the two expansions from the
moiré data. Knowledge of the coefficients allows us to
calculate the stress intensity factor(s), the T -stress, and
other stress-field related parameters.

We will demonstrate the developed methodology on
two example problems. In the first example, we ge-
nerate synthetic moiré data using a boundary element
analysis of a cracked bimaterial. The results show good
convergence for Ky values as the number of terms in
the expansions are increased. For the second example,
we apply the methodology to experimental moiré data
obtained from a copper—tungsten bimaterial specimen
loaded in bending. Again the results for Ky, and also
K71 in this example, show good convergence with very
low least-squares residuals.

2 The MFS

We first consider the displacement field in the uncra-
cked portion of the bimaterial shown in Fig. | (material
A). We assume the material is isotropic with Poisson’s
ratio v, so in the absence of body forces the displace-
ments u and u are governed by the Navier equations,

A+ wu(P)iij +pu(P)ijj =0 i, j=12, (1)

where A and p are the Lamé constants, P is the calcula-
tion point for the displacements, P = (x1,, x2,), and
the usual summation convention is implied over repea-
ted indices. The strains ¢;;, i, j = 1, 2, are related to
the displacement gradients by

1 (0u; Oduj
gii=— | — +—2), 2
Y 2(axj+ax,~) @
and the stresses 0y, i, j = 1, 2, arerelated to the strains
through Hooke’s law by

0ij = Adjjerk + 2usij, 3)

where §;; is the Kronecker delta. The fundamental solu-
tions of the system of Eq. 1, which physically represent
the displacement field due to a point load in the solid,
are given by the two-point functions
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Material A

Material B

Fig. 1 Cracked bimaterial specimen

(x1, — x1,)?
Gi(P, Q) = (B3 —4v)logrpg — ———24—, 4
rPQ

(-xlp _-le)(-x2p —sz)

Gn2(P, 0)=Gx (P, Q)=

g ’
5)
_ 2
Ga(P, 0) = 3 — 4 logrpg — 222200 )

rPQ
where Q is the location of the point load, Q0 =
(x14, Xx24), and

rpQ = \/(mp —x19)? + (X2, —x24)%.

Note in Egs. 4-6 that some constant factors premul-
tiplying the G;; terms have been dropped; however,
these constants are absorbed in the coefficients of the
expansions taken below.

In the MFS, the displacements are approximated by
a linear combination of fundamental solutions as

N N
i (P) =D " a,G11(P, Q) + D _baGia(P, ), (7)

n=1 n=1
N N

ua(P) =D a,G21(P, Q) + D buGaa(P, ), (8)
n=1 n=1

wherea = (ay,az,...,ay),b= (b1, by, ...,by)and
Qis a2N-vector containing the coordinates of the point
sources Q ;, which lie outside the physical domain of
the problem. Since the calculation point, P, and the
source points, Q ;, are never coincident, the log terms
in the fundamental solutions, Eqgs. 4-06, are never sin-
gular. In the standard MFS, a set of points {P,'}l./‘i | is

selected on the boundary of the physical domain and
the coefficients a,b and the locations of the sources Q
are determined by minimizing the functional

M
Fa.b.Q = > |Bilui.uz. 11, 1(P) — fi(P)
i=1
H Baluy, uz, 11, 21(P) — f2(P)IP.9)

where the operators B; and B; specify displacement,
traction or mixed boundary conditions and f1 (P), f2(P)
are the prescribed boundary values. If needed, the exp-
ansions for the tractions #; and #, are obtained from the
expansions for the displacement field. The minimiza-
tion of the functional in Eq. 9 to determine a, b, and
Q is performed by minimizing the sum of squares of
m non-linear functions in n variables using a modified
version of the Levenberg—Marquard algorithm.

Alternatively, the locations of the sources Q may be
prescribed. In this case, a linear least-squares problem
is obtained in the coefficients a,b. This is the technique
we will use for the displacements in the uncracked por-
tion of the bimaterial. Movable sources could be inclu-
ded in future investigations, but we shall see that the
simpler algorithm based on prescribed source locations
is effective.

