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Fracture behaviour of diffusion bonded
titanium alloys with strength mismatch

M. KocË ak, M. Pakdil, and G. CË am

The present study considers the effect of strength
mismatch on the fracture behaviour of diffusion bonded
joints between commercially pure (CP) Ti and Ti ±
6Al ± 4V (Ti64), including dissimilar joints and
sandwich structures with strength undermatching and
overmatching. The aim of the investigation is to deter-
mine the in¯ uence of the interlayer thickness (for both
higher and lower strength interlayers) and the bond
quality on the deformation behaviour and fracture
toughness of the joints. The in¯ uence of mechanical
heterogeneity (strength mismatch) on the fracture
behaviour of the interface in dissimilar joints was
also investigated. Round bars of CP Ti and Ti64 having
a diameter of 40 mm were diffusion bonded as dis-
similar butt joints and sandwich structures containing
lower strength (undermatching) and higher strength
(overmatching) interlayers of different thicknesses.
Round transverse tensile specimens and standard four
point bend (single edge notch bend) specimens were
extracted from the joints via spark erosion cutting. The
four point bend specimens were fatigue precracked to
introduce a sharp crack after introducing machine
notches at the centre of the interlayers in the sandwich
structures and at the interface in the dissimilar joints,
and tested at room temperature. Some specimens were
also prepared with the crack positioned away from the
interface to determine the effect of notch position
on fracture behaviour. The effect of strength mismatch
on the crack tip opening displacement fracture tough-
ness parameter of the joints has been evaluated. Crack
initiation, crack growth, and crack deviation processes
have been examined and fracture resistance curves (R
curves) constructed for the joints. These results were
used to explain the in¯ uence of mechanical hetero-
geneity of the joints and interlayer thickness on
fracture behaviour. STWJ/289
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INTRODUCTION
Many structural components produced via welding or solid
state bonding contain a bimetallic interface between zones
of differing mechanical behaviour. The interface can be the
heat affected zone (HAZ) in fusion welded joints or the

reaction zone in diffusion bonded dissimilar joints. The
fracture process in such joints is determined by the intrinsic
toughness of the interface region as well as the strength
and toughness levels of the joined materials. However, the
interface region (e.g. the fusion zone in welding) may
contain ¯ aws and can be a critical location for fracture, thus
limiting the structural performance of such components. In
contrast with homogeneous bodies, the joint performance
is determined by the interface quality resulting from the
joining process variables, the mechanical properties of
the two materials joined (strength difference between them),
the existence of a reaction zone or fusion zone having
different mechanical properties, and the width of the region
in which there is a mechanical property variation. For
instance, a narrow strength overmatching fusion zone is
present in autogenous laser beam welded C ± Mn steels

1 ± 4

and a strength undermatching fusion zone is observed in
autogenous laser or electron beam welded precipitation
strengthened Al alloys.

3 ± 6
Therefore, a complete character-

isation of the fracture process at the interface requires
interfacial fracture toughness data over the full range of
combinations of joining process variables, interface micro-
structure (if applicable), interlayer thickness, and loading
mode.

The fracture mechanics of elastic ± plastic bimaterial
interfaces (where one of the constituents may deform plas-
tically) has recently been the focus of research7 ± 1 8 to
improve the understanding of the fracture process at
such bimaterial interfaces. It is now well established that
deformation and fracture behaviour is signi® cantly affected
by the strength mismatch between the two materials
joined.

1 9 ,2 0
Recently, Kim et al.2 1 ,2 2

have conducted
numerical work and slip line ® eld analysis on bimaterial
single edge bend and centre cracked tension con® gurations.
Their results showed the development of about 38% higher
triaxiality at the interface compared with homogeneous
specimens.

