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ABSTRACT

Microstructure and mechanical properties, with emphasis in impact toughness behaviour, of two
multilayer composites have been investigated. The multilayer materials are constituted by thirteen
layers of high strength Ti-6 Al-4 V alloy. Stacked layers have been successfully joined by diffusion
bonding considering two processing temperatures, 750 and 900 °C. The proportion of o/ phase in the
microstructure during diffusion bonding process determines the presence of pores at the interface, and
therefore the mechanical properties of the composite material. Higher bcc  phase proportion during
diffusion bonding process at the highest temperature of 900 °C leads to high bonding degree, without
noticeable toughness increase of the multilayer composite. In contrast, higher proportion of harder hcp
o phase at 750 °C makes difficult the healing of interfacial pores, decreasing interfacial toughness and
leading to a toughness value of the multilayer composite seven times higher than the reported value for
the as-received Ti-6 Al-4 V alloy.

D. Interfacial toughness
D. Damage tolerance

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Ti-6 AlI-4 V alloy is well known for two properties: high
specific strength and excellent corrosion resistance. In addition,
the much higher melting temperature of titanium as compared
to aluminium, main competitor in light weight structural applica-
tions, gives titanium a definite advantage at temperatures above
150 °C [1,2].

An emerging application for titanium alloys is armour, mainly,
but not exclusively, for military vehicles [1]. For this application,
an optimized combination of strength and toughness is desirable.

Multilayer composites are being intensively studied for a
number of potential applications: electronic devices, structural
components, armour, etc. [3-6]. In particular, from a mechanical
point of view, multilayer materials are able to reach an out-
standing result of strength and toughness simultaneously [7-12].

Toughening mechanisms in materials can be broadly divided
into two categories, intrinsic and extrinsic. Intrinsic toughening
implies inherent resistance of the microstructure to crack growth
(grain size effects, precipitates, particle spacing, etc.). Extrinsic
toughening is induced by the rest of mechanisms that reduce
local stress intensity at the crack tip, for instance delamination at
interfaces [13]. Delaminations in layers ahead of the crack tip
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result in a reduction and redistribution of local stress. Further,
crack growth requires re-nucleation, i.e., a significant amount of
energy absorption, resulting in an increase in toughness [14].

Diffusion bonding is an attractive processing method to obtain
multilayer materials [15-17]. This process is dependent on
various parameters, in particular, time, applied pressure, and
bonding temperature to promote microscopic atomic movement
to ensure complete metallurgical bond [18].

On the other hand, titanium materials are primarily corrosion
resistant since they are able to form a dense oxide layer after a
short period of time in air. This protective layer has tendency to
diffuse into the material at high temperatures. This “self-clean-
ing” characteristic of titanium, together with good solid-state
diffusion, results advisable for processing multilayer materials by
diffusion bonding [19].

Interfacial properties have been shown to greatly affect the
mechanical behaviour of composite multilayers laminates [20-22],
because interfaces are numerous and susceptible to decohesion and
sliding [23]. Interface decohesion is most likely when the interface
toughness is relatively low. It is known that the quality of a diffusion
bonded interface depends on the presence or absence of micropores
and remnants of oxide particles [24]. Thus, the presence of these
defects, formed during processing as a consequence of different
processing conditions, can affect mechanical properties of inter-
faces, favouring delamination as a principal mechanism of crack
arresting in multilayer materials, and thus may improve the
extrinsic toughening.
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Therefore, the aim of this paper is to study the influence of
the processing temperature on microstructure and defects for-
mation in the bonding zone, and to correlate it with damage
tolerance and interfacial shear mechanical properties of two
diffusion bonded multilayer composites obtained. The phase
diagram for the Ti-6 Al-4V alloy should help clarify phase
changes that take place at the processing temperatures consid-
ered and thus, microstructural features that affect strongly the
fracture behaviour.

2. Experimental procedure
2.1. Materials and processing

Thirteen Ti-6 Al-4 V sheets of ~0.86 +0.02 mm in thickness
were stacked, making up a bundle of ~10.9 mm in thickness,
~105 mm in width and ~220 mm in length. The as-received
sheets were provided by VSMPO, Verhnyaya Salda, Russia. With
the objective of minimizing anisotropy in mechanical properties
of this mainly hcp a-based Ti alloy, sheets were stacked varying
alternatively the as-received rolling direction 90 degrees. The
composition (in weight per cent) of the Ti-6 Al-4V alloy was
6.27 Al, 4.22 V, 0.18 Fe, less than 0.001 H, less than 0.01 N, 0.2 0
and balance titanium.

