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Thepresent paper isconcer ned with theinterfacial fractureproblem of bi-material interfacesof superplastic
forming/diffusion bonding (SPF/DB) components. It has been known that theinterfacial fracturetoughness
is a strong function of the mode mixture of crack tip, which is the most important characteristic of
interfacial problems. Micromechanical models have been proposed to understand this trend of interfacial
toughness curves, based on which a modified criterion for fracture under mixed-mode loading is advanced
in this paper to predict phenomenological functional forms of toughness curves. On the ground of linear
elastic fracture mechanics (LEFM), mode | and mode Il interfacial fracture toughnesses of SPF/DB
components formed under different processing conditions have been measured in this paper using the
double cantilever beam (DCB) and end-notched flexure (ENF) specimens, respectively. It is found that,
just as is the general trend of interfacial fracture toughness curves, the experimental results of mode |1
toughness values are much greater than those of mode | toughness values, and the fluctuation of mode |1
toughness values under different processing conditions is much greater than that of mode | toughness
values. On the basis of the experimental results, the four basic parameters in the modified criterion are
obtained and theinterfacial toughness curve of Ti-50A/Ti-6Al-4V SPF/DB componentsis determined using
the modified criterion for fracture under mixed-mode loading. Comparison between theresults shows that
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the agreement between experiment and theory is excellent.
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1. Introduction

For many advanced material systems such as SPF/DB com-
ponents, structural ceramics, and metal matrix composites,
interfacial fracture is common and may, in large part, determine
a material’s overall mechanical response. For these material
systems, it is the low fracture toughness that limits their use
in engineering and industrial applications. So, thereisan urgent
need to understand, quantify, and improvethe toughness of these
advanced material systems; this has received wide attention in
recent years.*2

A crack in anisotropic, homogeneous material tendsto grow
in opening mode, and hence, the fracture toughness can be
characterized by a single parameter, mode | toughness, Kic.
However, owing to the stress and strain concentration, material
mismatch, and technical bonding flaw in the interface, a crack
lying on an interface often tends to grow along the interface.
Because the crack grows under mixed-mode conditions, it is
necessary to quantify interfacial fracturetoughnessasafunction
of mode mixture. Experimental data on most interfaces have
indicated that interfacial toughness increases as the mode mix-
ture increases. Micromechanical models have been proposed
to understand the trend of toughness curves,® so it is feasible
to rely on these models to predict phenomenological functional
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formsof toughnesscurves. A generd criterion for fractureunder
mixed-mode loading has been advanced by Charalambides et
al. However, in order to reflect the trend of the toughness
curve more precisely, the criterion is modified in this paper to
describe the toughness curves, through which we can determine
the toughness curve of specific interfaces through only acouple
of experimental values.

The superplastic forming/diffusion bonding (SPF/DB) com-
bined technique is an advanced processing technique widely
used in industry. Just asin other bi-material systems, the inter-
face of SPF/DB componentsa ways becomesthefracture source
in practice, and theinterfacial fractureisthe most typical failure
form of SPF/DB components.™! In this paper, the linear elastic
fracture mechanics (LEFM) is applied to characterize the frac-
ture performance of the interfaces, based on which mode | and
mode |l interfacial toughnesses of SPF/DB components have
been measured using adouble cantilever beam (DCB) specimen
and end-notched flexure (ENF) specimen, respectively. On the
grounds of the modified fracture criterion and the experimental
results, the interfacial fracture toughness curve of specific
SPF/DB components has been determined, the result of which
provides a good basis for the processing route design and
interfacial  fracture toughness improvement of SPF/DB
components.

2. Interfacial Fracture Mechanics

2.1 Basic Principles

Figure 1 gives the generic configuration of an interface
crack. Material 1isabovetheinterface and material 2isbelow it.
Assuming that thetwo materialsarelinearly elastic, homoge-
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Material 1

Material 2

Fig. 1 Generic configuration of an interfacial crack
neous, and isotropic, the stressfield is observed to depend only
on two nondimensional Dundurs parameters:[®

o= e + 1) — po(rg + 1)
(e + 1) + po(ky + 1)

(Eq1)
_ palie — 1) = po(ky — 1)
ma(kz + 1) + po(ky + 1)
and a related parameter
_ 1. .1-B
8—2#In1+ﬁ (Eq 2)

