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a b s t r a c t
Laminated composites consisting of alternating layers of TiBw/Ti and Ti(Al) were prepared, and exhibited
a superior elongation to fracture that is nearly 20 times higher than that of bulk TiBw/Ti composites.
Coupling two- and three-dimensional fracture characterizations of TiBw/Ti-Ti(Al) laminated composites
show distinct fracture characteristics including crack distribution, formation of tunnel cracks, and suppression of crack propagation. These experimentally observed fracture characteristics are intimately correlated with in situ monitored strain evolution process, by which we observed that strain localization is
effectively suppressed by laminated structure, thus lowering the stress intensity near the crack tip as well
as the driving force for crack propagation. As a consequence, laminated composites are not so sensitive to
the early cracking, and exhibit a good strength-ductility combination.
Ó 2016 Elsevier Ltd. All rights reserved.

1. Introduction
As is known to all, the barrier for the engineering application of
metal matrix composites (MMCs) is their poor ductility [1]. Plastic
deformation of MMCs is always accompanied by the crack initiation and proliferation; however the microstructure of MMCs often
exhibit a weak resistance to crack propagation, so that microcracks
easily develop into an unstable major crack leading to the premature fracture [2,3]. Therefore, how to suppress the formation of
unstably critical major cracks is a key issue to further improve
the mechanical properties of MMCs; essentially, the scientific
problem is how to control the strain distribution and local stress
concentration near the crack tip. It has been already demonstrated
that laminated structure is capable of impeding the strain localization [4,5]; however in recent investigations on laminated materials, the selected components are limited to pure metals [6],
intermetallic compounds [7], alloys [8], oxides [9], etc., and few
reports focus on the MMCs components. The possibility of MMCs
acting as one of laminated components, as well as whether the
fracture behavior of MMCs is changed by laminated structure or
not, remains unclear.
Recently, we designed and prepared a laminated composite
composed of alternating layers of TiBw-reinforced Ti (TiBw/Ti)
matrix composite and Ti(Al) solid solution [10], and found that
the tensile ductility of TiBw/Ti is increased by 20 times when
embedded into laminated composites, compared to bulk TiBw/Ti
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MMCs [11]. Therefore, the aim of this work is to explore the fundamental mechanisms behind such a high ductility enhancement by
combining two- and three-dimensional fracture characterizations
and in situ strain evolution process.
2. Experimental sections
2.1. Sample preparation and mechanical properties
Commercial purity Al foils and 5 vol.% TiBw/Ti composite foils
were cut into 30 mm  50 mm rectangles, and then chemically
etched by 10 wt.% NaOH and 10 vol.% HF solutions, respectively,
to a final thickness of 100 lm and 760 lm. Alternately stacking
foils of TiBw/Ti (5 pieces) and Al (4 pieces) were hot pressed in vacuum under 75 MPa at 515 °C for 90 min to bond them, and then
annealed as follows: (i) an initially low-temperature annealing
was designed at 700 °C for 1 h to convert low-melting-point Al into
high-melting-point TiAl3 phase; (ii) Subsequent reaction annealing
was performed at a higher temperature (1100 °C, 4.5 h) to rapidly
fabricate the laminated composite consisting of TiBw/Ti layers and
Ti(Al) layers. The cross-section of samples after annealing was prepared according to the conventionally metallographic regulations,
and examined using FEI Quanta 200F scanning electron microscope
(SEM).
The mechanical properties of TiBw/Ti-Ti(Al) laminated composites were evaluated by room temperature uniaxial tensile tests
(Instron-1186 Universal Testing Machine). The gauge dimensions
of tensile samples are 2 mm thickness by 5 mm width by 18 mm
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length. The tensile strain rate is 1  104 s1, and the tensile direction is parallel to the laminates.
2.2. Fracture characterization
In order to investigate the fracture behavior, one part of tensile
fractured specimen was used for two-dimensional (2D) observation of cracks on the cross-section using scanning electron microscope (SEM, FEI Quanta 200F), while another part was examined
by three-dimensional (3D) X-ray synchrotron tomography of
Shanghai Synchrotron Radiation Facility (SSRF). The sample for
3D tomography was carefully extracted from the central portion
of tensile fractured specimen by electrical discharge machining,
along the longitudinal direction with dimensions of 1 mm in diameter, 1 mm in height, which was schematically shown in Supplementary Fig. S1. Over 1500 projections were collected using a
charge-coupled device (CCD) camera in BL13W1 X-ray beamline
station with a spatial resolution of 0.65 lm. A filtered backprojection algorithm and commercial VGStudioMax software were
utilized for image analysis and 3D reconstruction.
2.3. Strain evolution process
The strain evolution process during the tensile deformation was
captured by applying the technology of digital image correlation
(DIC). The sample for DIC measurement was loaded using an
in situ tensile stage (Kammrath & Weiss GmbH), at a tensile displacement rate of 2 lm/s up to 7% global strain. An optical microscope (OM) was utilized to record image sequences at every strain
interval of about 0.5% during the in situ loading, and a commercial
VIC-2D software was used for the calculation of local strain distribution. The sample dimensions are 2 mm thickness by 2 mm width
by 20 mm length. Prior to the tensile deformation, the specimen
was prepared by traditionally metallographic grinding, and many
of small scratches were intentionally left on the sample surface
serving as marked points for DIC analysis.