The multilayer materials were manufactured by diffusion
bonding in a vacuum furnace under argon pressure using a
flexible membrane. Processing was performed using two different
regimes to control the presence of micropores in interfaces:
(1) 750 °C during 2 h and 3 MPa; and (2) 900 °C during 2 h and
3 MPa. After processing, the multilayer composites were cooled in
the vacuum furnace to room temperature, and additional thermal
treatment was not performed. The average thicknesses of the
titanium layers in the multilayer composites processed at 750 and
900 °C were ~860 + 8 and ~870 + 17 um, respectively.

2.2. Microstructural determination

In this work, to avoid confusion, a different notation for the
sample reference system is used instead of the traditional RD, TD
and ND directions. The reference system is shown in Fig. 1a and
defined as follows: the interface direction is designated by ID,
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normal direction to the multilayer composite remains designated
by ND as well as transversal directions remains named TD.
As, initially, sheets were stacked alternating the as-received
rolling direction by 90 degrees, the microstructure at bond
interfaces was analyzed in one of the equivalent transversal
sections (Fig. 1a). Thus, the plane to be microstructurally char-
acterized always contains ID and ND directions.

Optical and scanning electron microscopy (SEM) using a JXA-
6400 instrument were considered. The linear intercept method
was used to estimate grain size. At least 300 grains were analyzed
to measure grain size. Metallographic preparation involved meth-
ods of standard surface preparation. Optical metallography was
performed using an etchant agent consisting in 50 ml H,O+25 ml
HNOs+5 ml HF during 10-20s.

2.3. Mechanical properties

2.3.1. Charpy test

Two mm U-notched Charpy type testing samples were
machined with 10x 10 x 55 mm?® dimensions from diffusion
bonded multilayer materials processed at two different tempera-
tures. Crack propagation in the multilayer composites has been
studied in two orientations, as shown schematically in Fig. 1:(c)
crack arrester and (d) divider orientation. In crack arrester
orientation (Fig. 1c), the initial notch/crack tip ends within an
individual layer of the test sample such that the crack front “sees”
each layer interface sequentially during loading. In crack divider
orientation (Fig. 1d), the initial notch/crack tip intersects all test
sample layers such that the crack front “sees” all the layer
interfaces simultaneously [11]. Three samples of each material
were tested.

2.3.2. Shear test

To characterize precisely mechanical properties of interfaces,
shear tests along them have been performed. Interface mechan-
ical properties were measured by shear test in a Servosis universal
test machine (cross-head rate=0.005 mm/s) using samples of
approximate dimensions 10 x 10 x 3 mm?>. Shear test was per-
formed by clamping the sample between two metal supports
(Fig. 1b). The interface to be tested is located just outside the tool
border and parallel to the load direction. Then, a square punch at
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Fig. 1. Schemes of: (a) the reference system considered in this work for multilayer composites; (b) shear test; and samples for Charpy impact test: (c) crack arrester

orientation, and d) crack divider orientation.
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a given gap distance is used to apply the shear load until interface
failure. Shear stress, 7, and shear strain, y, are given by the
expressions [25]:

t=p/ae y=tan(x)=d/lgap 1)

where a is sample initial width, e is initial thickness, p is
force applied on the sample, d is midspan displacement, o is
shear angle and Igqp, is distance between the supports and the
mobile punch, corresponding to 0.35 mm in this study. Therefore,
the chosen cross-head rate is equivalent to a shear strain rate
about 1.4-1072s~1,

According to the sample reference system defined in Fig. 1a
and considering that the transversal sections in the multilayer
material are equivalent, the plane to be sheared during the shear
test always contains ID and TD directions, as shown in Fig. 1b.

Once shear tests were carried out, fracture surfaces were
analyzed using SEM to asses more precisely the type of failure
of the bonded layers.

