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ARTICLE INFO ABSTRACT

Handling Editor: Dr Hao Wang Lightweight materials with good combinations of properties, such as high strength, ductility and damage

tolerance, are highly desirable in engineering applications; nevertheless, it remains a challenge to “defeat” the

Keywords: generally exclusive relationships between different properties for structural materials. One viable means is to
Ti-Rich multiphase composite construct complicated architectures in materials. Here, we employ a lightweight Ti-based metallic glass (MG) and
Heterogeneity

pure Ti as constituents and assemble them into a hierarchically-structured multiphase composite with tailored
heterogeneity. The Ti-rich multiphase composite exhibits a relatively low density of 4.95 g e cm™~> owing to its
high Ti content and a high strength of ~1408 MPa derived primarily from the MG phase. The hierarchical ar-
chitecture with tailored heterogeneity promotes the formation of abundant shear bands and microcracks in MG,
yet inhibits their extension to avoid catastrophic fracture, thereby endowing the Ti-rich multiphase composite
with a remarkable tensile ductility of ~7.1% which is nearly two times that of the MG composite having similar
phase constitution but a uniform structure. Moreover, this architecture causes crack-tip blunting by promoting
plastic deformation, together with crack bifurcation and microcracking ahead of the crack tip, which bestows a
high (notched) fracture toughness of ~109 MPa e m!/? which is around three times that of its counterpart. This
study is intended to give insight for the architectural design of new materials by offering a viable means for their
architectural construction to achieve good combinations of properties.

Hierarchical structure
Mechanical properties
Toughening mechanisms

1. Introduction high tensile fracture strength in excess of 1.5 GPa are attractive candi-

dates for applications as high-strength materials [6,7]. Compared to Al

Light alloys with a good combination of multiple mechanical prop-
erties, such as high strength, ductility and fracture toughness, are highly
desirable in a range of fields such as aerospace, automotive and energy
transportation. Despite a lightweight and relatively low cost compared
to other metallic alloys, the wide-spread proliferation of Mg alloys [1]
and Al alloys [2,3] in structural applications can be compromised by
their limitation in strength. Bulk metallic glasses (BMGs) are promising
because they exhibit a high strength deriving from their amorphous
structure, with the absence of any crystalline defects as their crystalline
counterparts [4,5]. Among them, Ti-based BMGs which typically show a

alloys and Mg alloys, Ti-based BMGs with a high Ti content also exhibit a
relatively low density (although their density is higher than that of Al-
and Mg-alloys), but are more appealing owing to their higher strengths,
higher hardness and larger elastic strain limit [6-8].

Unlike their crystalline counterparts, BMGs are free of grain
boundaries, dislocations, or other crystalline defects and as such deform
essentially through the highly localized shear bands [9-11]. As a result,
BMGs are often brittle at room temperature, i.e., the high strength of
BMGs is generated at the expense of ductility, which limits their struc-
tural application. The brittle fracture of BMGs is closely related to their
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unique mechanisms of plastic deformation which is mediated via narrow
shear bands [4,11]. Accordingly, interrupting the propagation of shear
bands is the key for generating ductility in BMGs. The incorporation of a
second phase (or multiple phases) into the BMG matrix to construct
composite structure offers an effective means to this end [5,8,12-19].
This can be realized either by in situ precipitation of a second phase from
the metallic melts during solidification [8,12-16], or by artificially
assembling the matrix material with the second phase via ex situ
methods [17-19]. The shear bands in the resultant bulk metallic glass
composites (BMGCs) can be spatially confined by the second phase upon
loading; this can trigger the formation of an increased number of shear
bands to confer ductility to BMGCs. Generally, reasonable tensile
ductility is more easily accessible in the in situ BMIGCs due to their strong
interfacial bonding between the toughening phases and the BMG matrix;
however, this is rarely attainable in the ex situ BMGCs [5,18,19].
Nevertheless, the microstructural characteristics of BMGCs can be more
easily modulated by ex situ methods for tailoring their mechanical
properties, which is not so easy to realize in in situ BMGCs.