For experimental evaluation of the interfacial fracture
toughness of similar or dissimilar joints, four point bending
tests are generally used since this type of loading (constant
bending moment) provides a condition (a steady state
energy release rate) that facilitates the acquisition of accu-
rate and consistent fracture resistance data

1 0
for interface

testing using ¯ exural specimens. The bimaterial elastic ±
plastic specimens can be produced via the solid state diffu-
sion bonding process. These dissimilar joints may fail either
by brittle debonding of interfaces (weak bonding) or by
crack deviation into the lower strength constituent and
ductile rupture within the lower strength side adjacent to the
interface (strong bonding).

2 3 ,2 4
Sandwich specimens basi-

cally contain a thin layer of interlayer (material I) which
is sandwiched between the two solid blocks (material II)
comprising the bulk of the specimen. This type of specimen
can also be produced via the solid state diffusion bonding
process. A sandwich structure comprising a lower strength
metal (undermatching) interlayer between higher strength
metal blocks may fail via a variety of mechanisms, including
brittle debonding of interfaces and ductile rupture within
the interlayer adjacent to the interface. The fracture process
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for such joints depends on the level of elastic/plastic
mismatch, and the interlayer thickness 2H and uncracked

ligament size (W  a)/2H, where W is the specimen width
and a is the initial crack length. In contrast, crack devia-

tion into the lower strength material side is expected in
overmatching (higher strength interlayer) sandwich struc-

tures where the crack is located in the higher strength

interlayer, provided that the interlayer is thin enough, the
bond quality is high enough, and there is suf® cient strength

overmatching.
In the present study, a commercial purity (CP) Ti and Ti ±

6Al ± 4V (Ti64) material combination is used to conduct a
systematic experimental investigation on the elastic ± plastic

interface fracture. The reason for selecting this model joint
system is twofold. First, these two materials can readily be
diffusion bonded to each other. Second, these materials
exhibit identical elastic properties with signi ® cantly differ-
ent yield stress levels, resulting in a high strength mismatch
ratio, i.e. about 300%. Joints between these two materials
exhibiting only a strength mismatch and free from any
microstructural change can readily be achieved provided
that excessive grain growth and interdiffusion can be
avoided at the bond interface by selecting an appropriate
set of diffusion bonding parameters. Sandwich joints with
strength undermatching and overmatching interlayers pro-
duced in the present study represent model joints for laser
beam or conventional arc welded joints. Laser beam welded
precipitation hardened Al alloys with an undermatching
weld zone and structural steel or Ti alloy joints with an
overmatching weld zone can be simulated by these under-
matching and overmatching sandwich joints, respectively.

The aim of the present work was to carry out a
comprehensive experimental programme to improve the
understanding of fracture toughness behaviour under the
in¯ uence of strength mismatch. For this purpose, fracture

(a)

(b)

(c)

(d)

a dissimilar joint with interfacial crack; b dissimilar joint

with subinterfacial crack; c strength overmatched joint; d
strength undermatched joint

1 Schematic diagrams showing fracture toughness speci-
mens

2 Schematic illustration of crack tip opening displace-
ment (CTOD d5) measurement during four point bend
tests using clip on gauge with 5 mm gauge length over
fatigue crack tip

a b

a weak bond, polarised light image; b strong bond, light image

3 Microstructure of bond lines (optical)
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toughness tests were carried out on dissimilar Ti ± Ti64
diffusion bonded butt joints and sandwich specimens to
determine the effect of strength mismatch on fracture beha-
viour and crack tip opening displacement (CTOD) R curves.
In the sandwich joints, the effect of interlayer thickness on

the fracture behaviour of joints with both undermatching
and overmatching of strength was also investigated.

EXPERIMENTAL PROCEDURE
The fracture behaviour of diffusion bonded CP Ti and
Ti64 joints formed via solid state diffusion bonding was
examined. For this purpose, 40 mm diameter bars of
Ti (99.5%) and Ti64 were diffusion bonded in different
combinations, such as dissimilar butt joints and sandwich
specimens, to produce undermatched and overmatched
sandwich structures with different interlayer thicknesses.
Dissimilar joints and sandwich structures were joined using
bonding parameters of 875°C and 5 MPa with a bonding
time of 1 h, using surfaces that had been ground and
polished followed by degreasing in an ultrasonic washer and
blow drying. Sandwich structures were also produced at
870°C and 3.5 MPa with a bonding time of 1 h after only
parallel machining and degreasing in an ultrasonic washer
followed by rinsing in pure ethanol and blow drying, to
produce relatively weak interfaces. The vacuum level at
bonding temperature Tb was 4610

 6
mbar (3610

 6
torr)

or better. These bonding parameters were selected to obtain
a well de® ned bond line without producing a reaction zone,
to eliminate the effect of the latter.