3. Results

3.1. Microstructure

Fig. 2a shows the microstructure of the as-received Ti-6
Al-4V in the rolling plane, which consists of equiaxed o grains
~3 um in size surrounded by the equilibrium volume fraction
of B phase along grain boundaries of o grains. Fig. 2b shows
the phase diagram for the Ti-6 Al-4V alloy in the o+ region
[26] of interest for processing of multilayer materials in the
present work. As mentioned, two temperatures during diffusion
bonding process have been considered, 750 and 900 °C.
Between 750 and 900 °C the proportion of  phase varies from
about 10% to 50% [27]. The influence of different phase proportion
during processing at different temperature on microstructure and
interfacial mechanical properties will be analyzed in the
discussion.

Fig. 3 shows optical (a and c) and secondary electron (b and d)
micrographs corresponding to cross-sections of the two multilayer

b

Fig. 2. (a) SEM micrograph showing the microstructure of the as-received Ti-6 Al-4 V alloy, and (b) Ti-6 Al-4 V phase diagram in the o+ 3 region of interest for processing

of multilayer composites [26].

Fig. 3. ((a) and (c)) Optical and ((b) and (d)) SEM micrographs showing the microstructure close to interfaces. (a and b) correspond to the Ti-6 Al-4 V multilayer composite
processed at 900 °C without pores in interfaces; and ((c) and (d)) correspond to the Ti-6 Al-4 V multilayer composite processed at 750 °C with pores in interfaces.
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composites processed in this work. Fig. 3a and b correspond to the
material processed at 900 °C, and Fig. 3¢ and d correspond to that
processed at 750 °C. Micrographs were taken close to interfaces and
these are located in the middle of the images.

After diffusion bonding process, the microstructure of the
Ti-6 Al-4 'V alloy is characterized by equiaxed grains, with sizes
54+1.8 and 2.9+ 1.2 um for the multilayer composites pro-
cessed at 900 and 750 °C, respectively.

The interface between two layers illustrates retention of
equiaxed o microstructure and presence of pores or voids.
However, the pores fraction is considerably higher for the multi-
layer material processed at lower temperature (Fig. 3c and d) than
that for the processed at 900 °C (Fig. 3a and b). Long pores having
lengths up to 60 um, continuously distributed along interfaces,
were observed in the material processed at 750 °C.

The quality of solid state bonding has been evaluated by
the relative length of defects (L,) (micropores) according to the
relation:

Ly = (Lyi/Lo) x 100(%) 2)

where Ly; is the total length of pores along the interface and L, is
the gauge length of the analyzed interface. The relative length
of pores (L,) was ~1% for the multilayer composite processed
at 900 °C, while L, for the material diffusion bonded at 750 °C was
~32%.

3.2. Mechanical properties

3.2.1. Charpy test

The impact toughness value reported [28] for monolithic
Ti-6 Al-4 V alloy, determined using as in the current work
samples with 10 x 10 x 55 mm? dimensions and 2 mm U-notch,
was 450k]/m? The two multilayer materials possess higher
impact energy in crack arrester orientation than the reported
value for monolithic Ti-6 Al-4V alloy, being ~570 kj/m? and
> 3200 kJ/m? for the laminate processed at 900 and 750 °C,
respectively. In contrast, only the multilayer composite without
pores in the interfaces showed higher damage tolerance in divider
orientation (~660 kj/m?). It is worth noting the high impact
toughness value of the multilayer material containing pores in
interfaces in crack arrester orientation ( > 3200 kj/m?), which is
more than seven times higher than that for monolithic material.
Furthermore, due to its high impact toughness, this sample was
not broken and stopped the pendulum. This difference in beha-
viour between the two multilayer composites is related to higher
volume fraction of pores in interfaces of the multilayer material
processed at 750 °C, as shown in Fig. 3, which decreases the
bonded area and favours a possible delamination. In contrast, a
lower absorbed energy value (~570 kj/m?) in the high tempera-
ture processed material (without pores) in crack arrester orienta-
tion can be attributed to a stronger interlayer bond. Likewise, the
impact toughness increase observed in crack divider orientation
for the composite without pores in interfaces (~660 kj/m?), in
comparison with that for the composite with pores (~420 kj/m?),
also can be attributed to this high bonding degree achieved in
the first one. It has been reported [29] that layer plasticity in
laminated composites can be enhanced by introducing tougher
interfaces, which can strongly constrain and delay the failure
development or local necking of individual layers when the
laminate is tensile tested and, as in the current work in divider
orientation, all layers are simultaneously tested. Thus, this plasticity
increase of individual layers enhances material damage tolerance
in this orientation (crack divider).