3 Generalized Westergaard expansions near
a crack tip

We next consider the displacements in the cracked por-
tion of the bimaterial, material B in Fig. 1. For a mode
I crack, Sanford (Sanford 1979) generalized the Wes-
tergaard stress function approach to crack problems
(Westergaard 1939) in terms of two complex-valued
functions Z1(z) and Y1(z) as

o = Re Zi(2) — x2 [ Im Z{(2) + Im ¥{(2)]
+2 Re Y1(2), (10)

022 = Re Zi(z) + x2 [ Im Z{(z) + Im ¥{(2)],

1D
—Im Y1(z) — x2 [ Re Z{(2) + Re ¥{(2)].

(12)
Substituting these stresses into Hooke’s law, Eq. 3, and

integrating the strain—displacement equations, Eq. 2,
yields the displacements

Eupy = (1 —v)Re Zi(z) — (1 +v) xa[ Im Z;1(2)
+ Im Y1(2)] 4 2 Re Y1(2), (13)

012
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Euzy = 21m Z1(z) — (1 +v) xa[ Re Z1(2)
+Re Yi(2)] + (1 —v) Im Y1 (2), (14)

where
Zl(z>=/zl(z)dz, Y1(2) =/YI(Z)dZ

the subscript I indicates mode I, and E is Young’s
modulus. For mode II, the generalized Westergaard
stresses are Sanford (2003)
o1 = ImYu(z) — x2 [ Re Yj(2) + Re Zp(2)]

+2 Im Zy(2), (15)

02 = Im Yj1(z) + x2 [ Re ¥{j(2) + Re Z;(2)],
(16)

o12 = Re Z(z) — x2 [ Im Y{;(2) + Im Zj;(2)].
a7
Again substituting these stresses into Hooke’s law and
integrating the strain—displacement equations yields the
mode II displacements
Eupy = (1 =) Im Y1 (2) + (1 + ) x2[ Re Yir(2)
+Re Zii(2)] +2 Im Zn (2), (18)

Eupqp = =2 Re Yi1(z) — (1 +v) x2[ Im Yy1(2)
+Im Zn(z)] — (1 — v) Re Zn(2). (19)

For single-ended crack problems, the appropriate form
of the mode I and mode II stress functions are

J J
Zi) =D A7V Zu() =D ¢V, (20)
j=0 j=0

M M
Yi(2) = D Buz". Yu(@) = Y D" @1
m=0

m=0

Substituting Egs. 20 and 21 in Eqs. 13—-14 and Egs. 18-
19, and then superposing the results yields the series
expansions for the mixed-mode displacements,

J
Eui(r,0) = D> rI*12[A; £;0) +C; p;(0)]
j=0
M

+ D" By gm(0) + D qm(6)],

m=0

(22)

@ Springer

J
Eux(r,0) = D r/T2[A; hj0) +Cj s;0)]
Jj=0
M
+ Z Vm+1 [Bn km (‘9) + Dy, tm(e)] s

m=0

(23)

where (7, 0) are local polar coordinates situated at the
crack tip and

0) — 1—v . 19
fi) = j+1/zcos(]+§)

1
—(1 + v) sinf sin (j — 5) 0, 24)
2
gm@) = p— cos(m + 1)0
—(1 4 v) sind sinmé, 25)

pj(®) = (1+v)sinf cos (j — %)9

2 1
. . ') 26
- sm(J 2) (26)
©) = =¥ sinem + 1)
= si(m
Gm p——
+(1 + v) sinf cosm®, 27)
hi(6) SR i+ Ay
. = sin -
j jr12 VT2
1
—(1 + v) sinf cos (j - E) 0, (28)
1—v .
ki (6) = sin(m + 1)6
m—+1
—(1 + v) sinf cosmb, 29)
(@)= ———" + 1)
S = TR % T
1
—(1 + v) sinf sin (j - 5) 0, (30)