Optical metallography and scanning electron microscopy
were also used to inspect the quality of the bonds produced

4 Stress ± strain curves for base materials and dissimilar
joint used in present study

Table 1 Tensile test results for base materials and dissimilar joint

Yield strength, MPa Tensile strength, MPa Strain, %

Material Experimental Average Experimental Average Experimental Average

CP Ti 320 332 431 445 30.0 35.2
342 456 39.6

335 448 36.0
Ti64 903 923 965 977 22.0 21.7

937 986 22.0
930 981 21.0

Dissimilar joint..*, 339 340 438 458 19.4 19.3
M~0.36 346 458 18.4

336 479 20.3

*Transverse tensile specimen: mismatch ratio M~YSCP Ti/YSTi64, where YS is yield strength.

a

b

a overview; b higher magni® cation of failure location

5 Tensile specimen of diffusion bonded dissimilar joint, which failed in lower strength commercial purity (CP) Ti side
away from interface (optical)
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and to characterise the diffusion bonded interface between
CP Ti and Ti64.

Standard round tensile specimens were extracted from
the base metals and dissimilar joints using the spark erosion
technique and tested at room temperature. Fracture tough-
ness test specimens of 8 or 10 mm thickness with B62B
specimen geometry (Fig. 1) were also extracted from the
bonded joints. The specimens were machine notched (using
spark erosion with 0.2 mm diameter Cu wire) at the inter-
face (some specimens with notches in Ti64 away from the
interface, i.e. subinterfacial crack specimens, were also
produced) and fatigue precracked to contain deep notches
(a/W~0.5). Fracture toughness tests using these fatigue
precracked four point bending specimens of CP Ti and Ti64
bulk materials were also conducted to determine their bulk
toughness values. As usual, load and crack mouth opening
displacement (CMOD) values were recorded during the

testing. Additionally, CTOD values were directly measured
using d 5 (developed at GKSS) clip on gauges at the fatigue
crack tip over a gauge length of 5 mm (Fig. 2). This local
CTOD measurement technique may monitor the crack tip
deformation and fracture process in dissimilar joints more
precisely than the remote displacement measurement. How-
ever, the 5 mm gauge length used is greater than the
interlayer thickness of some of the sandwich specimens (see
Table 3).

RESULTS AND DISCUSSION

Microstructural aspects and tensile behaviour of
dissimilar joints
A distinct and well de® ned bond line between CP Ti and
Ti64 was produced in all the joints. Neither bond defects
nor grain growth were observed in both materials in the
bond zone, as shown in Fig. 3. In the sandwich structures
with relatively weak interfaces, optical microscopy did not
reveal any detectable bonding defects. Indeed, the interface
of these bonds seemed very similar to that obtained in the
strong bond joints (Fig. 3a and b).

Tensile tests on the CP Ti and Ti64 bars used in the
present work were carried out to determine the tensile
properties and the strength mismatch ratio. The mismatch
factor M~YSCP Ti/YST i6 4 , where YS is yield strength, was
found to be 0.36. An average of four tests was taken to
determine the yield strengths and ultimate tensile strengths
of CP Ti and Ti64. The stress ± strain curves for these mater-
ials are compared in Fig. 4.