3. Results
3.1. Microstructure and mechanical properties
The TiBw/Ti-Ti(Al) laminated composites used in current work
were fabricated by reaction annealing of elemental Al and
TiBw/Ti foils. After annealing, the composite in the final state comprised alternating two layers: one is Ti(Al) solid solution with an
average amount of 12 at.% Al; another is TiBw/Ti layer containing
15 vol.% TiBw inclusions and a relatively low Al concentration
(please refer to a tensile deformed microstructure, Fig. 1a). Note
that the whole reaction annealing strongly depends upon the
inter-diffusion between Ti and Al elements [12], thus leading to
the observed elemental gradient transition across both layers
(along ND, Fig. 1b). Additionally, the Ti(Al) layers contain fine
Ti3Al precipitates due to the highly local Al content, and a more
detailed description of microstructure characterization can be
found in our previous work [13].
Room temperature tensile tests show that the yield strength of
laminated composite reaches 722 MPa, and the elongation to fracture is as large as 8.22%, compared to 0.4% for in situ fabricated
15 vol.% TiBw/Ti composites by Tsang et al. [11]. For the details of
tensile measurements, please see Ref. [10].
3.2. Two-dimensional fracture characterization
Fig. 1a shows the side view of fracture surface of as-fabricated
TiBw/Ti-Ti(Al) laminated composites after the tensile test. In

TiBw/Ti layers, TiB whisker (TiBw) undertook a higher stress amplitude during the tensile deformation compared to the softer Ti
matrix, and the majority of cracks originated from the interior of
TiBw or Ti-TiBw interfaces (Fig. 1c and Supplementary Fig. S2).
The former (TiBw cracking) was due to the intrinsic brittleness of
TiBw [14], while the deformation incompatibility between Ti and
TiBw was responsible for the Ti-TiBw interfacial debonding [15].
In Ti(Al) layers, cracks were inclined to nucleate at the central
region and propagated towards both sides until cracks ran
throughout Ti(Al) layers and ended at the interface between layers
(Fig. 1a), known as ‘‘tunnel” cracks [16,17]. Quantitative statistics
in Fig. 2 indicated that the crack length in TiBw/Ti layer was several
orders of magnitude smaller than that in Ti(Al) layers, but the crack
density was much higher.
The definition of ‘‘equivalent strain” was introduced acting as a
tool for clear description of local strain levels, determined by e = ln
(S0/S) [18], where S0 is the section area for unstrained samples, and
S denotes the area of cross-section at a certain position. The largest
equivalent strain was calculated to be 15.86% (near the fracture
surface, Fig. 2), which was almost double the tensile ductility of
8.22%. This functional relationship is used to correlate the fracture
behavior and strain evolution process which will be discussed
later.
The variation tendencies of crack density and length as a function of equivalent strains were shown in Fig. 2, and they exhibited
a slight fluctuation at a wide e stage of 2  13%. This finding also
suggested that small cracks formed at the early deformation stage
probably do not have the potential to develop into an unstably critical major crack before the local strain reaching 14%. In addition,
crack propagation is effectively suppressed by laminated structure
via transferring localized strains to other positions, which was
experimentally supported by the wide crack distribution as shown
in Figs. 1a and 2a.
3.3. Three-dimensional fracture characterization
In order to characterize the spatial morphology of cracks and
exclude the possible surface effect [19], 3D X-ray tomography
was performed, and the results were shown in Figs. 3 and 4. The
fracture modes of each component were found to be quite similar
to those by 2D inspections of SEM observation: small, discrete
cracks were present in TiBw/Ti layers as opposed to the large cracks
in Ti(Al) layers (Fig. 2 and Supplementary Fig. S3). Besides, a combination of 2D and 3D characterizations also provide new insights
concerning the fracture behavior of laminated composites
including:
(i) Occurring of crack nucleation in a wider dimension. In general, the formation of crack indicates an excess of stress level
that cannot be fully accommodated by local plastic strains.
For bulk materials, like Al-Mg alloys [20] or other ductile
materials [2,3,21], the large majority of cracks usually
appeared at a high strain region, e.g., necking, and the grains
far away from necking contributed to a very limited strength
and ductility. By contrast, discrete cracks were observed in
laminated composites after the tensile deformation
(Figs. 1–4), implying that strain-induced cracks may play a
durable role on strain accommodation during the entire
deformation process, and its potential derivative
mechanisms, e.g., crack interaction and propagation, appear
to be the main approaches of damage accumulation
especially when plastic deformation capacity exhausted
[20].
(ii) Suppression of crack propagation. It is observed that a large
amount of cracks appeared in the laminated composite even
if at a very low strain level, and the crack morphology did
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Fig. 1. (a) Back-scattered electron (BSE) micrographs of fracture surface (ND-RD plane) after tensile tests showing the morphologies and distribution of cracks. RD: rolling
direction; ND: normal direction; TD: transverse direction. (b) Composition profiles from top (point A) to bottom (point B) along the direction of the arrow in (a) revealing the
laminated composites are composed of alternating layers of TiBw/Ti and Ti(Al) solid solution. The gradient distribution of Al content implies that the reaction synthesis of the
laminated composite depends on the inter-diffusion between Ti and Al elements. (c) Fracture morphologies of TiBw/Ti layers showing the TiBw cracking and Ti-TiBw interfacial
debonding.