2
tm(0) = T
—(1 + v) sinf sinm6. (€10

cos(m + 1)60

The displacement fields of Eqs. 22 and 23 are valid in
the portion of the bimaterial containing the crack. In the
next section, we link these displacement components
with the MFS displacement fields for the uncracked
portion of the bimaterial.
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4 Coupling of the Westergaard and MFS
expansions

We now consider the data collected in a typical moiré
experiment in a cracked bimaterial. With reference to
Fig. 1, we locate the origin of our coordinate system at
the tip of the crack in material B and the interface is
located at x, = h. The local polar coordinates used in
Eqs.22 and 23 are then unchanged.

In a moiré experiment, the fringe order, N, is mea-
sured at a point in the material. The fringe order is then
related to the displacement at that point by

uj =Njp,

where j = 1 or j = 2 depending on which displace-
ment component is measured, and p is the pitch of the
moiré grating. Over the field of interest in the bimate-
rial, we then have from the moiré experiment data of
the form (xi, xé, u’l ué), i=1,2,...,2M where we
assume that we have M data points in each of material
A and material B.

If the moiré data is obtained in material B, xé < h,
and we obtain both displacements ©; and u; at each
point (x{ , xé), then we use Eqs. 22 and 23 and write

J
Euf (.60 = D r/ 2[4 £;6) +Cj p;@)]
j=0

M
+ D By g (0) + D g (01)].
m=0

(32)

J
Euf(ry 6 = > r 2[4 06 + C 5560
j=0

M
+ D " By kn(61) + D 1w (0],
m=0

(33)

where (r;, 0;) is obtained from the Cartesian coordi-
nates (xi, xé). For the M data points in the cracked
portion of the bimaterial we then have the 2M x 2(J +
M + 2) linear system,

u} _ |:W11 Wi W3 W14] (34)
u? Wat War Waz Was

caw

where the submatrices JVjj have elements given through
Eqgs. 22 and 23 as

—-1/2 —1/2
Wity =1 "> Fac1On) War,, =1 % hy1(6)

W12mn = r,;z 8n—10m) W22m,, = r;’; kn—1(6m)
Wiz = o Pt On) Was,, = 17> 50-1(6m)
Widyy =T Gn-1On)  Wha,,, =1 ta_1(0n).
Finally, we note that the linear system of Eq. 34 is
overdetermined, with 2M > 2(J + M + 2).

Now consider the moiré data obtained in material
A, xé > h, and again we obtain both displacements
uy and u, at each point (xi, xi). For the MFS calcula-
tion, we consider the point sources to be applied on a
line located outside of material A a distance d below
the interface at x; = h — d. The point sources then
have coordinates 0, = (x{, h —d) and the calculation
points have coordinates P; = (x{,xé). We then use
Eqgs. 7 and 8 and write

N

ult(P) = D anGui(Pi. On)

n=1

N
+ D buGia(Pi, On), (35)

n=1

N
MQ(P,') = zanGZI(Ph On)

n=1

N
+ D buGu(Pi, Q). (36)

n=1

For the M data points in the uncracked portion of the
bimaterial we then have the 2M x 2N linear system,

uj! _ |:g11 912}[3} 37)
us G G | [b]’
where the submatrices Gyy have elements given through
Eqgs. 7 and 8 as

Gityy = G11(Pms Qn)  G12,, = G12(Pi, On),
G2t = G21(Pi, Q) 922, = G22(Prn, Qi)

At the interface, xp = h, the traction and displacement
are continuous,

Hx, k) —n(x,h7) =0
t(x1, hT) — ta(x1,h7) =0, (38)

ui(x1, A —ui(x;,h7) =0
ur(x1, ) —us(x1,h™) =0, (39)

@ Springer



212 K. Rozenburg et al.
where the terms evaluated at x, = h1 are formed B J i1
from the MFS expansions and the terms evaluated at ty (r,0) = Z r [Aj ¢;O)+Cjy; (9)]

