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ARTICLE INFO ABSTRACT

Keywords: This study proposes a Mode I double cantilever beam (DCB) test method for debonding thick
DCB test elastic adhesive layers. The approach integrates Bernoulli-Euler beams connected via spring
Aldheswe layer elements akin to Winkler’s foundation. Energy release rate determination considers crack length
Elasticity

correlation with elastic deformation in the crack-front region, accounting for both beam rotation
and lateral movement. Evaluation of Ti6Al4V samples bonded with FM 309 adhesive revealed
higher initial energy release rates with the conventional beam theory and conservative values
with the modified beam theory. The proposed method offered improved consistency, and less
conservative energy release rate values compared to the modified theory.

Winkler’s foundation
Energy release rate
Bernulli-Euler beam

1. Introduction

The reliability of adhesive bonding in passenger aircraft structures have been debated, necessitating a classical design sup-
plemented with fastening in bonding joints [1,2]. In particular, the case of Air Transat Flight 961 “Loss of Rudder in flight” in
2005 was found to be caused by “Weak Bond”, which is an unexpected loss of bonding performance, resulting in increased doubts
about the reliability of adhesive bonding [3]. Based on the status of adhesive bonding in aircraft structures, the Federal Aviation
Administration (FAA), USA, had established an international working group on metallic and composite structures for airplanes
suitable for air transport operations, and had finalized its recommendations in the “Transport Airplane Metallic and Composite
Structures Working Group - Final Recommendation Report on Structural Bonding [4]”. This recommendation report proposes a
change in the adhesion-related sections of FAA Advisory Circular 20-107B “COMPOSITE AIRCRAFT STRUCTURE” as general visual
inspection (GVI) is considered inadequate to detect bond failure; the most effective methods, including detailed visual inspection
(DVI) and non-destructive testing using equipment, should be applied to inspect the flange side edge of the bonded area [5]. In
addition, it has been reported that local peel forces or Mode I loadings exist in the stress distribution of bonded joints, whereas
most bonded joints and attachments are designed primarily to transfer shear loads. Therefore, a test method is required to assess
whether adequate visual inspection or non-destructive testing is applied to cracks along the bonded line under Mode I loading
conditions. These basic data are essential for designing adhesive joints in aircraft applications.

Double cantilever beam (DCB) test is a potential candidate as it is a simple yet powerful method to investigate mode I energy
release associated with crack propagation through an interface between two plate coupons. Moreover, it is already standardized by
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Nomenclature

A, Integral constants or analytical coefficients
B; Integral constants or analytical coefficients
BT Beam theory

CF Correlation factor

DVI Detailed Visual Inspection

E Young’s modulus

Eg Young’s modulus of the beam

Ep Young’s modulus of the foundation

Erf Error function

f(x) Deflection function of the beam

fe(x) Lateral position of the cracked section
G Energy release rates

Gpca Energy release rate in the DCB test form
GVI General Visual Inspection

I Moment of inertia of the area

L Hinge loading-arm length

/ Crack length

I i th data of crack length

M Moment

M. Moment at the crack tip

MBT Modified beam theory

P Lateral load

P Lateral load at the crack tip

Ryr Selection parameter for beam theory
Rypr Selection parameter for modified beam theory
S.D. Standard Deviation

t Thickness

tbeB Adhesive thickness of DCB test sample
tg Beam thickness

tp Thickness of the Winkler’s foundation

U Strain energy of the beam

w Beam width

x Distance along beam from tip

a Converted coefficients

1/a Proposed crack-length correlation factor
p Integration constants

A Compliance

A; ith data of compliance

x Crack length correlation factor

1 Crack opening displacements

A Crack length correlation factor of the modified beam theory

the International Organization for Standardization (ISO) 15024, American Society for Testing and Materials (ASTM) D5528, D3433,
and Japanese Industrial Standards (JIS) K7086. Additionally, it is widely used to obtain the energy release rate values of mode I
delamination for thin layers such as laminated composite materials [6-9]. The current DCB test standards set the scope for a crack
to extend through a thin interface; thus, elastic deformation can be ignored. Therefore, there is no lateral deformation of the beam
cross-section at the crack front, and the beam region where the crack does not extend shows no deformation. However, as reported
by Akhavan-Safar et al. for the mode I fracture toughness of adhesive layers [10], in adhesive layers where the thickness is not
negligible, as is often the case in engineering applications, it is questionable whether the energy release rate obtained from the DCB
test corresponds to the fracture toughness of the adhesive. Therefore, the scope of DCB test standards should be widened to include
cases for the elastic layer of non-negligible thickness causing rotation and lateral deformation of the beam cross-section at the crack
front and deformation of the region where the crack has not yet extended.