Fig. 2. Crack density and average length vs. equivalent strain, e, in each component of laminated composites: (a) Ti(Al) layers; (b) TiBw/Ti layers. The ‘‘equivalent strain” is
determined by e = ln (S0/S) according to Fang’s work [18], where S denotes the area of cross-section at a certain position, and S0 is the section area for unstrained samples.

not show obvious differences at different levels of local
equivalent strains (Figs. 1 and 2), implying that the cracks
were probably not propagated under subsequent deformation. If we extract the Ti(Al) single layer from the laminated
composite, only a single major crack (akin to one of the
observed tunnel cracks which penetrated throughout the
Ti(Al) layer) is needed for the total fracture; in other words,
for the extracted bulk Ti(Al) materials, there is no obvious
constraint effect on the crack tip, and the microcrack is thus
easily extended and quickly develops into an unstable major
crack that is responsible for the premature fracture. By contrast, strong constraint effect on the crack tip was found
when embedded into a laminated composite (Fig. 1a), and
the cracks generated at the early deformation stage were relatively stable even if the macroscopic strain level increased
up to 8% (beneath the elongation to fracture). Similar results
were found in TiBw/Ti layer, probably due to the matrix
plastic constraint and the variation in the thermal stress
state produced during the fabrication process. Considering
TiBw inclusions and Al additions, the coefficient of thermal
expansion of Ti(Al) layers should be higher than that of

TiBw/Ti layers [22]. Accordingly, a tensile stress appeared
in Ti(Al) layers, and had to be balanced by a compressive
stress of TiBw/Ti layers assuming both tensile and compressive stresses were formed during cooling, and the sample
stayed in a zero-stress state before cooling [6]. Under the
action of compressive stress, crack propagation may be
effectively inhibited in TiBw/Ti layers.
(iii) Interfacial cracking. Due to the changes in physical nature
and deformation characteristic of Ti(Al) and TiBw/Ti layers,
an interfacial shear stress should be produced with strains
(deformation incompatibility), and when it exceeds the
interfacial bonding strength, local interface decohesion will
take place [23], for example, cracks A and B in Fig. 3. However, small-scale interface delamination may benefit the
ductility and toughness of laminated composites by means
of extending the crack propagation path [24,25].
3.4. Strain evolution
To explore the origins of these experimentally observed fracture
behaviors, we in situ monitored the local strain evolution of lami-
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Fig. 3. Serial 2D slices of reconstructed volumes for ND-TD planes of laminated composites with equivalent strains. The tensile direction is parallel to RD, normal to the image
planes, and the distance between adjacent slices is 1.3 lm along the tensile direction.