Jj=0

x» = h~ are formed using the generalized Westergaard
expansions. In order to form these expressions, we first
need the traction components, t; = o;;n j, where o;; is
the stress tensor and n ; is the local normal vector. From
the MFS expansions of Egs. 7 and 8, we then obtain for
the tractions in material A,

N
t1(P) =D [an 84(P. Qu) + by &u(P. Q)] (40)

n=1

N
15'(P) =D " an & (P, Qu) + by pu(P, Q)] (41)

n=1

where
2u(l —v) 3Gy 2uv 3G
8,(P, =
n(P. On) [ 1—2v ox;  1—2v ox |
G G 12
+ 0x2 Maxl 2
2u(l —v) 0Gy 2uv 3Go
IJ7 =
6 (P, On) —2v an < 1—2v am |
n G G
np,
" dx2 H ax1 :
0G 11 G2
(P, Op) = +u ni
0x) 0X1
Z/Lv 3G11 2,bL(l —v) 8G12
na,
1 —2v ox; 1—2v  0dxp 2
G2y 0G22
on(P, Qn) = 11 + nj
0x2 0x1
2uv 3Go; 2u(l —v) aGy
na,
1—2v ax1  1—2v ox | °

where the derivatives of G;; are evaluated at
(P, Q,) and, for the case of a planar interface along
the x; axis, n = (0, l)T. Similarly, from the definition
of the generalized Westergaard stresses given by Egs.
10-12 and Eqgs. 15-17, and the expansions Eqgs. 20-21,
we obtain the tractions in material B

J
t2(r,0) =D 172 [A; Bj(0) + Cj 0 (0)]
j=0

M
+ D" [Bu yim(0) + Dy km(®)] . (42)

m=0
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M
+ D" By xm(0) + Dy 0 (©)], (43)

m=0

where

ﬂj(e)znl[cos(j—%)e
o1 0 sin (i 3 0
—(]—E) sin sm(]—E) ]
oo - .3 p
—ny (] — E) S1Ing Cos (] — E)

Ym(0) = —n1 [m sinf sin(m — 1)6 — 2 cosm0]
+ny [ sinm6 + m sinf cos(m — 1)0]

0) = L ind 3 0
n;j(0) =m |:(] _E) sinf cos (] _E)
+25in(j—%)0i|
o1 0 sin (i 3 0
—ny |:(] _E) sinf sin (] —5)

1
— =)0
+ cos (] 2)
K (0) = ny [ sinmf + m sinf cos(m — 1)0]

—ny m sinf sin(m — 1)60

;i (0) = —n (j—%) sinGcos(j—%)e
~|—n2|:cos(j—%)9
o1 0 sin (i 3 9
+(J_§) sin 3111(]—5) ]

Xm(0) = —ny [ sinm6B + m sinf cos(m — 1)6]
+ny m sinf sin(m — 1)0

Yi(0) =n |:— (j—%) sinf sin(j— %)9
o1
+cos(1—§)9}
o1 - .3 o
—ny (]_5) sind cos (]_5)

wm(0) = —n1 m sinm0 sin(m — 1)60
+ny [ sin(m — 1)6

—m sinf cos(m — 1)0].

Selecting N collocation points along the interface,
; N . . .
[()c’l , h)]i:1 , we then write for the traction continuity of
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Eq. 38, using Eqgs. 40—43, and the displacement conti-
nuity of Eq. 39, using Egs. 7-8 and Eqs. 22-23,

A Az Aiz Aig Ais Ase
A1 Az Az Azg Ads A
Azl Azz Aszz Aszg Azs Ase
Agr Agz Agz Aggq Ass Ase

(44)

coece
|
TJAawEow

which is a 4N x 2(N + J + M +2) linear system. The
submatrices Ajj are

Allmn = 8n(Pms Qn) Alzmn = é‘"(Pm’ Q”)
At = =17 Buc1On) Avayy = =15 21 (6)
Ais = —r:1_3/2 Nn—16m) ./416,”” = _7:7;2 Kn—1(0m)