The theoretical background of the present DCB test was a Bernoulli-Euler beam with fixed and free ends, assuming loading
perpendicular to the longitudinal direction of the beam. Bisshopp et al. derived an exact solution for the bending displacement of
a single beam using an elliptical function and showed that the difference between the bending of a Bernoulli-Euler beam and the
exact solution was within a negligible range when the bending displacement was less than 20% of the beam length.[11]. Based on
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this solution, Devitt et al. determined the fracture toughness in the form of an implicit function and verified it for E-glass fiber-
reinforced epoxy laminates using a fracture toughness test method; for this, they applied a devised jig to reduce the errors caused
by the moment generated by the hinge loading arm [12]. Ashizawa et al. devised a hinged double-cantilever beam test method to
minimize the moment [13].

Contrarily, under increased loading, owing to the development of toughened epoxy resins, some moments become significant
because of the increased hinge loading arm of the high-load hinge. Moreover, the exact solution as an implicit function requires
a numerical table for the normalized parameters. These requirements can render engineering applications challenging. Therefore,
Wang et al. derived an approximation formula that considers the effect of the hinge loading arm as an explicit function using series
expansion [14] and derived a rigorous solution that considers the effect of the hinge loading arm by adding a correction term to
the Bernoulli-Euler beam theory [15]. Thus, it is practical to establish a DCB test method. In test standards, such as ASTM D5528
and ISO 15024, the correction formula proposed by Williams [15] and the calculation formula for approximating the compliance
and crack length proposed by Berry using the nth power law [16] were presented, and the selection was assigned to the users. To
establish the DCB test standard JIS K7086 for carbon fiber-reinforced plastic (CFRP) interlaminar fracture toughness, Kageyama
et al. assumed that the elastic deformation of the crack propagation area is negligible for thin and highly rigid interlaminar CFRP.
They verified this assumption through comparisons with mechanical tests and finite-element analyses [17-20].

However, when delamination occurs through thick elastic layers such as in adhesive joints, the present DCB test standards
may yield inaccurate results because of the opening and rotation at the crack tip induced by deformation across the uncracked
elastic layer. Therefore, an elastic beam on top of an elastic layer was investigated because of its unique bending behavior under
various loading conditions. Winkler developed a solution for Bernoulli-Euler beam bending for civil engineering applications, such
as railroad tracks on sleepers, assuming that the reaction of a point on the foundation solely depends on the settlement and that
the point is independent of the settlements of neighboring points [21,22]. For the elastic foundation model, Biot proposed an exact
solution for an infinite Bernoulli-Euler beam under a sine wave and concentrated loading, which produced a bending moment, as
in the case of an uncracked elastic layer in the DCB test [23]. Pavlovi¢ et al. analyzed a Bernoulli-Euler beam that was not fixed
to Winkler’s elastic foundation, as is the case with cracked sections. Thus, the beam sections deflected from the foundation are
independent of the foundation-based loading [24].

Kanninen investigated the crack propagation in DCB test specimens of isotropic materials by assuming a finite-length beam partly
supported by a Pasternak elastic foundation with elasticities of both deflection and rotation [25,26]. The rotational distortion at
the crack end was considered in the analyses, and it was concluded that a beam with shear distortion in the Timoshenko beam
theory can predict the numerical results. Regarding the shear distortion of an isotropic beam, Whitney employed the higher-order
shear deformation plate theory for accurate stress distribution analysis of a DCB test specimen [27]. By extending the Kanninen
models, Williams provided a factor for the crack length correction of an orthotropic beam rotating at the crack end on a Pasternak
elastic foundation [28] and derived expressions for the energy release rate [29]. Kondo analyzed DCB specimens using a Timoshenko
beam supported by a Winkler foundation and concluded that the analyses accurately correlated with the predictions of Whitney [27]
compared to finite element analyses [30]. Shokrieh et al. comparatively investigated DCB analyses that considered transverse shear
deformation in beams and root rotation at the crack tip [31]. Takeda developed a new model to provide the effective crack length
and compared it with a wedge test for the energy release rate of adhesive bonds, showing consistent results. Subsequently, they
demonstrated the applicability of the wedge test and a new model for an environmental test of bonding on the mode I energy release
rate [32].