The attainment of tensile ductility in BMGCs is often accompanied by
a compromise in strength compared to the BMG matrix. The early
developed in situ BMGCs [8,12,13] usually displayed macroscopic strain
softening behavior under tension which leads to an instability in the
form of unstable necking upon yielding. Inspired by the martensitic
transformation-induced work-hardening behavior in steels [20], Ti al-
loys [21,22] and B2-CuZr alloys [23], a series of in situ BMGCs tough-
ened by metastable crystals have been successfully developed by
accurately modulating the concentration of the p or B2-CuZr phase
stabilizers [14,16,24]. This approach serves to delay the onset of inho-
mogeneous deformation, which enhances the uniform ductility,
although these BMGCs often exhibit a marked decrease in strength,
especially the yield strength, because the deformation-induced
martensitic phase transformation occurs at a relatively low stress
level. To date, such a tradeoff has only been overcome in a limited
number of Zr-based BMGCs; however, these materials are not light-
weight as they primarily consist of heavy elements and thus possess a
high density [8,15].

In addition to strength and ductility, the fracture toughness, which
describes the resistance to the initiation and propagation of cracks, is
another key property of structural materials. For BMGs and BMGGCs, it
has been a challenge to achieve a good combination of strength, tensile
ductility and fracture toughness in a single material. Some Pd-rich and
Zr-based BMGs show high strength of 1.5-1.6 GPa and high fracture
toughness of 100-200 MPa m'/2, yet display near-zero tensile ductility
[10,25-27]. Zr-based BMGC (with a composition of Zr3g ¢Tiz3 9oNby e
Cug 4Beja 5, at.%) shows a high fracture toughness of ~173 MPa m!/?
and good tensile ductility of 13.1% while concomitantly preserving a
high yield strength of 1096 MPa and an ultimate tensile strength of
1210 MPa [12,28,29]. However, this Zr-based BMGC has a high density
which degrades its weight-normalized (specific) properties. For the
lightweight Ti-based BMGCs (with Ti content higher than 50 at.%),
although a good combination of strength and tensile ductility can be
achieved by adding the element V, they still exhibit limited fracture
toughness not exceeding 65 MPa m'/2 [8]. Accordingly, the objective of
the current work is to enhance the ductility and damage tolerance while
retaining a high strength in lightweight Ti-rich composite materials
based on Ti-based BMGs.

Natural materials, such as nacre, wood and bone, are composed of
relatively hard and soft phases which are arranged in complex hierar-
chical architectures with large heterogeneity - structures that have been
proven to be effective in generating remarkable damage tolerance
[30-32]. Consequently, these natural materials have been widely
mimicked by implementing their underlying design principles into a
range of synthetic materials with enhanced mechanical properties
[33-35]. Here we exploit a new lightweight Ti-rich composite composed
of metallic glass (MG), a-Ti and p-Ti phases by intentionally constructing
a hierarchical structure with tailored heterogeneity. Such an
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architecture confers the composite with high damage tolerance in the
form of an excellent combination of high strength, uniform tensile
ductility and fracture toughness. We also elucidate the salient mecha-
nisms associated with the formation, deformation and toughening ef-
fects in the Ti-rich multiphase composite, which we believe will afford
new insights for the generation of new damage-tolerant materials.

2. Experimental
2.1. Fabrication of MG and Ti ribbons

An alloy ingot with nominal composition of Tizj 16Zr28.69Nis.04-
Cug s5Bea; s¢Mos (at.%) was prepared by arc melting the mixture of
constituents under Ti-gettered high purity argon atmosphere. The alloy
ingot was repeatedly melted by at least four times to ensure the chemical
homogeneity. Metallic glass ribbons, ~50 pm in thickness and ~10 mm
in width, were produced using a melt spinning method by injecting the
alloy melt onto a copper roller rotating at 1800 m/min. Subsequently,
the MG ribbons were cut into sections 80 mm in length. Commercial
pure Ti foils (50 pm in thickness) of fully hexagonal close-packed (hcp)
structured a-Ti phase (with purity >99.9 wt%) were cut to the same
dimensions as the MG ribbons, prior to being ultrasonically cleaned in
ethanol.

2.2. Fabrication of Ti-rich multiphase composite

The ribbons of MG and pure Ti were stacked alternately in a holding
fixture and then closely compacted. The preform, with a thickness of 9
mm, was then sealed into a vacuumed square tube of stainless steel. To
fabricate the Ti-rich multiphase composite, this tube was placed in a
furnace for 2 min at 895 °C (i.e., ~105 °C higher than the melting
temperature of the MG) and then quenched into water (Fig. S1 in Sup-
plementary Materials). For comparison, an in situ BMGC, where B-Ti
dendrites were precipitated from the MG matrix, was also prepared (in
dimensions of 60 x 12 x 6 mm?®) using a copper mold tilt casting
technique [16,24]. This material had a similar Tig317Zr;565Nis 75.
Cuy 66Be11.77Mog (at.%) composition as the Ti-rich multiphase com-
posite (i.e., by incorporating the Ti ribbons, the composition of the
multiphase composite approximates to that of the in situ BMGC), but
exhibited a uniform composite architecture with the p-Ti dendrites being
homogeneously distributed in the MG matrix.