In the above expressions, u isthe shear modulus; « isanondi-
mensional parameter related to Poisson’'s ratio v (k = (3 — v)/
(1 + v) for plane stress, and « = 3 — 4v for plane strain); the
subscripts 1 and 2 refer to the two materials, respectively; and
¢ is the oscillatory index responsible for various pathol ogical
behaviors in linear elasticity solutions for interfacial cracks.
Attemptsto analyze the above problem have led to consider-
able difficulties.” First, in order to satisfy the boundary condi-
tions along the interface, a singularity of complex form was
necessary,'® resulting in the stresses oscillating with increasing
frequency as the crack tip is approached. Second, the crack
face displacements overlapped, resulting in a physically unrea-
sonable situation. Third, thelack of anr~Y2 singularity rendered
the use of stress intensity factors problematic. However, the
interlayer model advanced by Atkinson'® and Yang!'® provides
insightful interpretations of several important concepts of inter-
face fracture mechanics, and thus, stress oscillation and dis-
placement overlap are avoided successfully. In the interlayer
model, anonhomogeneousinterlayer isintroduced between two
dissimilar materials to characterize the transition of the elastic
modulus across the bi-material interface, the r~Y2 singularity
field near the tip of an advancing interlayer crack is related to
the remote interface crack tip field, and also an approximate
but explicit relation for the phase shift between the near tip
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and the remote singularity fieldsis derived. Using the interlayer
model, the fracture can be expressed in terms of two parameters.
The first parameter is the mode mixture ¢, which is the phase
angle of the relative proportion of the opening and sliding
tractions ahead of the crack tip. The second parameter is the
fracture toughness G, which can be evaluated based on the
energy release rate at the onset of crack growth.

2.2 The Crack Mode Mixture

One important feature of bi-material interface cracks that
should be emphasized is that i, is often nonzero, even when
the external loading is normal to the interface plane.*! This
situation arises because of the elastic mismatch across the inter-
face. When an interface fracture configuration is used to test
interfacial fracture toughness, the crack alwaysliesontheinter-
layer of the two-bonded material. Now, the strain energy release
rate can be evaluated by testing the fracture energy at the onset
of crack growth. However, the phase angle i, for the near tip
stress field is modified from that of the asymptotic field. It has
been shown that the modified phase angle can be related to the
remote quantity through the following equation:[4

hip =¥+ elnh + w(a, B) (Egq 3)

Here, h represents the thickness of the interlayer of the bi-
material, which can be measured by experiment. The phase
shift angle w here represents the material-related phase shift
from the remote field to the near tip field, which is treated as
a function of the Dundurs parameters « and g defined in Eq
1. A method to estimate the phase shift w is detailed in Ref 10.

2.3 Energy Release Rate

A well-documented experimental fact is that the fracture
toughness of an interface depends strongly on mode mixture.
Therefore, it is fracture toughness values at various mode mix-
tures that fully characterize the fracture resistance of the inter-
face. The fracture toughness curve G(;p) thus becomes a very
important property of the bi-material interface. With theinterfa-
cid fracture toughness curve, it is easy to examine the fracture
characteristics of specific bi-material interfaces in detail and to
obtain the corresponding toughness values of a specific mode
mixture at one's pleasure. Also, from the interfacial fracture
toughness curve, some useful information can be obtained to
help improve the fracture toughness of the components.

A typica interfacial fracture toughness curve is shown in
Fig. 2, from where we can see that G increases as iy, increases,
especialy when the crack opening becomes small, in which
case there is a steep increase. These trends have been found to
be attributed to crack shielding caused by roughness of the
interface fracture surface and material nonlinearity.[*

3. Modified Criterion for Mixed-Mode Failure

By analyzing numerical data presented in the literature, a
general criterion for fracture under mixed-mode loading is pro-
posed in Ref 4, which assumes that a crack loaded globally
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Fig.2 Typica trend of the interfacia fracture toughness curve

with G, and G, will have an induced mode | component equal
to the failure value, termed Gy, such that

Gy = G[cos’(¢hip — o) + SINPO SIN*(Yyp — o)
(Eqa 4)

where Gc is the measured fracture energy, %, is the mode
mixture of the fracture tip, iy is the phase angle that arises
from elastic mismatch across the bi-material interface, and 6
can be regarded as the slope of the fracture surface roughness.

In Ref 4, the experimental validity of the mixed-modefailure
criterion is successfully obtained by examining experimental
results on crack propagation at bi-material interfaces from the
literature. However, the interfacial toughness curve described
by Eq. 4 is a little different from the real trend illustrated in
Fig. 2, whichliesin thefact that the increase of toughness slows
down in the criterion, while the steep increase of toughness
continues, in practice, when the crack opening becomes quietly
small. A modification method is to introduce parameter A into
the trigonometric function to ensure the steep increase extent
of the toughness. Thus, the general criterion for fracture under
mixed-maode |loading becomes

Go = Gc{cosA(thip — )] + Sin® 6 SN[ A(ship — o)}
(Eq 5)

Here, if A = 1, then Eq 5 reverts to Eq 4, from where the
experimental validity of Eq 5 can also be obtained.