These solutions of the modified beam theory (MBT) yielded crack-length correlation factors focusing on the shear deformation
or rotation at the crack front in beams, which are often derived through linear fitting between Compliance'/?> and the crack
length, assuming that the factors are small compared to the crack length [6,7,9]. However, in aircraft design, it is crucial to confirm
whether the correlation length is acceptably small compared to the measured crack length. This consideration arises because factors
related to the thickness and elasticity of the foundation are expected to increase the influence of slender beams on thick and elastic
foundations, similar to the behavior observed in elastic adhesives applications for thin elastic materials such as advanced CFRPs.
Although advanced numerical methods display improved agreement with the data of the energy release rate, showing promising
potential for engineering design applications of adhesive joints [33,34], the importance of input parameters using mechanical testing
increases in these applications; thus, a modification of the present DCB test methods is required to derive data on elastic adhesive
layers of non-negligible thickness.

Therefore, in this study, we considered the infinitesimal deformation of a slender beam on an elastic foundation, assuming that
the beam deformation is within a predictable level using the Bernoulli-Euler beam model, and that both the crack end rotation and
lateral movement are given by Winkler’s elastic foundation model. This approach separated the beam into cracked and foundation-
top sections. We set the loading conditions as the deflectional load and moment at the end of the cracked section and linearly
connected the other end to the top section of the foundation. The deflectional load was multiplied by the crack-length-added moment
loading for the foundation-top section. The deflection and rotation at the connecting point were provided with a known solution
to Winkler’s elastic foundation model. We predicted the deflection at the loading end of the cracked section by superimposing
the connecting-point deflection, slope deflection using the connecting-point rotation and crack length, and the deformation of
the cracked section using both the deflectional load and moment. The derived solution yielded an energy release rate with a
foundation-based correlation factor for crack length.
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Fig. 1. Winkler’s linear elastic foundation model.

2. Calculations of delamination in elastic foundation
2.1. Lateral bending of single cantilever beam on an elastic foundation

The DCB test sample had a mirror-image relationship with a plane of symmetry in the center because it was fabricated by
joining two identical cantilevers (Fig. 1). Therefore, the model with a single cantilever and rigid base represents half of the entire
DCB sample. Assuming that the reaction of the modeled upper half of the DCB sample in a single cantilever form is proportional to
the settlement and that the array of points forms a linear elastic foundation, the bending of the beam can be expressed as follows:

d*f(x)  Epw

Eyl = === =) &

where Ej is Young’s modulus of the beam, I is the moment of inertia of the beam area, f(x) is the positive beam deflection function
in the upper direction, x is the distance from the tip of the beam, E is Young’s modulus of the elastic foundation, ¢ is the thickness
of the elastic foundation, and w is the width of the beam. The thickness of the elastic foundation in the DCB test sample ¢, was
twice that of 7.

tpcp =2tp. 2)

Eq. 1 can be rewritten as Eq. (4), which yields « in Egs. (3).

1
_ Erw \4
= <4EBItF> ®
d*f(x)
=) @

When the lateral loading P and moment M are applied at tip x = 0, the complementary solution is expressed as follows:
By setting f(x) = ¢#*, Eq. (4) yields the following relationship:

p==x(1=x0a, )
where f is an integral constant. Therefore, f(x) can be expressed using the integral constant A; as follows:
f(x) — Ale(1+i)ax +Aze(1—i)ax +A3e—(l+i)ax +A4e—(1—i)ax (6)

Eq. (6) is expressed using integral constants B; by applying the relationships ¢’* — e=* = 2i sin(x) and e/* + ¢~* = 2i cos(x):
f(x) = e {By cos(ax) + B, sin(ax)} + e~**{ B3 cos(ax) + By sin(ax)} 7)

The modeled cantilever shown in Fig. 1 converges to f(x) = 0. in x — oo, which yields B, = B, = 0. Therefore, Eq. (7) yields the
following relationship:

2
L(X) = —2a2e_"x{B4 cos(ax) — Bj sin(ax)} 8)
0x2
3
aaf (3x) = 2a’e™™*{(B; + B,) cos(ax) — (B; — B,)sin(ax)} ©
X
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Fig. 2. Beam deflection atop Winkler’s Foundation.
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Fig. 3. Cracked section at the tip of Winkler’s Foundation.