2.3. Characterization of the phase constitutions and microstructures

The phase constitutions of the Ti-rich multiphase composite were
characterized by means of X-ray diffraction (XRD, Philips PW1050, Cu-
Ka), differential scanning calorimetry (DSC, Netzsch 204F1) and trans-
mission electron microscopy (TEM, FEI Tecnai F20). The microstruc-
tures of this material before and after deformation were observed by
scanning electron microscopy (SEM, Zeiss Supra 55) combined with
energy-dispersive X-ray spectroscopy (EDS, Oxford). For the TEM ob-
servations, specimens (cut from the as-cast sample) with a diameter of 3
mm were mechanically ground to a thickness of 45 pm, dimpled to
reduce the central thickness to about 10 pm, and then ion-milled using a
Gatan 691 device with liquid nitrogen cooling.

2.4. Mechanical testing

Tensile samples were made in a dog-bone plate shape with a gauge
dimension of 15 mm (length) x 2.5 mm (width) x 1 mm (thickness).
Uniaxial tension tests were conducted on an Instron 5582 universal
testing machine at an initial strain rate of 0.1 mm/min with the strain
measured using an extensometer mounted on the specimen. Samples for
unnotched and single-edge notched bending SE(B) tests were cut to di-
mensions of 30 mm (length, L) x 5 mm (width, W) x 2.5 mm (thickness,
B). Notches with a root diameter of ~125 pm were cut to a depth of
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0.45-0.55W for the fracture toughness tests on the SE(B) specimens of
the BMGCs. Both unnotched and SE(B) specimens were tested on an
Instron 5582 testing machine in three-point bending with a loading span
distance (S) of 20 mm and a displacement rate of 0.1 mm/min. At least
three samples were tested for each microstructural condition for each
type of mechanical test. The detailed procedure of fracture toughness
determination was seen in the Supplementary Materials. Nano-
indentation measurements were also performed on carefully polished
and etched samples using an Agilent, G200 nanoindenter, operated in
the continuous stiffness mode at a displacement rate of 10 nm/s to
indentation depths of 500 nm.

3. Results and discussion
3.1. Microstructural characteristics

As shown in Fig. 1(a and b) and Fig. S1 in the Supplementary Ma-
terial, the resulting Ti-rich multiphase composite displays a layered ar-
chitecture with different constituents alternately arranged. The
interfaces between the metallic glass and Ti layers can be seen to be
highly tortuous, with coarse dendrites distributed within the MG layers.
X-ray diffraction (XRD) patterns show that the peaks of the crystalline
phases from both the a- and p-Ti phases are superimposed on the broad
diffuse scattering of the MG phase (Fig. S2(a)), indicating that the Ti-rich
composite is composed of o-Ti, B-Ti and MG phases. The presence of the
MG phase can be additionally confirmed by differential scanning calo-
rimetry (DSC) which clearly reveals characteristic glass transition
behavior and a supercooled liquid region (Fig. S2(b)). By analyzing
scanning electron microscopy (SEM) images, the volume fractions
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(Table S1) of the o-Ti, p-Ti and MG phases were estimated to be
16.3-20.0%, 39.1-42.8%, and 39.3-43.1%, respectively. Transmission
electron microscopy (TEM) revealed that the crystalline Ti layer in the
Ti-rich multiphase composite principally consists of the outer p-Ti and
inner o-Ti phases (Fig. 1(c)). The inner o-Ti phase additionally exhibits a
gradient structure with the grain size increasing towards the interior of
the Ti layer (Fig. S3 and Fig. 1(c-e)), which ranges hundreds of nano-
meters to micrometers. By comparison, the structure of the as cast in situ
BMGC with similar composition as the multiphase composite is char-
acterized by a uniform distribution of p-Ti dendrites which account for a
volume fraction of 65.3 + 2% in the MG matrix, as shown in Fig. 54.
The fabrication approach used for the current multiphase composite
is to some extent similar to a metal welding process where MG melts are
used to bond the adjacent Ti layers. Metal welding has been previously
reported to often lead to the formation of detrimental intermetallic
compounds or voids at the interfaces in ex situ BMGCs [18,19] or in
composites comprising MG as a compliant phase [17]. However, these
defects were not found in the current composite, implying a good
interfacial bonding between the Ti and MG layers, as shown in Fig. 1(b).
It is considered that the good wettability and compatibility between the
Ti layers and the selected MG melt led to a strong liquid/solid interac-
tion in the preparation process to form thermodynamically stable den-
drites instead of brittle intermetallic compounds at their interfaces.
Additionally, the formation of voids can be inhibited by the employment
of high vacuum condition during processing. The Ti/MG interfaces in
our Ti-rich multiphase composite additionally feature a microscopically
zig-zag trajectory, with the o-Ti layers, which are originally ~50 pm in
thickness, becoming thinner. In general, the precipitated crystalline
phases are known to be homogeneously distributed within the MG