The multilayer composite processed at the highest temperature
showed typical fracture behaviour of monolithic materials, i.e.,
crack propagates without interruption sequentially in adjoining

layers. Therefore, the impact toughness increase for the multilayer
composite must be attributed to intrinsic contribution of recovery
and elimination of internal stresses during processing at high
temperature.

However, macrographs of Charpy tested samples for the
multilayer material processed at 750 °C show different fracture
behaviour (Fig. 4). Fig. 4a shows the macrograph corresponding to
the Charpy sample tested in crack arrester orientation, where long
delaminations with extensive plastic deformation of titanium
layers, can be observed. Delaminations enlarge the absorbed
energy because it makes difficult crack propagation in the next
layer, which must deform plastically until a new dominant crack
is nucleated. Thus, the longer the extent of debonding at layers
interface, the larger is impact toughness. The macrograph corre-
sponding to the composite with pores in crack divider orientation
(Fig. 4b) also shows evidence of interface debonding together
with some plastic tearing of Ti-6 Al-4 V layers.

3.2.2. Shear tests

To characterize precisely mechanical properties of interfaces,
which are responsible of the damage tolerance increase, shear
tests have been performed. Fig. 5a shows a representation of
shear stress versus shear strain obtained from shear tests on
interfaces for the two Ti-6 Al-4 V multilayer composites pro-
cessed at different temperatures. For comparison, shear curves of
a Ti-6 Al-4 V alloy that was tested simulating monolithic config-
uration have been also included. For this purpose, the multilayer
materials were rotated 90 degrees, as shown in Fig. 5b, such that

a

Fig. 4. Macrographs of fractured samples of the Ti-6 Al-4 V multilayer composite
with pores in interfaces from Charpy tests: (a) Crack arrester orientation and
(b) Crack divider orientation.
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Fig. 5. (a) Stress-strain curves from shear tests conducted on monolithic configurations and different interfaces of composites with and without pores in interfaces.
(b) Schemes of multilayer composite orientations considered to test interfaces in multilayer materials and Ti-6 Al-4 V alloy in monolithic configuration. SLD is referred to

shear load direction.

Table 1

Mechanical properties of the monolithic Ti-6 Al-4 V alloy and interfaces in the Ti-6 Al-4 V multilayer composites from shear tests (s=sample; i= interface; Tmix=
maximum shear strength; Yspear max.= Maximum shear strain; A= area under shear load-displacement curve corrected by the tested section).

Material Sample Tmax (MPa) Yshear max. A (kJ/m?)
Monolithic Ti-6 Al-4 V
Without pores s1 447 2.97 392

s2 515 224 290
Average 481 +48 2.61 + 0.52 341+ 72
With pores s1 552 2.10 298

s2 541 2.04 284
Average 547 + 8 2.07 + 0.04 291+10
Ti-6 Al-4 V composite without pores s1-i3 520 1.41 170

s1-i5 485 1.25 136

s2-i2 507 1.33 153

s2-i4 510 1.32 150

s3-i2 501 1.40 163

s3-i5 489 1.30 145
Average 502 +13 1.34 + 0.06 152 +12
Ti-6 Al-4 V composite with pores s1-i4 400 0.77 55

s2-i4 469 0.82 71

s2-i7 479 0.86 77

s3-i2 490 0.90 83

s3-i5 461 0.84 71

s3-i7 448 0.86 70

s4-i3 465 0.87 75

s4-i6 428 0.75 58
Average 455 +29 0.83 +0.05 70+9

all interfaces are tested simultaneously during shear test, and
thus, their effect is nearly negligible. Accordingly, the material
behaves as monolithic. Also, Table 1 includes values of mechan-
ical properties extracted from various shear curves of different
materials, and average values for each material configuration.
Shear toughness of interfaces was measured as the area under
load-displacement curves. Several samples for every configura-
tion were tested. Hence, the different tested interfaces are
labelled by numbers indicating their location in the multilayer
material in respect to the outer layer (e.g., s3-i5 means sample
3 and fifth interface from surface).