Furthermore, loadings M and P at x = 0 lead to the following relationships when deflection function f(x) of the beam is positive
in the upper direction.

0*f(x)

e [55] ao
0’ f(x) _

EBI[ P L:O =P 1)

Thereby, Eq. (7) yields the following relationship.

e*ax
2Egla3

fx)= [P cos(ax) + Ma{cos(ax) — sin(ax)}] (12)

Eq. (12) gives the beam deflection, as shown in Fig. 2, indicating compression into the foundation near the tip x = 0.
2.2. Lateral bending of single cantilever beam on an elastic foundation with cracked section

Assume that a beam of length / made of identical material with an identical cross-sectional shape is connected to the tip of this
beam; however, it is not connected to the elastic foundation to represent the cracked section (see Figs. 3 and 4).

5
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Fig. 4. Lateral movements at the cracked section.

The lateral bending of the foundation-top section f(x),! < x is revised as follows:

o—a(x=1)

T 2Egla
The lateral position of the cracked section f-(x),0 < x </, in the form of the sum of the lateral movement at the crack end is

expressed as follows f(/), slope height — [%]pz (I-x), and bendings at the cracked section caused by the loading P~ and moment

Mc:

f(x) (Pocos{a(x — D} + (M¢ + Polalcos{a(x — 1)} — sin{a(x — 1)}1) 13

_ 9/ (x) Pe 3 a2y popy s Mc 2 2
fex) = f() [ ox ]le (I-x)+ 6EBI(x 3°x +21°) + ZEBI(x 2Ix +17) 14
Where,
1
f(l):m{PC-'-(MC-'_PCl)a}’ (15)
and
—a(x—1)
% = _ZeEBIaz (Pccos{a(x — D)} + (M + Pclalcos{a(x — 1)} — sinf{a(x — 1)}])
—a(x—I)
—e—(PC sinfa(x — )} + (M + Pcla[sin{a(x — 1)} + cos{a(x —1)}])
2Egla?
e—a(x—l)
= ————(Pc[cos{a(x — 1)} +sin{a(x = )}] + 2(M¢ + Pcl)acos{a(x —1)}), (16)
2Egla?
thus,
9f(x) 1
=- P, 2a(M, P:D)}. 17
[ ox ]F, Ep1a Te TR Met Pl an
Therefore, the lateral position f(x) at the loading point x = 0 can be expressed as follows:
o)——1 Po+a(Mg + Pgl) +—1 (P42 (Mg + PoD} + Pcl’ +Mcl2
el _2E31a3{ c +a(Mc + Pch) ZEBlaZ{ c +2a(Mc + Pch)} 36,1 T 2E,1
1 1 P 1 2
T, [PC {2(;+1) +;}+3Mc<;+l)] (18)
2.3. Calculation of energy release rate
The strain energy U of the beam in Eq. (18) can be expressed as
1 dfc(x)
U=UPe.Mc.1) = 5 {PCfC(O) - M. [ < ] } (19)
ox |,
The differential of U(P.-, M, ) can be expressed as:
oU oU U
dU = —dP, ——dM, —dl 20
arc et om Mt (20)
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Fig. 5. Moment by the hinge loading arm.

Therefore, for the case in which the crack length 7 slightly extends to I +dl, differential dU,_,,,,, at f-(0) is expressed as follows:

dfc(x)
ox

x=0 dl 21

d

1 9fc(0) [
dl— M

ol ¢ ol

AUy 14q = 2 Fc

Eq. (18) yields the following relationship:

9fc(0) 1
=— (P, M +2Pcl
o~ g et Mot 2Pl
Po? Ml
c” | Mc 22)
Egl ' Egl
Furthermore,
a P M,
fe) _ [afx) C (224 =C (x -y, (23)
0x ox |, 2Egl Egl
thus,
dfc(x) 1 Pc » Mc
== Pe +2a(M, Pch)} - = —I, 2
[ ox ]X_O 2EBIa2{ ¢ +20(Mc + Fcl} 2Egl  Egl 24
providing
) [Ofc(X)]
o o Fe P, Mc (25)
ol Egla  Egl  Egl
Therefore, the energy release rate G = dU,_,,,,,/wdl is given by
_ AU ai
wdl
970 9 [Wc(x)
P -
— P, fc()_MC X |x=0
_Fe

1
Pr+a(Mq+2P:1)} +
|:EBIGZ{ C ( C C)}

1 1 2
=—[p <—+l>+M }
2wEBI{ C\a ¢

2.4. Moment by hinge loading arm

P2 Ml M, P, P, M
Pl C]+_C< c _C,+_C>

= —_— +
2w Egl = Epl| 2w \Egla = Egl ' Egl

The moment load is induced by the lateral loading P, when the hinge loading arm L is non-negligible because of the
loading-block configuration, as shown in Fig. 5.
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TRigid Grip to Test Machine

Hinge Axis I . .