The stress ± strain curve for the dissimilar joint with a
strong bond was also determined and is compared with
those for the constituent base materials in Fig. 4. As can
be seen from Fig. 4 and Table 1, the strength value for the
joint is similar to that for CP Ti base material, but the
failure strain value for the joint is almost half that for CP Ti
base material, as is expected since only the lower strength
CP Ti side (half of the gauge length) deforms plastically
during tensile testing. The tensile specimens from the dis-
similar joints all failed in the lower strength CP Ti side away
from the bond interface as shown in Fig. 5, indicating that
the bond is sound. The bonds failing in the softer CP Ti side
away from the bond line in tensile testing will subsequently
be termed `strong bonds’, whereas those failing along the
bond line will be designated as `weak bonds’ .

Fracture behaviour
A multiple specimen technique using four point bend
specimens was employed to determine the CTOD R curves

Table 2 Crack tip opening displacement (CTOD d5)
values at maximum load for base materials and
dissimilar joints

CTOD d 5max, mm

Material Experimental Average

Bulk CP Ti 0.21 0.22
0.24

0.21
Bulk Ti64 0.07 0.06

0.06

0.06
0.07

0.06
0.06

Dissimilar joint 0.09 0.10

(interfacial crack), crack 0.12
geometry I (Fig. 1a) 0.10

0.11

0.11
0.08
0.10

0.14
0.08
0.08

0.10
0.12

Dissimilar joint..* 0.17 0.18
(subinterfacial crack), crack 0.18
geometry II (Fig. 1b) 0.20

*Specimen showed crack deviation from crack tip into Ti64 side
(see Fig. 8b).

6 Load versus CTOD d5 plots for base materials and
dissimilar joints

7 Comparison between R curves (CTOD d5 versus
increase in crack length D a) for base materials and
dissimilar joints
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for the base materials and dissimilar joints. The measured
CTOD values ( d 5 m a x corresponding to the CTOD values at

maximum load) for the base materials and dissimilar joints

are given in Table 2. As can be seen from this table, the
CTOD values for the dissimilar joints lie between those for

homogeneous CP Ti and Ti64. Figure 6 shows the typical
load versus CTOD ( d 5) plots obtained for bulk materials

and diffusion bonded interface and subinterface crack speci-
mens. The variations in load carrying capacity demonstrate

the effect of the material strength and the notch position.
Figure 7 shows the R curves for the base materials and

dissimilar joint specimens. The R curve behaviour for dis-
similar joints with interfacial cracks is similar to that for

homogeneous CP Ti. In these specimens, the crack moves
from the interface into the lower strength CP Ti side and
propagates adjacent to the interface (Fig. 8a) owing to the

incompatibility between the plastic properties of the two
materials. In contrast, the R curve for dissimilar joints with
subinterfacial cracks lies higher than that for CP Ti. The
reason for this ambiguity is that the original fatigue pre-
crack lying in Ti64 deviates into the lower strength CP

Ti side (via perpendicular crack growth to the interface)
under bending owing to the presence of an extreme strength
overmatch (Fig. 8b) and this extensive crack deviation leads

to an arti® cial increase in the CTOD value. Table 2 also
gives the rather high CTOD results for the subinterfacial
crack specimens (see Fig. 1b). This is partly due to the crack
growth (perpendicular to the interface, i.e. non-mode I

crack tip opening) parallel to the local CTOD measure-
ment direction as shown in Fig. 8b. Furthermore, a greater
amount of deformation occurs in the specimen to link the
subinterfacial crack tip (within the higher strength Ti64) to

the plastically deformed interfacial region (Fig. 8b). The
crack path deviation towards the interface in subinterfacial
crack specimens was also observed in an earlier work1 4 con-

ducted on an explosion clad Cu ± ferrite system.
The measured CTOD values ( d 5 m a x) for the base mater-

ials and undermatched and overmatched bonded joints are
compared in Table 3. It can be seen from this table that in

the undermatching system a decreasing interlayer thickness
decreases the CTOD with respect to that for homogeneous
CP Ti. The reason for this is the restrictions in plasticity

development (increase of constraint) at the uncracked
ligament due to the presence of higher strength Ti64
blocks on both sides. The thin, lower strength CP Ti inter-
layer is restrained by the non-deforming Ti64 side blocks,

which has the effect that the effective yield strength of CP Ti
is signi® cantly increased (contact strengthening); this is also

a interfacial crack specimen, in which ductile crack growth
occurs within CP Ti adjacent to interface; b subinterfacial

crack specimen, in which crack grows perpendicular to
interface and deviates into lower strength CP Ti, with sub-
sequent ductile fracture within CP Ti adjacent to interface