AZlmn =&,(Ppn, On) -/422,,,n = on(Pn, Qn)

A2z, = — 1" 1 (Om) Aza, = =12 x0—1(6m)
Aos,, = =1 2 Yn_1On) Ass,,, =~ 0nm1 (On)
A3t = Gl Az, = Gi2,,

Azz,, = =W, Aza,, = =Wz,

Ass,, = =Wz, Ase,,, = —Wia,,

Aat,, = 921, A1, = G220

Az, = —Wai,, Aua,, = —Wn,,

Ass,, = =Wa3,,, Asg,, = —Wod,,

where P, = (x{", h), 0, = (x1, h—d) and (1, 0)
is computed from (x{", 2 7).

Combining the linear systems of Eqs. 34, 37, and 44
yields the 4(M +N) x 4(N + J + M + 2) overdeter-
mined linear system

uj [Gi1 Gz 0 0 0 0 7

us G1Gn 0 0 0 0 a

uf 0 0 Wit Wi Wiz Wiy b

uf | |0 0 Wh W Wi Wiy A

0 | | At A Az Aig Ais Aig | | B

0 Az Axp Az Aog Azs Ase C

0 Azt Azx Asz Ass Aszs Asze D
L0 | LAy Ap Agz Asg Ass Ase

(45)

The system of Eq. 45 can be solved with standard lin-
ear least-squares procedures to obtain estimates for the
parameters (a, b, A, B, C, D)T. Here, we use the OR
decomposition as discussed in Longley (1984).

5 Proof-of-principle numerical experiments

To investigate the proposed analysis procedure,
synthetic moiré data was generated for the symmetric
(mode I) crack problem shown in Fig. 2. To gene-
rate the synthetic displacement data, a boundary ele-
ment analysis based on a bimaterial Green’s function
(Berger 1994) was used. The use of a bimaterial Green’s
function in the boundary element analysis allows only
the remote boundaries of the specimen to be discre-
tized. The continuity conditions for displacement and
traction across the interface are enforced analytically
by the Green’s function so no discretization of the in-
terface is required.

The computational domain shown in Fig. 2 was used
for the analysis. Since the problem is symmetric, the
crack was modelled using symmetry boundary condi-
tions. Additionally, the crack-tip was fixed so that u; =
up = 0. The problem is mode I only, so C =D =0
in Eq. 45. The elastic constants of the bimaterial were
taken to be equivalent to those of the copper—tungsten
(Cu—W) composite used in the experiments discussed
in the next section. Specifically, material A is 80% Cu,
20% W, which has a modulus E 4=160 GPa and a Pois-
son’s ratio v4 = 0.330 and material B is 40% Cau,
60% W which has E p=190 GPa and v5=0.286 (Chapa-
Cabrera 2002). Displacements were obtained in the re-
gion indicated in Fig. 2. Both u1 and u» were calculated
at each point in the region shown.

The displacement data was collocated using the for-
mulation outlined in the previous section. The same
number of unknown coefficients were used in the Wes-
tergaard and MFS expansions, so N = J + M + 2.
As we assumed in the formulation, the same number of
displacement data points were taken in material A as
in material B yielding a total of 4 M displacement data
points. To emphasize the abundance of moiré data, we
select fewer than M data points along the interface to
evaluate Eq. 44; namely, we take N = 0.25M. The nu-
merical experiments reported on in Barker et al. (1985)
suggest using roughly 10 times as many data points
as unknown coefficients for good convergence, so we
choose 1I0(M +N)=N+J +M +2.

The results of the combined Westergaard-MFS col-
location are shown in Figs. 3 and 4. In Fig. 3, we
have plotted the opening mode stress intensity factor,
K, as a function of the total number of coefficients
N + J + M + 2. We see from the figure that good
convergence is obtained for Ky at approximately eight
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Fig. 2 Copper—tungsten
model specimen showing
the region of uy, us
calculation

10000

1] 2 4 B a 10 12 14
Number of Terms

Fig. 3 Convergence of K7 from the collocation of the boundary
element data

coefficients. In Fig. 4 the least squares residual is plot-
ted again as a function of the total number of unknown
coefficients. Using 8 coefficients we see the residual is
approximately 4.0 x 1071, Of course these numerical
experiments used perfect displacement data and good
results can be expected. The success of the numerical
investigation provided confidence to apply the analy-
sis method to actual experimental data. This analysis is
discussed in the next section.