4. Experimental Procedure and Data Reduction

Because the toughness curve represents the fracture charac-
terigtics, it is significant to evaluate the interfacial fracture
toughness curve G(i,) for specific bi-material interfaces.
Using the above criterion for fracture under mixed-mode load-
ing and Eq 5, the fracture toughness curve of specific bi-material
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Fig. 4 ENF test specimen dimensions (mm)

interfaces can be determined. However, in order to deduce the
four basic parameters in the model (i.e., Gy, o, 6, and A), we
acquired a couple of experimental observations.

In this paper, mode | and mode Il interfacial fracture tough-
nesses of specific SPF/DB components manufactured under
different processing conditions have been measured using DCB
and ENF tests, respectively. The materials used here are Ti-50A
and Ti-6Al-4V sheets. Under different SPF/DB conditions, the
two sheets are bonded together. A certain dope is laid on the
specific place to avoid bonding, and thus, a natural crack is
prefabricated in the midplane of the specimen. After SPF/DB
deformation, DCB specimens and ENF specimens shown in
Fig. 3 and 4 are cut from the SPF/DB components to perform
the experiments.

Because of the different processing conditions of SPF/DB
processes, different thicknesses of the specimen have been
formed. Also, from the literature, it is known that, no matter
what load is exerted on the specimen, mixed-mode loads will
be induced at crack tips of bi-material interfaces.”® The mis-
match of material properties here resultsin shear stresses being
induced by tensile stresses, and vice versa. Thus, based on the
different thicknesses of the specimen measured, different mode
mixtures of the specimen can be obtained from Eq 3. The
thickness values here are measured under microscope and ten-
point thickness values are averaged to obtain the final thick-
ness value.

Also, using the DCB and ENF specimens, respectively, the
fracture toughnesses of mode | and mode Il can be measured
with regard to the mode mixture of the crack tip.

4.1 Mode I Testing

For mode | testing, the hinged end tabs are glued onto the
surface of the specimen for application of the load on the
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Fig.5 Typical load-deflection curve of DCB testing

specimen during testing. The detailed geometry of the specimen
isshown in Fig. 3. The test specimens are loaded in an Instron
testing machine at a crosshead speed of 1 mm/min. An X-Y
plotter is attached to the Instron machine to record the load-
deflection response during the entire process. A typica load-
deflection response is shown in Fig. 5.

From load, displacement, and crack length, the strain energy
releaserate (G,c) may be calculated by using the general formula
from LEFM:[%3l

Pz 9C

G|CZE;£

(Eq 6)

where P¢ is the critical load at which the crack grows, a is the
initial crack length, B is the width of the specimens, and C is
the compliance, which is determined by the following equation:

_9
C—P (Eq7)

where § is the corresponding deflection of load P.

Because the DCB specimen can be considered as a pair of
cantilevers jointed at the crack tip, according to simple beam
theory, the compliance can be expressed as follows:

228 8l
~ 3Bl BEH? (Eas®)
where E is the flexural modulus, | = Bh%12 is the second

moment of cross-sectional area, and H is the half-thickness of
the DCB specimen. Substituting Eq 8 into Eq 6, and expressing
it in deflection form, we have

(Eq9)

where 6c and P are the critica displacement and load,
respectively.
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5. 5

Fig.6 Typical load-displacement curve of ENF testing

However, Eq 9isonly valid for theideal conditions assumed
in the beam theory, and corrections are necessary for large
displacements, shear deformation, and rotation at the crack
tip.[’% The usua method is to correct the crack length a into
a + A. The value of A may be found by plotting the cube
root of compliance against the crack length. This gives an
approximately straight line, which intersects the crack length
axis at A. Thus, the critical strain-energy release G,c now
becomes

3Pcoc

Gic = 2Ba + A)

(Eq 10)

4.2 Mode Il Testing

The ENF fracture test is used to measure mode |1 delamina-
tion resistance. This is a three-point bend test in which the
specimen contains a precrack, as shown in Fig. 4. The specimen
is placed in such a way that the crack tip is midway between
the loading roller and the outer support. The load is applied as
controlled displacement (displacement rate 3 mm/min), and the
crack growth is unstable in all cases. During the experiment,
the curve of load against centerline deflection is recorded (Fig.
6). When the crack starts growing, a sudden load drop is
observed and the test is stopped. The maximum recorded load
and corresponding displacement are used in the data reduction
process. Simple beam theory allows the calculation of the com-
pliance, C, and, upon inserting this in Eq 6, the critical strain
energy release rate can be calculated as'

GIIC = 9a2P050/28(2L3 + 3a.3) (Eq 11)

where L is the half-span and & is the critical displacement.