First, clear differences in elastic modulus are observed
between different curves (Fig. 5a). This is attributed to an effect
of texture by the inherent anisotropy of the o phase of titanium.

The Ti-6 Al-4V alloy in monolithic configuration shows
values of maximum shear stress between 447 and 552 MPa,
and shear strain between 2.04 and 2.97 (Fig. 5a and Table 1).
In general, all interfaces of the multilayer materials present lower
strength and ductility than those of the monolithic alloy config-
urations, i.e., lower interfacial toughness.

Regarding the interfaces of the Ti-6 Al-4 V multilayer compo-
site processed at high temperature and without pores, shear
curves show some plastic deformation prior to fracture, and the
interfacial toughness is about half than that for the Ti-6 Al-4 V
alloy in monolithic configuration (Table 1). In contrast, the
multilayer material tested at 750 °C containing pores in inter-
faces, shows quite brittle interfaces, with a lower maximum shear
stress (455 MPa) than the composite processed at 900 °C, and also
lower values of shear deformation to failure ranged between 0.77
and 0.90. The interface toughness for this material is about
a quarter that of the monolithic alloy (Table 1), being for
some interfaces considerably lower (55-58 kJ/m?) than the shear
toughness for its constituent material (291 k]/m?). It can be
concluded that the interface toughness decreases when the
volume fraction of pores is increased.

Fig. 6 shows SEM micrographs at two magnifications of
fractured surfaces from shear tests for the monolithic Ti-6
Al-4V alloy (Fig. 6a and b), and multilayer composites processed
at different temperatures (Fig. 6¢-f). Fig. 6a and b illustrates a
ductile fracture by microvoid coalescence and plastic stretching.
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Fig. 6. SEM micrographs at different magnifications showing interfacial fractured surfaces from shear tests of: ((a) and (b)) monolithic Ti-6 Al-4 V alloy; ((c) and (d)) Ti-6
Al-4V multilayer composite processed at 900 °C without pores in interfaces; and ((e) and (f)) Ti-6 Al-4 V multilayer composite processed at 750 °C with pores in interfaces.

On the other hand, the fractured surfaces of the multilayer
composites correspond to zones where maximum deformation
was reached and interfacial failure occurred. The SEM micro-
graphs of the composite processed at 900 °C (Fig. 6¢ and d) show a
very ductile fracture surface with a similar appearance than the
failure for the monolithic alloy, indicating high bonding degree
according to the nearly perfect interface observed previously
(Fig. 3a and b). However, this sample shows a mixture failure,
being initially ductile in the Ti-6 Al-4 V bulk, but after reaching
the maximum shear stress, the failure is produced along the
interface between layers in a catastrophic manner (Fig. 5a).

Furthermore, the fractured surfaces corresponding to the
composite processed at 750 °C (Fig.6e-f) present a less ductile
behaviour. The surface topography of the failed surface reveals
perfectly bonded areas between layers and non-bonded areas due
to pores or defects, which are observed in Fig. 6e as dark
perpendicular lines, indicating the pores distribution in interfaces
after diffusion bonding processing. The presence of these non-
bonded areas determines the low interfacial toughness, because,
as commented, these non-bonded areas facilitate crack nucleation
and propagation. This is consistent with delaminations observed
under Charpy impact test of the composite with pores that leads
to an increase of toughness in crack arrester orientation by an
extrinsic crack deflection mechanism. Although these interfaces

are less ductile than those of the material processed at high
temperature, they present high maximum stress (Table 1), which
is an indication of high bond integrity.

4. Discussion

In the present work, two multilayer composite materials based
on Ti-6 Al-4V alloy have been processed by diffusion bonding at
two different temperatures. Diffusion bonded interfaces with high
integrity, i.e., high strength and adequate ductility, have been
obtained at relatively low temperature of 750 °C, delivering a
multilayer material with outstanding impact toughness in crack
arrester orientation. This is the most interesting testing orienta-
tion from a technological point of view because it is the natural
configuration for a possible application to enhance damage
tolerance, for example in the fuselage in an airplane.