6 Application to a Cu—W specimen

Based on the successful application of the analysis
method to the synthetic boundary element data, the data
analysis methodology presented in this paper was used
to extract stress intensity information from experiments
performed on copper—tungsten composite specimens.
The geometry of the Cu—W composite specimen is
shown in Fig. 5. The specimens were fabricated by
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/_ Displacement data region

.

Material A: 20% W, 80% Cu, E4 = 160 GPa, » =0.330

Material B: 60% W, 40% Cu, E4 = 190 GPa, » =0.286

200E8

15E®E L

1 EEL8 \\
140E08 \
12E3

1 (0E-C8 \
BO0E-10 =‘\

Residual

BE-10 \\
A0E-10 Ly
““““15__‘__\__.
20E-10
OOE+D
1] 2 4 [ 8 0 12 it
Number of Terms

Fig. 4 Residual from the collocation of the boundary element
data

sintering through hot pressing, described in detail
elsewhere (Chapa-Cabrera and Reimanis 2002).
Four-point bend bars (3mm x 8 mm x 30mm) were
machined from the hot-pressed specimens with electro-
discharge machining. A notch of length 3 mm was then
machined into the specimen. A 1200 line/mm alumi-
nized grating was fixed to the surface of the four-point
bend bar with epoxy. Sharp precracks were grown at
the base of the notch in each specimen by fatigue,
parallel to the 8mm dimension. Each specimen was
then loaded in four-point bending until the crack
extended.

Phase-shifted moiré intereferometry (PSMI)
was used to collect the crack-tip displacement field,
similar to experiments described in Steffler 2001. A
typical fringe pattern obtained for the u-field is shown
in Fig. 6. The displacement data generated with PSMI
were analyzed using the Westergaard-MFS algorithm
to extract the stress field parameters. Figures 7 and 8
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Fig. 5 Copper—tungsten
specimen
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Fig. 6 Phase-shifted moiré fields for the u-displacement obtained in the copper—tungsten specimen
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Fig. 8 Convergence of Kp Lty
from collocation of the %
experimental moiré data BIE4 ‘\
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illustrate the convergence of K and Ky as a function
of the number of unknowns in the series expansions.
Each figure shows the results of the collocation using
data from the u; and u; fields individually as well as
the combined u; and u, fields. The results from the
combined fields shows convergence to a slightly hig-
her value of K7 than the results using the individual
fields, consistent with results in Sanford (2003); it is li-
kely that the increased redundancy in the combined data
from both u1 and u fields leads to higher accuracy. The
plot for K1 shows only the combined u; and u; fields.

Kic measured for the 60% W—-40%Cu composition is
4.5MPa-/m. The K| value measured in the same com-
position here is approximately 4 MPa - /m. This value
is lower because the displacement field is taken after
the crack has arrested and thus, K1 should be lower than
Kic. K1 is expected to be orders of magnitude lower
than Ky because the crack is extending under mode I
conditions and a K1y =0 fracture criterion should apply.

7 Summary

In this paper we have developed a method applicable to
the analysis of moiré data obtained in cracked bimate-
rial specimens. The analysis technique allows the use
of displacement data obtained in the uncracked portion
of the bimaterial by using expansions from the MES
Coupling these expansions with the usual Westergaard
crack-tip expansions allows one to take full advantage
of the data available from a moiré experiment. Our nu-
merical results indicated the methodology worked well
on synthetic data generated from a boundary element

@ Springer
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analysis, and the application of the methodology to ac-
tual experimental data was successful. Although both
example problems investigated here contained a planar
interface, the method can easily be used on problems
with curved interfaces.
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