Journal of Materials Engineering and Performance



Tablel Interfacial fracture toughness and the
corresponding tip mode mixture of different
specimens

Mode | Mode |1
No. l/f(ip Gc (kJ/mZ) 'ﬁtip Ge (kJ/mZ)
A —-9.12° 114 75.98° 13.47
B —6.58° 1.18 78.53° 15.99
C —5.99° 1.20 79.12° 17.60
D —-5.18° 1.26 79.93° 18.17

Table2 Thefour basic parametersin Eq 5 determined
in the experiment

Go Yo 0 A

1.147 -12.6° 7.38° 0.84

5. Results and Discussion

The results of mode | and mode |1 interfacia fracture tough-
ness and the corresponding mode mixture of the crack tip for
Ti-50A/Ti-6Al-4V SPF/DB components under different condi-
tions are listed in Table 1.

It isobvious that mode Il toughness values are much greater
than mode | toughness values, and the fluctuation of mode 11
fracture toughness values under different processing conditions
is much larger than that of mode | fracture toughness values,
which isjust the appropriate case in coincidence with the trend
of the genera interfacial fracture toughness curve (Fig. 2).
According to Eq 5 and the experimental values, the interfacial
fracture toughness curve of this material can be fitted and the
four basic parameters can be determined, the result of which
islisted in Table 2.

Figure 7 shows the comparison of experimental and
theoretical results of the interfacial fracture toughness of
Ti-50A/Ti-6Al-4V bi-material, from where it is seen that the
agreement between experiment and theory is excellent. The
line in Fig. 7 is the theoretical prediction of the interfacial
fracture toughness curve, which can be expressed by the follow-
ing equation:

G. = 1.147/{ cos¥0.84(ik;, + 12.6)]

(Eq12)
+ 0.0165 sin?[0.84( i, + 12.6)]

6. Conclusions

The present paper was concerned with the fracture problem
of bi-material interfaces, especialy when such failure occurs
along the weak bi-material interfaces of SPF/DB components.
In these cases, the interfacial fracture toughness curves, which
fully characterize the fracture resistance of specific interfaces,
should be taken into account when analyzing the fracture of
such components and attempting to estimate the service life of
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Fig. 7 Experimental and theoretical results of interfacial fracture
toughness with respect to the mode mixture of crack tip

engineering structures manufactured from such components.
On the basis of the above results, the following conclusions
may be drawn.

»  The fracture toughness curve G(¢) is the most important
property of bi-material interfaces. In general, G vaues
increase as i increases; especially when the crack opening
becomessmall, thereisasteep increase. Thesetrends might
be attributed to crack shielding caused by roughness of the
interface fracture surface and material nonlinearity.

* Considering that the general criterion for fracture under
mixed-mode loading advanced by Charalambides et al.[4
could not exactly reflect the situation during which the
increase of toughness continuesrising when the crack open-
ing becomes quietly small. A modification method is
advanced, and the modified criterion for fracture under
mixed-mode loading is proposed in this paper as

Go = Ge{cosA(hip — )] + S0 I A(skip — Yo)l}

«  which can embody thetrend of interfacial toughness curves
more correctly. Here, Gc is the measured fracture energy,
ip 1S the mode mixture of the fracture tip, ¢ is the phase
angle that arises from elastic mismatch across the bi-mate-
rial interface, A isaparameter introduced into trigonometric
functions, and @ can be regarded as the slope of the fracture
surface roughness.

*  The experimental results of mode Il toughness values are
much greater than those of mode | toughness values, and
the fluctuation of mode I fracture toughness values under
different conditions is much larger than that of mode |
fracture toughnessval ues, which is consistent with thetrend
of interfacial fracture toughness curves.
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e On the basis of the experimental results, the four basic
parameters in the modified criterion are obtained, and the
interfacial toughness curve of Ti-50A/Ti-6Al-4V SPF/DB
components is determined using the modified criterion for
fracture under mixed-mode loading. Comparison between
the results shows that the agreement between experiment
and theory is excellent.
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