Fig. 4. 3D rendering of the population of cracks in laminated composites. In order to facilitate visualization, phase contrast imaging was employed in (a), and the voxels
corresponding to the matrix were omitted, while (b) highlighted the morphology and relative position of cracks using anti-absorption contrast imaging. The local equivalent
strain level gradually increases from bottom to top.

nated composites during the tensile deformation, and calculated
the strain field along the longitudinal direction (i.e., tensile direction, Fig. 5). It should be mentioned here that cracks partly contributed to the apparent strains because cracking has been
already observed in both layers even if at a very low equivalent
strain of 2% (Figs. 1 and 2); in other words, the nominally macroscopic strains were supplied by cracking and plastic deformation.
Additionally, the definition of ‘‘normalized strain intensification”
was introduced to quantitatively represent the degree of strain
localization during the in situ loading, and determined by emax/eave,
where emax and eave denote the maximum and average strain in the
region of interest, respectively.
At the early tensile deformation stage (Fig. 5a and b), events of
strain incompatibility between Ti(Al) and TiBw/Ti layers were
detected, and strain was locally intensified in the TiBw/Ti layers
(because of TiBw inclusions) or at the interface between layers
(because of strain incompatibility). The magnitude of normalized
strain intensification was estimated to be more than 5 at a macro-

scopically true strain range of 0.5  1.5% (Fig. 5g). Further loading
shows that strains were not localized at a single layer or at the
interface, but penetrated into the adjacent layers and spread over
wider regions. Concurrently, the strain intensification decreased
to around 2.5 when the macroscopically true strain increased up
to more than 3%. It seems plausible that the tensile deformation
of each component in laminated composite becomes more stable
and uniform, in particular at a relatively high strain level in contrast to bulk materials (having a strain intensification of 5) [26].
In other words, strain localization is sufficiently suppressed by
laminated structure. This viewpoint coincides with the almost uniform distribution of cracks in Ti(Al) layer (Fig. 1a) and is also supported by these wide morphologies of strain patterns/bands
(Fig. 5a–f) compared to the narrow ones in bulk materials [8]. It
is thus concluded that the degraded strain intensification, indicative of strain delocalization, is the primary reason for the observed
wide crack distribution and strength-ductility synergy of laminated composites.
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Fig. 5. Longitudinal (parallel to the tensile direction) strain distribution of laminated composites at macroscopically true strains of about (a) 2%, (b) 3%, (c) 4%, (d) 5%, (e) 6%,
and (f) 6.5%. (g) Normalized strain intensification as a function of macroscopically true strains.

4. Discussion

4.2. Micromechanics criterion for formation of tunnel cracks

4.1. Effect of laminated structure on fracture behavior

Generally, formation of tunnel crack indicates the potential of
excellent strength-ductility combinations of materials because in
this case crack is hard to propagate even if crack initiation/opening
occurred. In terms of laminated composites comprising equal
thickness components, Ho and Suo [34] proposed a critical thickness of brittle layer, tB, assuming all components are elastic:

A combination of 2D and 3D examinations allow us classify
these strain-induced cracks of laminated composites into several
categories: (i) Interfacial cracking caused by strain incompatibility
of Ti(Al) and TiBw/Ti layers; (ii) Fracture of TiBw in TiBw/Ti layers,
and interfacial debonding between Ti and TiBw, owing to a high
length-diameter ratio, high elastic modulus, and intrinsic
brittleness of TiBw [27]; (iii) Tunnel cracks in Ti(Al) layers. Actually,
formation of tunnel crack suggests that laminated composites can
exert a good ability of load-bearing even if crack opening occurred,
because in this case crack is hard to further penetrate after being
arrested (Fig. 1a) [16].
Analysis of fracture behavior stands out the superiority of laminated composites in terms of stress and strain accommodation: (i)
Stress redistribution. A direct evidence is shown in Fig. 2a, where in
Ti(Al) layers there exists an abnormally synchronous degradation
both in the density and average length of cracks after 10.3% e. Considering the slight increment in crack length of TiBw/Ti layers at the
same deformation stage (Fig. 2b), this unusual event was probably
attributed to the role of interfaces between TiBw/Ti and Ti(Al) layers so that localized stress can be transferred to adjacent TiBw/Ti
layers (Fig. 5), and further cracking in Ti(Al) layers was thus
delayed [28,29]. (ii) Strain delocalization. It is observed from Figs. 1
and 4 that small cracks distributed in a random manner, distinct
from bulk materials where the vast majority of cracks concentrates
in the vicinity of necking [2,30]. Because of the fact that locations
of cracks overlap local high strain regions, the contrast in crack distribution suggests that a larger number of grains of laminated composites participate into the deformation process, and strain thus
takes place in a wider dimension (Fig. 5) compared to bulk materials, which in turn degrades the level of stress concentration near
necking under the same amount of external force [28,31]. This is
also the reason why the tensile ductility of TiBw/Ti is increased
by 20 times when embedded into laminated composites. Additionally, it should be noted that part of these newly-formed small
cracks might not be extended probably due to plastic constraint
at the crack tip [32,33]; however, the presence of unexpanded
cracks are capable of relieving accumulated stresses and then create a better condition for further loading.