Fig. 1. Microstructure of the Ti-rich multiphase composite. (a, b) SEM images of the Ti-rich multiphase composite. TEM micrographs of (c) the interfacial region
between the p-Ti dendrite and o-Ti layer and of the (d) exterior to (e) interior of the o-Ti layer. The insets in (c) show the selected area electron diffraction (SAED)
patterns of the a-Ti and B-Ti phases. Area distribution of (f) Mo and (g) Ti elements and (h) their linear distribution through the o-Ti layer along the yellow line.
Schematic illustration of the formation mechanism of architecture in the Ti-rich multiphase composite with the architectural evolution (i) at high temperature and (j)
after quenching. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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matrix in a dendritic form (with fine dendrite arms and different
dendrite spacings) in similar materials, such as, for example,
Ti/Zr-based in situ BMGCs (Fig. S4) [8,12,14,24]. By contrast, a large
number of nearly elliptical-shaped precipitates of the p-Ti phase with a
diameter of 2-20 pm are formed in the MG matrix for the current
composite.

The compositions of the precipitated dendrites and MG matrix in the
Ti-rich multiphase composite were determined to be respectively
Ti75.4Zr13,6Ni0.8Cu2M08,2 and Ti53,1Zr30,4Ni6.4Cu10,2 (at.%) USiIlg
energy-dispersive x-ray spectroscopy (EDS) (Note that the Be content
cannot be precisely quantified using EDS, but this element has been
revealed to be principally dissolved in the MG matrix [8,12], otherwise
the BCC crystalline structure of dendrites will be severely distorted due
to the large mismatch of atomic radii when a small amount of Be is
dissolved in B-Ti phase). Mo, which was originally contained in the MG
layers, was clearly expelled from the MG matrix into the p-Ti phase
(Fig. 1(f, h)). This is caused by the fact that Mo is a strong p-stabilizing
element and has a limited solubility in the MG matrix [24]. Additionally,
the contents of Mo and Ti elements are nearly identical in the p-Ti phases
extended from the Ti layer and in the dendrites distributed in the MG
matrix. EDS results further revealed a gradient distribution of the two
elements in the a-Ti phase (Fig. 1(f-h)), with a decrease in the Mo
content from the exterior to interior but with an opposite variation for
the Ti element. It is worth noting that the Zr, Ni and Cu elements show a
similar gradient change as the Mo element in the crystalline layer
(Fig. S1). Such gradients in chemical composition are accompanied by
an increase in the grain size of the o-Ti phase (Fig. 1(c-e)).

The formation mechanism of the Ti-rich multiphase composite,
which involves a strong liquid/solid interaction with the dissolution and
diffusion of elements at high temperatures, is schematically illustrated
in Fig. 1(i and j). During the liquid/solid interaction, the Ti atoms diffuse
from the Ti layer into the melt while the Mo atoms diffuse in the opposite
direction. The Mo element has a positive mixing enthalpy with the other
elements in the MG melt [37], and plays a central role in stabilizing the
B-Ti phase in generating the multiphase composite architecture. The
redistribution of elements eventually leads to the accumulation of Mo in
the B-Ti dendrites, either extending from the a-Ti layer or distributed in
the MG matrix. Additionally, the diffusion of Mo into Ti layer induces a
lattice transition from o-Ti to B-Ti with the grain refinement of the o-Ti
phase. The Mo atoms, combined with the Ti atoms diffused from the Ti
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layer, form thermodynamically-stable p-Ti crystals which grow into the
in situ dendrites in the MG matrix during subsequent cooling. The
exfoliation of the B-Ti dendrites from the Ti layer also acts as nucleation
sites for the in situ dendrites. Additionally, the B-Ti dendrites trans-
formed from the o-Ti phase extend from the o-Ti layer into the MG
matrix. In this process, the thickness of the «a-Ti layer decreases
continuously with the growth of the B-Ti dendrites. The Mo in solid
solution also induces the grain refinement of the a-Ti phase. As such, the
a-Ti layer exhibits a gradient nature in both chemical composition and
structure, ie., with a decrease in Mo content and an increase in Ti
content with a progressive enlargement in the grain size from the
exterior to interior locations. The extension of §-Ti dendrites into the MG
matrix from the a-Ti layer additionally leads to the zig-zag interface
between the constituent layers.