8 Crack growth in strong bond dissimilar joint specimens
(optical)

(a)

(b)

9 Effect of interlayer thickness on R curves for a under-
matched and b overmatched specimens with weak bond
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observed in brazed joints.
2 5

The constrained plasticity has

also been observed in Ti ± Al ± Ti diffusion bonds with a soft
Al interlayer in a previous work.2 6 The opposite tendency

was observed for the overmatching system as expected,
where decreasing interlayer thickness increases the CTOD

as the contribution from the lower strength CP Ti side
blocks becomes more pronounced.

The multiple specimen technique using four point bend
tests was employed to determine the R curves for the base

materials and undermatched and overmatched sandwich

joints having both weak and strong bonds. Figure 9a and b
shows the effect of interlayer thickness on the R curve beha-
viour for specimens having weak bonds and undermatched

and overmatched interlayers respectively, in comparison
with those for the base materials. The R curve behaviour
for undermatched specimens becomes similar to that for

homogeneous Ti64 as the interlayer thickness decreases to
3 mm (within experimental scatter bands). In contrast, the

R curve behaviour for overmatched specimens becomes

Table 3 Comparison of CTOD d5max values for homogeneous CP Ti and Ti64, and undermatched and overmatched spe-
cimens with weak and strong bonds

Bonded specimens

Interlayer
thickness

2H, mm

Uncracked ligament
size/interlayer thickness

(W  a)/2H
CTOD d 5max

values..*, mm

Bulk base
material

CTOD, mm

Weak bonds

Undermatched specimens 3 3.3 0.12 0.22 (CP Ti)
(CP Ti interlayer) 6 1.6 0.13

12 0.8 0.17

24 0.4 0.17
Overmatched specimens 3 3.3 0.21 0.06 (Ti64)
(Ti64 interlayer) 6 1.6 0.10

12 0.8 0.09
24 0.4 0.10

Strong bonds
Undermatched specimens 1 8.0 0.07 0.22 (CP Ti)
(CP Ti interlayer) 2 4.0 0.09

5 1.6 0.12
10 1.0 0.17

Overmatched specimens 2 4.0 0.15 0.06 (Ti64)

(Ti64 interlayer) 5 1.6 0.08
10 1.0 0.07

*Average of minimum 3 specimens.

10 Crack deviation from stronger Ti64 interlayer into
softer CP Ti side block and brittle debonding along
interface due to weak bonding in strength over-
matched weak bond specimen with interlayer thickness
2H~6 mm (optical)

(a)

(b)

11 Effect of interlayer thickness on R curves for a under-
matched b overmatched specimens with strong bond
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similar to that for CP Ti as interlayer thickness decreases
owing to remote plasticity development in the lower
strength CP Ti material. In the undermatched sandwich
structures, the specimens failed in the softer CP Ti interlayer
away from the interface except for one specimen having
a 3 mm interlayer thickness, despite the weakness of the
interface. This is probably due to the supporting effect of
the non-deforming Ti64 side blocks (contact strengthening).
However, as can be seen from Fig. 9b, only very limited
CTOD data were obtained for weak bond overmatched
sandwich joints with interlayer thicknesses of 3 and 6 mm.
The reason for this is the brittle debonding along the weak
interfaces that occurs in these specimens as the crack lying
in the higher strength Ti64 interlayer deviates into the lower
strength side block via the weak interface, as shown in
Fig. 10.