On the other hand, it is worth noting that material toughness
in crack arrester will be higher if the interface toughness is
relatively low, as observed for the multilayer composite with
pores in interfaces.

A comparison of the microstructure of the multilayer material
processed at 750 °C (Fig. 3c and d) respect to that processed at
900 °C (Fig. 3a and b) reveals a finer grain size and lower bonding
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degree with ~32% of micropores along interfaces for the material
processed at low temperature. In contrast, as seen in Fig. 3, the
fraction of micropores is nearly negligible at the highest diffusion
bonding temperature, 900 °C (~1%). Furthermore, at this tem-
perature, the Ti-6 Al-4 V alloy shows only limited grain growth
(~5.4 um) in comparison with the as-received alloy (~3 pm)
(Fig. 2a). As commented previously, the increase in processing
temperature up to 900 °C emerges the presence of the high-
temperature 3 phase (Fig. 2b). The presence of this B phase at
900 °C accelerates grain growth, as evidenced in Fig. 3b after
partial f— o transformation after cooling to room temperature.

Although grain size influences mechanical behaviour of Ti
alloys, the small difference in grain sizes observed in these
multilayer composites investigated is not considered determinant
for the purpose of this study.

In addition, during the diffusion bonding process and “healing”
of pores with increase of temperature, most of grains remain
equiaxed. This is difficult to be explained only by diffusion of
atoms. In a previous work [30], it was demonstrated by annealing
treatments that the relative pore length decreases very slightly
when the formation of the solid state joint is determined only by
diffusion processes. Furthermore, this phenomenon was observed
in microcrystalline titanium alloys, as in the current work, where
the role of grain boundary diffusion is important. Obtained data
testified that deformation plays the prevailing role in the process
of solid state joint formation, and pore disappearance process was
already observed at ¢~5%. By direct local observation of the
interface formation, this study [30] confirmed that pores healing
was performed by shift and/or rotation of grains relative to each
other in the vicinity of bonded interfaces due to grain boundary
sliding (GBS). It is our contention that GBS can be significantly
activated in the current work, since the local deformation in the
field of the bonded area due to the initial roughness may be more
than 5%. Furthermore, it also has been widely reported [31-33]
that the optimum temperature for superplastic deformation of
conventional Ti-6 Al-4 V alloy with~10 pm grain size is 900 °C.
Thus, it is likely that during diffusion bonding three simultaneous
mechanisms would be acting: grain boundary sliding, grain
rotation and grain boundary diffusion.

On the other hand, diffusion bonding is performed typically at
temperatures in the (o+p) phase field. The existence of two
different crystal structures and the corresponding allotropic
transformation temperature is of central importance, since they
are the basis for the large variety of properties achieved by
titanium alloys [1].

As mentioned and according to the phase diagram for
Ti-6 Al-4 V alloy (Fig. 2b), between 750 and 900 °C the propor-
tion of B phase varies from about 10% to 50% [27]. Thus, at the low
processing temperature of 750 °C, the proportion of 3 phase is low
and the harder o phase dominates the deformation behaviour.
Generally, the number of independent slip systems is only 4 for
the polycrystalline hcp o titanium structure while it is at least 12
for the bcc lattice, justifying the limited plastic deformability of
the hcp o titanium compared to the bcc B titanium [34]. For o
titanium the main slip directions are the three close-packed
directions of the type <1120, and the slip planes containing
these slip directions are the (000 2) plane, the three {101 0}
planes, and the six {101 1} planes. Among these three different
types of slip planes together with the possible slip directions
there are a total of 12 slip systems. However, these can be
reduced to nominally four independent slip systems, because
although prismatic and basal planes have three slip systems each,
only two are independent of each other, resulting in only four
independent slip systems. In addition slip on pyramidal planes
does not increase the number further since this glide is composed
of a prismatic and a basal component and therefore cannot be

considered an independent slip system. Therefore, assuming the
von Mises criterion is correct, which requires at least five
independent slip systems for a homogenous plastic deformation
of polycrystals, the operation of one of the slip systems with a
so-called non-basal Burgers vector needs to be activated.