3.2. Mechanical properties

Unlike the in situ BMGC with uniform composite architecture where
the stress decreases after yielding, the Ti-rich multiphase composite
exhibits apparent work-hardening ability to achieve high yield and ul-
timate tensile strengths of, respectively, ~1221 MPa and ~1408 MPa
(Fig. 2(a)). These values are slightly lower than those of the in situ ho-
mogeneous BMGC where both the yield and ultimate strengths were
measured as ~1492 MPa. However, the tensile elongation is increased
by more than two-fold, from ~3.1% for the in situ homogeneous BMGC
to ~7.1% for the Ti-rich multiphase composite. Moreover, the uniform
elongation of the Ti-rich multiphase composite markedly outperforms
that of the in situ homogeneous BMGC. Such a combination of high
strength with good ductility has rarely been obtained in MG-containing
composites [18,19]. Additionally, the mechanical properties of the
Ti-rich multiphase composite are far superior to the in situ homogeneous
BMGC under three-point bending conditions (Fig. 2(b)). It shows a high
flexural strength of ~2717 MPa and flexural plasticity of ~10.3%. In
comparison, the in situ homogeneous BMGC fails at a markedly lower
flexural stress of ~1860 MPa and does not show any visible plasticity.

The difference in mechanical properties between the two materials
results from their distinctly different composite architectures. Cracks are
formed in the MG phase of the Ti-rich multiphase composite (inset in
Fig. 2(b)); nevertheless, they are quite stable and remain strictly
confined within an individual MG layer without penetrating through the
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ductile Ti layers into neighboring MG layers. A high stress is essentially
needed for triggering the formation of these cracks due to an intrinsi-
cally high strength of the MG phase. Accordingly, the stable cracking
effectively consumes a large amount of mechanical energy and enables
extensive plastic deformation of the Ti-rich multiphase composite prior
to final fracture, which is similar to the effect of tunnel cracks observed
in many laminated composites [36]. However, similar cracking pro-
cesses are not present in the in situ homogeneous BMGC, implying a
limited effect of the uniform composite architecture in confining crack
extension.

The crystalline phases, i.e., the ductile Ti layers and $-Ti dendrites, in
the Ti-rich multiphase composite can also inhibit the propagation of
primary shear bands in MG phase to promote their multiplication (Fig. 2
(c—e)). The straight extension of shear bands is distorted by the crystals,
delaying the cavitation of shear bands to form cracks; this significantly
contributes to the large ductility of the alloy. By comparison, a number
of primary shear bands without visible proliferation of smaller ones are
seen to penetrate through the in situ dendrites in the in situ homogeneous
BMGC, with the result that the shear bands easily evolve into unstable
cracks due to the lack of formidable barriers to inhibit crack extension.
However, under three-point bending conditions, the heterogeneous ar-
chitecture of the Ti-rich multiphase composite markedly promotes the
proliferation of shear bands which is the primary source of plasticity in
BMGs (Fig. S5). Conversely, the uniform composite architecture cannot
actuate the formation of visible shear bands, resulting in the limited-to-
zero flexural ductility of the in situ homogeneous BMGC.