Similar observations were made on the R curve behaviour
for undermatched and overmatched sandwich joints with
strong bonds (Fig. 11). It was, however, possible to obtain
more CTOD data for strong bond overmatched sandwich
joints with small interlayer thicknesses (i.e. 2 and 5 mm).
For the strong bond specimens, brittle debonding along the
interface does not occur since the crack deviates into the
lower strength side block via the strong bond and propagates
in the lower strength material adjacent to the interface.

It should be mentioned that the CTOD values presented
in this section were obtained directly from local measurements

across the crack tip using a clip on gauge with a 5 mm gauge
length, which is greater than the thickness of the thin
interlayer used in the experiments. However, an identical
relationship between the two displacement measurements,
namely, CMOD and CTOD ( d 5), for all dissimilar and
sandwich specimens with different interlayer thicknesses has
been observed and hence the possible effect on the presented
R curves of materials covered within the gauge length of
the d 5 clip on gauge should be not signi® cant. Figures 7 and
9 do indeed show the expected variation, with some scatter
due more to the fracture path deviation than to the material
heterogeneity within the gauge length monitored across the
crack tip.

Fracture process
Optical metallography was employed to investigate the
fracture process in the tested specimens by sectioning them
in the middle. Plastic deformation predominantly occurs
in the lower strength interlayer adjacent to the interfaces
for the undermatched specimens, as shown in Fig. 12. The
shape of plastic zone developed is determined by the thick-
ness of the lower strength interlayer for strength under-
matching (Fig. 12). A typical butter¯ y shaped plastic zone is
formed in the specimens having suf® ciently thick interlayers
(Fig. 12c and d), whereas in the specimens having thin
interlayers the plastic zone is con® ned to the lower strength

a

c

b

d

12 Crack growth in strength undermatched strong bond specimens with interlayers of thickness a 2H~1 mm,
b 2H~2 mm, c 2H~5 mm, and d 2H~10 mm (optical)
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interlayer (constrained plasticity) owing to the restrictions

in plasticity development caused by the presence of higher
strength (elastic) Ti64 blocks on both sides. The mode of

failure was observed to be typically ductile, involving void
nucleation and coalescence (Fig. 13). For overmatched

specimens, the crack path deviation into the lower strength
CP Ti side block and ductile failure in the lower strength
side block adjacent to the interface were observed provided

that the higher strength interlayer was suf® ciently thin, i.e.

5 ± 6 mm, and the bond is sound (Fig. 14a and b). No crack
deviation into the lower strength side block was observed
for overmatched specimens having a thicker interlayer, i.e.

10 mm, since the outer bound of the plastic zone developed
cannot reach the interface (Fig. 14c). After the crack

deviation into the lower strength CP Ti side in strength
overmatched specimens having thinner interlayers, the

failure occurs in a ductile manner, involving void nucleation
and coalescence as observed in the strength undermatched

specimens (Fig. 15).
Two types of bond quality (weak and strong depending

on the failure location in tensile tests) have been covered
within the present study to examine experimentally the

failure mechanism at the boundaries of the interlayer
material in the sandwich specimens. A higher strength inter-
layer represents strength overmatching weld metal, where

plastic zone development concentrates at the base metal side
of the interface. An accumulation of this plasticity increases

the constraint in the vicinity of the interface and may lead to

brittle fracture initiation if the appropriate microstruc-
ture at the interface is present. By introducing weak and
strong bond qualities to the experimental matrix, it was

intended to examine the critical condition for the interface
with undermatching and overmatching interlayer materials
under bending loading.

For the weak bonds, however, the overmatched speci-
mens failed at the interface by brittle debonding after a

certain amount of bending as the crack reached the weak
interface (Fig. 10), owing to the brittle nature of the weak
bonding. In contrast, no debonding was observed in under-

matched specimens despite the presence of a weak bond.

13 Crack growth involving void formation and coales-
cence in softer interlayer of strength undermatched
strong bond specimen with interlayer thickness of
5 mm (optical)

a

b

c

14 Crack growth in strength overmatched strong bond
specimens with interlayers of thickness a 2H~2 mm,
b 2H~5 mm, and c 2H~10 mm (optical)
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This indicates that the form of plasticity development
within the lower strength interlayer does not create a critical
condition for the bond line and hence the weak bond
interface does not fail. Figure 16 shows the schematic dia-
grams of the different fracture types (crack propagation)
observed in the present study.