Accordingly, at 750 °C grain boundaries and triple-point 3 phase
would deform only if the o phase deforms, although the 3 phase
could facilitate a limited amount of sliding between o grains.
In addition, the diffusion coefficient of o titanium is orders of
magnitude smaller than that of bce B titanium because of the densely
packed atoms in hcp o titanium. This limited plastic deformability
and diffusion of the hcp o phase explains the high volume fraction of
pores in interfaces for the multilayer composite processed at 750 °C,
and the difficulty for healing them during processing.

However, the high volume fraction of pores in their interfaces
favours lower interfacial toughness and activation of extrinsic
toughening mechanisms such as delamination and crack renu-
cleation which, as commented previously, improve the multilayer
material toughness in crack arrester orientation. From interfacial
toughness values obtained by shear tests (Fig. 5) and included in
Table 1, it can be observed that the interfacial toughness for the
material processed at the lowest temperature is about a quarter
than that for the monolithic configuration. Previous results [35]
predicted that crack goes through the interface if the interface
toughness exceeds about 1/4 of the material toughness across the
interface. Therefore, and according to this relation, the composite
containing high amount of pores in interfaces presents interfaces
prone to delamination. In addition, after every delamination as
observed in Fig. 4a, Ti-6 Al-4V layers must be hardened and
plastic strained until a new crack will be renucleated. Thus the
extra work of deformation contributes to the overall toughness,
which is more than seven times higher than the reported value
[28] for monolithic material.

In contrast, above 875 °C the fraction of f phase increases
rapidly with increasing temperature up to the B-transus (990-
1010 °C). Thus, at the highest processing temperature of 900 °C,
large amount of [ phase is present and properties of the
Ti-6 Al-4 V alloy are dominated by the softer § phase. This phase
facilitates rotation, translation and rearrangement of o grains,
being the properties of § phase more apparent [27], justifying the
high bonding degree observed at high processing temperature
(Fig. 3a and b).

Therefore, at high processing temperature when GBS and high
diffusivity degree is possible, pores and defects in interfaces are
progressively healed, and this causes increase of interfacial
toughness, as determined by shear tests (Fig. 5 and Table 1).
Thus, the lower relative increase in absorbed energy during Charpy
test for the multilayer composite processed at 900 °C without
pores in interfaces in crack arrester orientation (~570 kJ/m?),
respect to that processed at 750 °C ( > 3200 kJ/m?), is attributed
to tougher interlayer bond, not being prone to delaminate. This is
clearly corroborated by the largest area under the shear test
curves for the material processed at 900 °C (Fig. 5), and the
presence of a ductile fracture (Fig. 6¢c and d), with similar
appearance to that of the monolithic Ti-6 Al-4 V alloy (Fig. 6a
and b) shear tested under similar test conditions.

In summary, the volume fraction of pores as a function of
processing temperature and proportion of o/ phases during
diffusion bonding affects the interface toughness, its fracture
mechanism, and thus, the multilayer material toughness.

5. Conclusions

Two multilayer composites based on Ti-6 Al-4 V alloy have
been obtained by diffusion bonding at two different temperatures
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(750 and 900 °C), conducted to improve impact toughness of this
alloy. The major conclusions of the study are:

(1) Optimised interface toughness can be obtained by tempera-
ture processing control, taking into account the proportion of
o/B phase in the microstructure during diffusion bonding.

(2) Higher B phase proportion during diffusion bonding process
at the highest temperature of 900 °C favours higher diffusiv-
ity, grain rotation and grain boundary sliding, leading to high
bonding degree with almost imperceptible interfaces. Accord-
ingly, the multilayer material processed at 900 °C resembles a
monolithic material, without noticeable toughness increase.

(3) The presence of harder hcp o phase during processing at the
lowest temperature of 750 °C makes difficult the contact
between layers, avoiding healing of interfacial pores. There-
fore, the multilayer composite processed at 750 °C presents
~32% relative length of pores in interfaces, which decreases
interfacial toughness. Accordingly, the lower the interfacial
toughness, the higher the overall material toughness in crack
arrester orientation, which is more than seven times higher
than the reported value for the as-received Ti-6 Al-4 V alloy.

(4) The Ti-6 Al-4 V multilayer composite processed at 750 °C
offers an excellent combination of specific strength and
toughness for possible structural applications.
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