Fig. 6. ISO 15024 loading hinge setup for DCB Test.

The induced moment M is expressed as follows when slope [%] o is close to 0:
x=

7]
My =— [ fct) LP. 27)
ox <=0
The following relationship is obtained by applying Egs. (24) and (27) for [%] .
Mc 1 1 0 1
~Ih 5T {Pc(a + 17+ 2Mc( +1)} (28)

Therefore, moment M is expressed as follows:

PR +02L
Mc = - . 29)
2{Egl + (2 +LPc}

2.5. Energy release rate in DCB test

Egs. (26) and (29) yields the following relationship for the energy release rate:

J IR P PA(5 + 1L
G= (— +1 ) -
2wERl [\« 2{Egl + (% +)LP:}
r LP, 2 (30)
e [ (2o )
T 2wELT 1 LPo
s 2fie(Re) 55
For the DCB test case, the energy release rate G was twice that of the single-cantilever model G in Eq. (30), yielding
2
1 1 LPc
po [ (E+) {2+ (Ler) i)
Gpep=2xG=—C | @ ) Bl 31
wEgl 2{1+(l+1)ﬁ}
a Egl
For extreme cases of the hinge loading arm L, where L =0, Eq. (31) can be simplified as follows:
P2 1 2
Gpeppay = —— (— 1) 32
DCBL=0= T P (32)

Eq. (32) is attained when the axis center of the loading hinge is set to the middle of the plate thickness, as standardized in ISO
15024 (see Fig. 6).

With Eq. (3), 1/a in Eq. (32) appears negligible when the adhesive is rigid compared to the beam as E > Ep, or the thickness
is small as 1 — 0. However, for the elastic adhesives with Ep ~ Ep, the thickness appears to be an important factor that affects
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the accuracy of the energy release rate in Eq. (32). For example, a DCB test with rectangular cross-sectional coupons of 715 =2 mm
and I = 2w/3 leads to 1/a ~ (8t /3)!/4; therefore, t; > 3/8 mm affects Gpp at the level of 10% for the crack nucleation stage of
I ~ 10 mm.

2.6. Fitting procedure for DCB test data

The crack-opening displacement in the DCB test was twice that of the lateral position f-(x) at loading point x = 0 in Eq. (18).
20 = —— |P 2(l+1>3+i +3M, <1+1)2
T 3Rl | € a o3 “\a
Moment M is approximated using Eq. (29) in a well-managed DCB test; hence, compliance A(/)pcp = 2/-(0)/Pc is expressed
as follows:

(33)

\ 3P, (§+1)4L
A(I)Dchﬁ {2(£+1> +$}_2{EBI+(£+I)LPC} .

When the hinge loading arm L decreases with L — 0, Eq. (34) is simplified as follows:

3
iocnio= g [{2(240) + & f 4] (35)

where Erf is the error function. The coefficients 1/(3EzI) and 1/« in Eq. (35) were obtained by fitting the DCB test data
(4,1)),i =1,2,3...n and applying the least-squares method when the error function Erf was negligible.

={4- Mli)DCB,L—»O}Z — min. (36)

Eq. (35) is simplified as follows when 1/al; — 0:
1 1 3o
Mppeni-o= 55 [{2 (5+1) + 5} + Erf]
I L L
N — 2(1+ — —
3Epl { < i ali) i <“1i> } @7

213
R 1+ 3
3ERT al

Therefore, Eq. (36) can be expressed in a simplified form as follows:

2
s 20 (L3 ' (38)
.- - - .
1T 3E,l al; mn

Eq. (38) is expressed as follows with coefficients 3/a = A5 and 2/(3EgI) = Bs:

5 (4 - Bsl® — AsBsi2)* = min. (39)

For the partial differentiation of Eq. (39) for the coefficients A5 and B; should be zero to be minimized. Therefore, the
simultaneous equations for A5 and By are as follows:

Z(4; = Bsl;> = AsBsl*)(Bsl;*) = 0 (40)
2 (A — Bsl;® — AsBsl?) (17 + Asl;H) = 0
As Bs # 0, Eq. (40) is simplified as follows:
(41)

(4 - Bsl® — AsBsi?) 1,2 =0
X (A4 = Bsl? — AsBsl?) 17 =0
Therefore, the simultaneous equations in Eq. (41) yield the following solutions for A5 and Bs.
o3 DRSNS YRS WA
e Azl - S a2
1 4 3 5 2 (42)
poo 2 _ ZIAEaL} - SRzl
YT 3ERl T sAsIS - s15 31

Therefore,

1 ZISZALE - 2P0

a  3(Z1AZulP - D1 AR
1 3(Z1AZa? - 1P 2002)
Egl 2(z14218 - 215313

(43)
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Fig. 7. DCB test setup:Overview.

The energy release rate Gpcp ;o wWas derived by substituting EzI and 1/« into Eq. (32).
3. Experimental and discussions

The proposed method considers both the beam rotation and lateral movement at the crack front, and their comparisons are made
with the MBT of the crack front rotation and simple beam theory (BT) of the fixed crack front.

The theoretical backgrounds of DCB test standards, such as ISO 15024, ASTM D5528, and JIS K7086, were not significantly
different based on the MBT. JIS K7086 mainly introduces BT, and the crack-length correlation factor in MBT is determined by
a linear plot between the cube root of the normalized compliance and normalized crack length. MBT is recommended in ASTM
D5528 after round-robin testing with a compliance calibration method and a modified compliance calibration method, yielding a
correlation factor 4 derived from a plot of A!/3 versus crack length /. The energy release rate Gpcp and Young’s modulus of beam
Ep were determined in the MBT of ASTM D5528 as follows:

G _ 3P

DEB = 2wl + 14

_ 64Pc(1+4)])°
B w2t y)?

In crack inspection, JIS K7086 accepts temporal unloading to stop crack propagation for intensive checks, rendering GVI in many
cases, acceptably accurate in measuring crack length /. Therefore, JIS K7086 was adopted for the DCB testing on a Ti-6Al-4V plate
(Standard Test Piece, Japan), 150 mm along the crack elongation direction, 25 mm in width, and 2 mm in average thickness, bonded
with an FM 309 film adhesive (Solvay, USA), as shown in Fig. 7.

The Ti-6Al-4V plates were surface-treated for bonding as follows: degreased with FineSoleve E acetone-substituting detergent
(Sankyo Chemical Co., Japan), sandblasted with Fuji Rundum WA SMAWFO080 Al,O; powder-150-212 pym in diameter (Fuji
Manufacturing, Japan), and boiled in purified water for 30 min to stabilize the surface conditions. The autoclave was set at 183.0
°C for 140 min to cure the specimen with a 40 mm film crack of 12.5 pm thick Kapton film (DuPont, USA). A 12 mm square loading
block was attached for the DCB testing of samples No. 1 to 5 using a Shimadzu Autograph AG-X tensile test machine (Shimadzu
SLBL 1kN type Shimadzu Autograph AG-X) , as shown in Fig. 8, with the cross-head speed of 1.0 mm/min.

The specimen sides were coated in white for GVI to increase the visual contrast of the dark-appearing cracks caused by the white
coating, as depicted in Fig. 9.

Fig. 10 shows the crosshead displacement-load curves. The crosshead displacements were correlated with the zero positions
using linear fitting, as shown in Fig. 10 to determine the compliance for the BT and MBT methods.

Moment M caused by the hinge loading arm L = 7 (mm), which is half that of the loading block of 12 mm and Ti-6Al-4V
plate thickness of 2 mm, as shown in Fig. 8, was two to three digits smaller and thus regarded negligible against the lateral load
P with Eq. (29), as presented in Table 1.

The crack length correlation factor 4 in MBT was defined by applying a linear relationship between crack length / and 4!/ as
depicted in Fig. 11.

The calculated energy release rates, excluding the data points of the unstable fracture cases, were compared between the BT
(JIS K7086) method, MBT (ASTM D5528) for Eq. (44) and the proposed method for Egs. (32) and (43), as presented in Fig. 12 and
Table 2.

(44)

(45)

10
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] (b) Crack Region Overview
(a) Crack Region: Notation

Fig. 8. DCB test setup: Crack region zoom up.

Crack
Propagation:

© to ® in Order

Fig. 9. GVI for the crack propagation in DCB Test.