CONCLUSIONS

Dissimilar butt joints with strong bonds
1. Transverse tensile specimens of dissimilar joints all

failed in a ductile manner in the lower strength CP Ti side,
indicating that the bond quality was optimal.

2. The CTOD ( d 5 m a x) values for dissimilar joint speci-
mens lay in between those for CP Ti and Ti64 base metals.

3. The R curve for dissimilar joint specimens with an
interfacial crack was found to be similar to that for CP Ti,
whereas that for specimens with a subinterfacial crack lay
higher, owing to the perpendicular crack growth towards
the interface under bending conditions resulting from the

presence of an extreme strength overmatch, thus leading to
an arti® cial increase in the CTOD value.

4. Ductile crack growth occurred within the lower
strength CP Ti side adjacent to the interface in the dis-
similar joint specimens with an interfacial crack, whereas
an excessive crack path deviation into the lower strength
CP Ti side was observed in dissimilar joint specimens
with a subinterfacial crack, with subsequent ductile crack
growth within the lower strength CP Ti side adjacent to the
interface.

Sandwich joints
1. The undermatched specimens all failed in a ductile

manner in the softer CP Ti interlayer adjacent to the
interface, not by brittle debonding along the interface, for
both weak and strong bond conditions except for one weak
bond specimen.

2. In the strong bond overmatched specimens with
thinner interlayers, the crack originally lying in the higher
strength interlayer deviated into the lower strength side

15 Crack path deviation into lower strength side block (CP Ti) and crack growth involving void formation and coales-
cence within side block adjacent to interface in strength overmatched strong bond specimen with interlayer thickness
of 5 mm (optical)
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block and propagated within the lower strength side
adjacent to the interface.

3. For the weak bonding, however, overmatched speci-
mens with thinner interlayers, e.g. 3 and 6 mm, failed at the
interface after a certain amount of bending owing to the
weakness of the interface, without crack tip penetration into
the lower strength CP Ti material.

4. In the undermatched specimens, decreasing lower
strength interlayer thickness shifted the R curve lower,
towards that for Ti64, owing to the constrained plasticity.

5. In the overmatched specimens, decreasing interlayer
thickness produces a shift in the R curves to higher values as
a result of the increasing remote plasticity at the lower
strength CP Ti side blocks.

6. The ductile crack growth was con® ned to the lower
strength interlayer adjacent to the interface in the under-
matched specimens, whereas deviation of the crack path
into the lower strength CP Ti side blocks was observed in
the overmatched specimens with thinner Ti64 interlayers,
the ® nal failure being either brittle debonding along the
bond line for the weak bonding or ductile crack growth
within the softer CP Ti side block adjacent to the bond line
for the sound bonding.
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a dissimilar interfacial crack specimen with weak bond,
brittle debonding along interface; b dissimilar interfacial

crack specimen with strong bond, crack path deviation
into softer CP Ti side; c dissimilar subinterfacial crack spe-
cimen with strong bond, crack path deviation into softer

CP Ti side; d strength undermatched specimens with weak
and strong bonds with thinner interlayers, crack propaga-

tion within softer CP Ti interlayer adjacent to interface; e
strength undermatched specimens with weak and strong
bonds with thicker interlayers, crack propagation within

softer CP Ti interlayer away from interface; f strength
overmatched specimens with weak bond with thinner inter-
layers, perpendicular crack growth towards interface with

subsequent brittle debonding along interface; g strength
overmatched specimens with strong bond with thinner
interlayers, crack path deviation into softer CP Ti side

block; h strength overmatched specimens with weak and
strong bonds with thicker interlayers, crack propagation
within stronger Ti64 interlayer away from interface

16 Crack growth mechanisms in dissimilar and sandwich
joints investigated
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