The proliferation of shear bands essentially leads to the softening of
the MG phase in the Ti-rich multiphase composite, as evidenced by the
decrease of hardness from ~7.22 GPa before tension to ~7.02 GPa after
tension (Fig. 2(f)). The uniform deformation of the Ti-rich multiphase
composite is associated with the plastic deformation and work-
hardening behavior of the crystalline phase, especially of the ductile
Ti layers (Fig. 2(c)), which acts to counter this softening. The volume
fraction of crystals (consisting of p-Ti and «-Ti phases) in the Ti-rich
multiphase composite is similar with that for the in situ homogeneous
BMGC (Table S1 in the Supplementary Material); additionally, the a-Ti
phase in the Ti-rich multiphase composite is intrinsically softer than the
B-Ti and MG phases. Nevertheless, the o-Ti layer undergoes severe work-
hardening during deformation (Fig. 2(f)), which is beneficial for
enhancing the uniform plastic deformation of the Ti-rich multiphase
composite. The gradient compositional and structural characteristics of
the a-Ti layer induce a visible gradient in the hardness along it, both
before and after deformation (Fig. 2(f)). It clearly shows that the hard-
ness increases by ~1.56 GPa in the center of the o-Ti layer, and ~0.68
GPa from near the MG matrix to the interface between the o-Ti layer and
the B-Ti layer after deformation. Akin to many natural materials, such
gradients can result in unusual combinations of properties, in the pre-
sent composite to a simultaneous enhancement in strength and ductility
by creating extra strain hardening behavior through the conversion of an
applied uniaxial stress into a multiaxial stress-state [38,39]. Addition-
ally, the gradient structure effectively decreases the mechanical in-
compatibility between the pure a-Ti and p-Ti phases, thereby promoting
effective stress transfer to prevent interfacial cracking between them.
The relatively stronger p-Ti dendrites, compared to the a-Ti phase, can
clearly also be work-hardened to counteract the strain softening in the
MG phase.

The “Molybdenum equivalent” ([Mo]eq) with an expression of [Mo]
eq = 1.0[Mo| + 2.46[Ni] + 0.47[Zr] + 15.1[Cu] (wt.%) is a frequently
used indicator for evaluating the stability of the p-Ti phase [40]. This
parameter was calculated to be respectively 16.1% and 9.8% for the §-Ti
phase in the Ti-rich multiphase composite and in the in situ homoge-
neous BMGC. Accordingly, it is evident that the §-Ti phase shows a
higher stability in the Ti-rich multiphase composite than in the in situ
homogeneous BMGC, along with a stonger plastic deformation capacity
[16]. Additionally, the hardening effect of the §-Ti phase is limited, due
to its fine dendrite arms, to counteract any work softening of the MG in
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the in situ homogeneous BMGC (Fig. 2(e)) [13]. In comparison, the much
coarser f-Ti dendrites, especially those extending from the Ti layers, in
the Ti-rich multiphase composite not only arrest the propagation of
shear bands in the MG phase but also generate a notable source of plastic
deformation, as illustrated in Fig. 2(g).

The zig-zag interfaces between MG and Ti layers are beneficial for
enhancing the interfacial toughness in the Ti-rich multiphase composite
by increasing the interfacial area and by deflecting the extension of any
interfacial cracks (Fig. 2(g)) [41,42]. Additionally, narrow grooves
containing MG phase are created near the interfaces between the B-Ti
dendrites, which actually can constrain the shear bands formed in the
MG phase within the grooves (Fig. 2(g)) [4,43]. Moreover, the rough
interfaces can readily induce shear bands directed at differing directions
to enhance their mutual intersection.

3.3. Fracture toughness

To measure the fracture toughness of these materials, sharply-
notched single edge-notched bend samples were used. A load-
displacement curve from the SE(B) tests on the Ti-rich multiphase
composite tested in three-point bending does not display simple linear-
elastic fracture behavior, but rather encompasses several serration
events (Fig. 3(a)), which delineate the occurrence of plastic deformation
during crack growth. The fracture toughness of the Ti-rich multiphase
composite was measured to be ~109 MPa m'/2, which is a little higher
to an as cast Ti-based BMG with fracture toughness of 102 MPa m'/2
[44]. The fracture surface shows crack deflection, crack branching and
crack blunting characteristics (Fig. 3(b)), implying stable crack exten-
sion. In contrast, the reference in situ homogeneous BMGC fractures
catastrophically with little evidence of gross plastic deformation,
yielding a fracture toughness Kq of ~43 MPa m'/2, i.e., approximately
61% lower than that for the Ti-rich multiphase composite. The corre-
sponding crack path is linear and straight without visible deflection
(Fig. 3(c)).

The composition of the MG phase in the Ti-rich multiphase com-
posite is similar with that of a previously reported Ti-based BMG [6]
which possesses a high fracture toughness owing to a relatively high
Poisson’s ratio of ~0.36. However, the in situ homogeneous BMGC with
similar composition as the Ti-rich multiphase composite demonstrates
much poorer damage tolerance. As a result, we can conclude that the MG
phase in the Ti-rich multiphase composite mainly contributes to the high
strength, whereas the fracture toughness is principally derived from the
heterogeneous composite architecture.