tB ¼ 4K 2IC =pr2B

ð1Þ

below which tunnel cracks preferentially take place. In Eq. (1), KIC
and rB denote the fracture toughness and yield strength of brittle
layers, respectively. Note that the above criterion did not consider
the plastic zone near the crack tip, and a modified elasto-plastic
case was instead established by [35]

pﬃﬃﬃ
tB ¼ 2 3K 2IC rD =r3B

ð2Þ

where rD is the yield strength of ductile layers. In our recent work
[10], the magnitude of yield strength of TiBw/Ti and Ti(Al) layer is
roughly estimated as 618.8 MPa and 680.6 MPa, respectively, and
TiBw/Ti layer is thus regarded as ductile component because of
low Al concentration, supported by the fact that the majority
of cracks appear in Ti(Al) layer (Fig. 1). The fracture toughness KIC
of Ti(Al) layer is difficult to be evaluated, but assuredly higher than
that of Ti3Al (10.3 MPa m1/2) [28]. Substitution of rD = 618.8 MPa,
rB = 680.6 MPa, and KIC = 10.3 MPa m1/2 into Eqs. (1) and (2) gives
respective values of 291.8 lm and 721.3 lm, both exceeding that
in our work (250 lm) and rationalizing the formation of tunnel
cracks. Note that the true tB value using Eqs. (1) and (2) should be
higher than the theoretically calculated values due to the KIC
approximation. Additionally, it seems feasible that a reduced magnitude in thickness of raw foils would lead to a better mechanical
performance by means of stimulating the formation of tunnel
cracks and multiple cracking.
4.3. Correlation between fracture behavior and strain evolution
After carefully comparing the quantitative results in
Figs. 2 and 5, we found that at an initially equivalent strain as
low as 2% (roughly corresponding to a macroscopically true strain
of about 1%), event of cracking has been detected in both layers
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(Fig. 2), and actually induced by local high strain amplitude (supported by a large strain intensification, Fig. 5g) [26]. However,
these newly-formed cracks were stabilized by laminated structure,
and not propagated. That is to say, laminated composites can continue to deform plastically despite locally cracking, and to some
extent, cracks provided a certain amount of strains. A direct evidence is that no cracks ran throughout the TiBw/Ti layer (Fig.1)
even if the tensile strain of 8% is approximately twenty times
higher than the reported ductility of TiBw/Ti MMCs (0.4%) [11]. This
phenomenon was due to strain delocalization, as discussed above,
which effectively lowered the local stress level at the crack tips
[18]. Further propagation of cracks required a larger driving force,
thus being beneficial to the strengthening and toughening of
MMCs [3].
5. Conclusions
In this work, we studied the fracture behavior and strain evolution process of laminated composites comprising alternating layers
of TiBw/Ti and Ti(Al), and the main conclusions are as follows:
(i) Observations of fracture surface show that at a low tensile
strain, a high density of cracks appeared in both layers, but
were not propagated under subsequent deformation. Also,
a wide crack distribution was found, as well as the formation
of tunnel cracks.
(ii) Results of in situ strain evolution process reveal that the origin of these observed fracture characteristics was strain
delocalization imparted by laminated structure, and in laminated composites cracks can provide a certain degree of
strains.
(iii) The strategy of improving the mechanical properties of
MMCs by laminated structure was explored in this work,
and expected to apply in other MMCs, i.e., Al-, Mg-, Nibased composites, for ductility enhancement.
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