Table 1
Moment by Hinge loading arm L = 7 mm.
Lateral Load Moment
P.(x10> N) (x10! Nm)
1.99 1.15
1.66 1.24
1.41 1.28
1.11 1.08
1.02 1.18
0.85 1.04
0.82 1.19
0.70 1.04

The energy release rate calculations presented in Table 2 demonstrate that the proposed DCB test method provides a significantly
smaller standard deviation than the current BT method in JIS K7086. Furthermore, as shown in Fig. 12, the BT method shows a
sloped value on the overestimation side for the crack nucleation and propagation stages and underestimation side for the final stage
of a long crack. Conversely, the influence of the crack length was small in the proposed method; thus, the proposed method is
expected to provide more reliable values than the BT method.

The MBT method in ASTM D5528 demonstrated the calculated energy release rates with the smallest standard deviation and the
most conservative side. Therefore, the MBT is recommended for engineering applications requiring high reproducibility and a large
structural safety margin. However, the crack length correlation factors |A| appear large in the values while MTB in ASTM D5528
assumes the case / + |4| is slightly longer than /; therefore, the soundness of the MBT may be elusive in this experiment.

11
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Fig. 10. Displacement-load curves.

The proposed method and the MBT method demonstrated a good agreement for the Egs of +£10% in the distributions and the
average values within 5%; therefore, the CFs of 1/a is expected to reflect the robustness of the crack front treatment.

3.1. Method selection in DCB test

The three methods, BT, MBT, and the proposed method, treat the crack front as follows:
- BT method: Rigid clamp. The lateral movement of the loading point is given by the Bernoulli-Euler beam theory.
- MBT method: Rotation is considered. The lateral movement of the loading point is given by the Bernoulli-Euler beam theory, and
the slope at the crack front multiplied by crack length.
- Proposed method: Both rotation and lateral movement are considered. The lateral movement of the loading point is given by the
Bernoulli-Euler beam theory, the slope at the crack front multiplied by the crack length, and lateral movement at the crack front.

12
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Fig. 11. Crack length correlation factor A for Modified Beam Theory.

Therefore, the proposed method is expected to be less effective than the MBT method when the lateral movement is negligible,

and the simple BT method becomes acceptable when the crack-front rotation triggers a negligible effect. Therefore, it is reasonable

to select a method that uses two parameters; R, g and Rpy, as follows:
- Selection: Proposed method, when R,z » 0.
- Selection: MBT method, when R, p; — 0.

- Selection: BT method, when Ry — 0.

o (%57,

. 14al
al(1 +2al)

RMBT
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Fig. 12. R-Curves.

_ [af(x>

R Lo dx=l )
BT = PeI3/(BERID) (47)

_3(1+2al)
T 2al)?

where the lateral movement at the crack front is expressed by Eq. (15) as f(/), the rotation at the crack front is given in Eq. (17)
as [af ) iy and P.I3/(3ERI) is the lateral bending in Bernoulli-Euler beam theory.

Fig. 13 depicts the case when Ry, zr and Rpy are 0.1, where f(/) provides 10% level error over —/ [%] and —/ ["f )
over P.I3/(3EgI), yielding al ~ 5.42 and a! ~ 30.5. In this experiment, 1/a ranged from 5.11 to 10.1, as summarlzed in Table 2
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Table 2
Experimental results.
Sample No. Energy Release Rate (kJ/m?) CF(mm) Eg (GPa)  tpep
Average S.D.(x1071) 1/a(Top), |A|(Middle) (mm)
1 Proposed Method 1.35 1.02 7.92 118 0.611
MBT(ASTM D5528) 1.21 0.606 17.7 118 -
BT(JIS K7086) 1.42 1.89 - - -
2 Proposed Method 1.36 1.09 8.23 128 0.571
MBT(ASTM D5528) 1.21 0.858 19.1 134 -
BT(JIS K7086) 1.44 1.32 - - -
3 Proposed Method 1.38 1.05 10.1 136 0.649
MBT(ASTM D5528) 1.23 0.521 20.7 135 -
BT (JIS K7086) 1.89 1.45 - - -
4 Proposed Method 1.26 3.20 5.23 111 0.536
MBT(ASTM D5528) 1.21 1.92 14.6 113 -
BT(JIS K7086) 1.87 1.62 - - -
5 Proposed Method 1.45 1.08 5.11 113 0.631
MBT(ASTM D5528) 1.23 0.868 19.8 133 -
BT(JIS K7086) 1.52 1.92 - - -
(S.D. of Sample Averages)
Average Proposed Method 1.36 0.610 7.32 121 0.600
of MBT(ASTM D5528) 1.22 0.0970 18.4 127 -
1to5 BT(JIS K7086) 1.63 2.09 - - -
0.5 0.5
0.4 0.4
20.3 2043
= ~
P al~5.42 o2 al=30.5
0.1 i 0.1
0 0
0 2 4 10 5 10 15 20 25 30 35
ol al