The arrest of shear bands by the crystalline Ti layers and p-Ti den-
drites embedded in the MG phase promotes shear band multiplication to
relieve local stress concentrations (Fig. 3(d and e)). This is definitively
beneficial in preventing premature cavitation and cracking of the MG
phase. In particular, the relatively soft a-Ti layer with a gradient in grain
size dissipates mechanical energy to inhibit the propagation of the shear
bands. However, such an effect is not active in the in situ homogeneous
BMGC with a uniform composite architecture (Fig. 3(f)). Cavitation of
the shear bands leads to the formation of cracks which can readily
penetrate across the whole sample, leading to a limited fracture
toughness compared to the Ti-rich multiphase composite.

The strong interface between the Ti and MG layers allows the Ti-rich
multiphase composite to undergo large plastic deformation without
interfacial cracking; its heterogeneous architecture consequently can
result in a large plastic zone surrounding the crack tip (Fig. 3(d, g)),
where apparent plastic deformation occurs to dissipative energy and
blunt cracks. Further, the ductile Ti layer plays an effective role in
confining these cracks. In particular, the gradient structure of the o-Ti
layer is beneficial for blunting crack tips because the strain-hardening
capability can be enhanced by the gradient as the cracks permeate
into the ductile o-Ti layer along the gradient direction [45].

A number of microcracks emerge ahead of the crack tip in the Ti-rich
multiphase composite (Fig. 3(d)), but are absent in the reference in situ



S. Lin et al.

1500 (a) The current composite
1200
—_
6 900
=
g
. P
=1 600 BM( ‘i - |
/4 > 4
y/
300
V.
/e’
0 . L N .
0.0 0.1 0.2 4 0.5

2 0.3 0.
Displacement (mm)

Composites Part B 263 (2023) 110818

Fig. 3. Fracture toughness and toughening mechanisms of the Ti-rich multiphase composite compared to the in situ homogeneous BMGC. (a) Load-displacement
curves of the Ti-rich multiphase composite and the in situ homogeneous BMGC under single-edge notched three-point bending conditions. SEM micrographs of
the fracture surfaces of (b) the Ti-rich multiphase composite and (c) the in situ homogeneous BMGC. Micrographs of the regions (d) ahead of the crack tip and (e) near
the cracking path in the Ti-rich multiphase composite. (f) Surface morphology of the in situ homogeneous BMGC after fracture. (g) Schematic illustration of the
toughening mechanisms for the Ti-rich multiphase composite. (In (b) to (g), the crack is propagating from the bottom to the top of the page).

homogeneous BMGC with uniform composite architecture. These
microcracks evolve from the shear bands induced by locally high stress
concentrations, e.g., at the interfaces between the -Ti dendrites and MG
phase. Such constrained microcracking can serve as a mechanism of
inelasticity and thereby act to alleviate stress concentrations and release
mechanical energy at the tip of main crack; this additionally contributes
to toughening by retarding its crack growth [32,46].

The heterogeneous architecture and the elastic mismatch between
different constituents also play a role in deflecting cracks in the Ti-rich
multiphase composite (Fig. 3(b)). The hierarchically heterogeneous ar-
chitecture can lead to a heterogeneous distribution of stress ahead of the
crack tip to deflect the cracking path. In particular, the gradient Ti layer
may induce any incipient cracks to continually change their propagation
direction owing to the graded variation in elastic modulus across the

thickness [12]. Such crack deflection, as an extrinsic toughening
mechanism [35], can further enhance the crack growth resistance by
deviating the trajectory of any cracks from the path of maximum tensile
stress; as a result, a higher stress is required to drive the advance of these
cracks compared to the case for straight cracking path. Crack bifurcation
was also observed in the Ti-rich multiphase composite (Fig. 3(b) and
Fig. S6), which can aid the delocalization of damage, thereby promoting
fracture resistance. In comparison, the primary crack in the in situ ho-
mogeneous BMGC was observed to be more prone to penetrating
through the dendrites, leading to the catastrophic fracture of the entire
sample.
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3.4. Comparison with other materials

It is pertinent to compare the mechanical properties, i.e., strength
normalized by density (or specific strength), tensile ductility and frac-
ture toughness, of our Ti-rich multiphase composite with a hierar-
chically heterogeneous architecture to those of other Ti alloys [47-65]
and BMGCs [8,12] (Fig. 4). In this regard, the density of materials is a
major consideration for structural applications. The current composite
exhibits a relatively low density of 4.95 g e cm~ as a result of its high Ti
content; this density is qualitatively comparable to those of most Ti al-
loys. However, the strength of the Ti-rich multiphase composite out-
performs that of the majority of other Ti alloys and Ti-based BMGCs [5,
8,40,47-65]. Additionally, the heterogeneous architecture of our Ti-rich
multiphase composite generates a high fracture toughness of ~109 MPa
m'/2. As shown in Fig. 4(a), the Ti-rich multiphase composite achieves a
good combination of fracture toughness and specific strength among
various Ti alloy and BMGC systems. It is noted that the fracture tough-
ness measured using sharply-notched samples instead of
pre-fatigue-cracked ones can give a reasonable (albeit slightly inflated)
evaluation of the damage tolerance of the Ti-rich multiphase composite.
However, the mechanical properties of BMGs and BMGCs have been
revealed to be much less sensitive to notches compared to their crys-
talline counterparts [6,26]. As such, notched samples have been widely
used to evaluate the fracture toughness of various BMGs and BMGCs [6,
26,27,29,44]. Taking the ngg,6T133,9Nb7,6Cu6,4Be12_5 (DH3) BMGCs an
example, the notched fracture toughness is comparable to that obtained
using pre-fatigue-cracked samples [28,29].

Additionally, the current composite is distinguished from most of
other BMGCs by its large uniform deformation under both tensile and
flexural loading conditions. Uniform elongations over 1% are rarely
attainable in the MG-matrix composites fabricated by ex situ methods
[17-19]; in general, it is also quite limited in most of in situ BMGCs
except for those toughened by the B2-CuZr phase which undergoes
martensitic transformation induced plasticity [8,12-14,16]. To date,
comparably good combinations of high values of strength, fracture
toughness and uniform elongation have only been obtained in
Ti/Zr-based BMGCs which tend to exhibit larger densities than the
current composite [8,12-14,16]. Fig. 4(b) provides a comparison be-
tween the current composite and BMGCs toughened by in situ formed
B-type dendrites [8,12-14,16] in terms of fracture toughness and uni-
form elongation. Although a high toughness can be obtained in the
previously reported BMGCs, the uniform elongation can rarely exceed
3% even though the total elongation may exceed 10% (the uniform
elongation is markedly lower than the total elongation because of their
obvious strain softening behavior). The current composite exhibits a
high fracture toughness along with a large uniform elongation of
~4.4%, thereby outperforming the BMGCs with uniform composite ar-
chitectures. Such a good combination of mechanical properties makes
the Ti-rich multiphase composite promising for structural applications.

4. Conclusions

In summary, a Ti-rich multiphase composite with hierarchical ar-
chitecture was processed from metallic glasses (MGs) and pure Ti alloys
by precise tailoring of the structural heterogeneity. The Ti-rich multi-
phase composite, which consists of MG, o-Ti and p-Ti phases, exhibits a
relatively low density of 4.95 g e cm™2 due to its high Ti content of 66.4
at.%. The Ti layers in the Ti-rich multiphase composite become thinner
to form B-Ti dendrites and lead to zig-zag interfaces between MG and Ti
layers because of the liquid/solid interaction encompassing atomic
diffusion. Additionally, the o-Ti layer exhibits a gradient nature with
varying content of elements and increasing grain size from the exterior
to interior regions. Such a heterogeneous architecture endows the Ti-
rich multiphase composite with an outstanding combination of me-
chanical properties, including a high ultimate tensile strength of ~1408
MPa, tensile elongation of ~7.1%, flexural strength of ~2714 MPa, and
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flexural plasticity of ~10.3%. Additionally, the architecture acts to
promote shear band multiplication, crack blunting and crack deflection,
and to create constrained microcracking ahead of the crack tip as an
inelastic deformation mechanism to resist fracture; these mechanisms
act in concert to result in a high fracture toughness of ~109 MPa m'/2. In
contrast, the reference in situ homogeneous BMGC, which has a similar
composition but displays a uniform composite architecture, exhibits
much poorer mechanical properties. The uniform architecture cannot
effectively inhibit the propagation of shear bands in the MG phase or
resist crack extension, leading to limited fracture toughness that is 61%
lower than that of the Ti-rich multiphase composite. This study is
intended to provide useful insights for the architectural design and
construction of high-strength composite materials with enhanced dam-
age tolerance, and may increase their potential for critical structural
applications.
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