(a) Selection on Modified Beam Theory (b) Selection on Beam Theory

Fig. 13. DCB test method selection parameters.

therefore, the proposed method is recommended when the crack length / < 54.7(mm) and MBT is recommended over BT when
I < 308(mm), which is true because of the limitation of the specimen length, that is, 150 mm.

Therefore, the existing BT or MBT methods provide an acceptable option when the limitation in the crack length / is not an issue
in DCB testing; however, the proposed method provides a reasonable option when / is limited owing to engineering requirements,
such as DCB testing for the crack initiation stage and assessment of nondestructive testing if the detection limit of / is acceptable.

4. Conclusions

We propose a modified DCB test method to consider the infinitesimal deformation of a slender beam on Winkler’s elastic
foundation, assuming that the beam deformation is predictable using the Bernoulli-Euler beam model. Moreover, the crack-end
deformation was determined using both the slope and lateral movement of Winkler’s elastic foundation, yielding an energy release
rate with a foundation-based correlation factor for the crack length.

The modified method was assessed based on the DCB test results of Ti6Al4V samples, showing reasonable consistency, particularly
for the short cracking of the nucleation and growth stages of the energy release rate.
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Appendix A. Energy release rate of extreme-long hinge loading arm case

For the extreme case of the hinge loading arm L as L — oo, Eq. (31) can be simplified as follows:

G _ R Loty A1)
DCBL= = qiyEgl (Z '

constrained to zero, which is realized for

The case in Eq. (A.1) is equivalent to a DCB test with the crack-tip rotation [’)f )C(x)

half of the center-cracked double beam, as shown in Fig. A.1 or by using rotation-constraining gripping, as shown in Fig. A.2.
In addition, Eq. (34) is simplified as follows.
3

1 1 P 3/1 .
MDpeni-w =35 7 [{2(; ) + ;} 5 G+n) E’f]
13 | )2 L\
N—1 - |1+ — —
3EgI {2 * al; * al; (A-2)
1?
~—— 1+ 3
6Epl al;
Therefore, coefficients 1/« and 1/(EgI) are obtained as follows:

1 ZSZALE - 2107

a  3(SIAEALR - 215412
1 6 (Z142x13 - 217 20,12)

Egl (14510 - 515 517)

(A.3)

The energy release rates Gpcp .o, Were derived by substituting EpI and 1/« into Eq. (A.1).
Appendix B. Crack inspection in DCB test

In many cases, GVI provides acceptable accuracy in measuring the length of stable cracks in temporal unloading in JIS K7086,
if needed, with the aid of increasing the visual contrast of dark cracks by white coating of the specimen sides, as depicted in Fig. 9
or using a microscope as shown in Fig. B.1.

When temporal unloading is not accepted, the crack gauge provides an option for DVI of the crack length in real time. Crack
gauges were set on the two sides of the DCB specimen to provide the average crack length, as depicted in Fig. B.2. The propagating
crack cut the grid wire to shift the gauge resistance and drifted the output potential to appear in a stepwise manner, as shown in
Fig. B.3, providing the crack length as the step numbers times the grid pitch.
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[afc ()

ox oo

/ Crack Tip Rotation: Constrained

7 ————
| (Parallel)
ROV WSt A T TR T

Fig. A.1. Model for extreme-long hinge loading arm case.

| TRigid Connection to Test Machine

d] )Side—In Gripping

Fig. A.2. Example of rotation constraining gripping.

Crack Inspection with
Portable Digital Microscope

Scalar DG-3
(% 25- 200)

Fig. B.1. Microscopic inspection in DCB test.
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Fig. B.2. Crack gauge setup in DCB test.

Crack Gauge

Y
Output Potential
(Grid Wire Cut by Crack)

Grid No.
_J (Crack Front Location in mm)

Kyowa KV-25B
Grid: 1mm pitch

Fig. B.3. Crack gauge overview.
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