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The compressive deformation behavior of a multi-compo-
nent Ti—Cu—Ni—Sn—Nb composite containing ductile
dendritic precipitates embedded in a nanostructured matrix
was investigated. The Ti-based composite not only displays
a high compressive plasticity of ~21 %, but also exhibits a
high fracture strength of ~ 1.8 GPa, which is comparable
to that of monolithic bulk metallic glasses. Pronounced
work hardening was observed after yielding. The surface
deformation morphology reveals that the work-hardening
behavior of the composite is related to the plastic deforma-
tion of the dendritic phase and the interaction of shear bands
in the nanostructured matrix with the hardened dendrites.
At the final stage of compression, most of the dendrites are
work hardened, whereby the propagation of the shear bands
in the matrix is retarded. The strong interaction between the
dendrites and the matrix contributes to the high strength and
plastic deformation capability of the composite. The frac-
ture surface exhibits viscous flow traces, indicating that
softening or melting of the composite occurs at the moment
of fracture, due to the release of the high elastic energy
stored in the specimen.

Keywords: Ti-based composite; Dendritic phase; Com-
pressive plasticity; Shear bands; Work hardening

1. Introduction

Since Zr-based bulk metallic glasses (BMGs) with high
glass-forming ability were successfully synthesized about
ten years ago [1, 2], many interesting mechanical properties
of bulk metallic glasses have been recognized [3, 4]. The
major advantages that they offer are their high strength,
low elastic modulus and good wear properties [3, 5]. Their
fracture toughness is comparable to that of crystalline met-
als (15-70 MPam'?) [6-8]. A unique relationship be-
tween the nominal applied stress intensity factor range AK
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and the fatigue crack growth rate da/dN has been observed
in some Zr-based BMGs [9—-11]. However, the final fracture
of these bulk metallic glasses happens catastrophically and
involves very little overall plastic deformation under uncon-
strained loading conditions. The failure of these BMGs is
concentrated in a highly localized shear band, reflecting a
lack of work hardening of these materials. Different frac-
ture mechanisms of metallic glasses under monotonic ten-
sion and compression have been explained by considering
the combined effect of normal and shear stress [12, 13].

Until recent years, various attempts have been made to
improve the ductility of the BMG materials while maintain-
ing their high strength. For example, continuous tungsten fi-
ber-reinforced Zr-based metallic glasses have been synthe-
sized, which show improved plastic strain and fatigue life
time [14, 15]. However, processing of the tungsten/metallic
glass composite is difficult, and a homogeneous distribution
of the tungsten fibers in the matrix is difficult to achieve.

In an in-situ formed Be-containing Zr-based metallic
glass matrix/dendritic phase composite, a dramatic increase
in plastic strain has been obtained under quasistatic tension
and compression, providing an effective way to synthesize
metallic glass composites with improved ductility [16, 17].
Moreover, substantially improved mechanical properties
have also been obtained recently on an in-situ formed Ti-
based nanostructure-dendrite composite with plastic strains
larger than 15 % and fracture stresses higher than 2 GPa
[18]. The increased ductility of such composites is attrib-
uted to the dendrites dispersed in the matrix, acting as ob-
stacles hindering the propagation of shear bands [19, 20].
The improved mechanical properties combined with the
potential for engineering applications of these composites
have prompted us to search for the mechanisms, which im-
part both improved strength and ductility. However, the de-
formation and fracture mechanisms of these composites
have not been well understood, yet.

In this paper, we try to reveal the microscopic deforma-
tion behavior of a Ti-based nanostructured matrix/ductile
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dendritic phase composite synthesized by simple arc-melt-
ing. The enhanced ductility of the Ti-based composite is
discussed in terms of the deformation mechanisms of the
ductile dendritic phase and its role in resisting the propaga-
tion of shear bands during compression.

2. Experimental

Master alloy ingots with nominal composition of Tig;Cuyy
Ni;,SnyNbg (at.%) were prepared by arc-melting a mixture
of Ti, Cu, Ni, Sn and Nb metals (purity 99.99 %) on a
water-cooled copper hearth under an argon atmosphere.
The samples were prepared by arc-melting the master alloy
ingots several times until a homogeneous melt was formed
and cooled at a slow rate.

The phases of the arc-melted samples were examined by
X-ray diffraction (XRD) using a Rigaku diffractometer with
Cu K, radiation. The microstructure and the volume frac-
tion of the dendritic phase were examined by a Cambridge
S360 scanning electron microscope (SEM). Small paral-
lelepiped compression specimens were cut by wire electri-
cal discharge machining (WEDM) to 4 mm X 4 mm cross-
section and 8 mm height. The surfaces were carefully
ground and polished allowing for the following observation
of the surface deformation morphology. The specimens
were monotonically compressed using a computer-con-
trolled servohydraulic testing machine (MTS 810) at an in-
itial strain rate of 1 x 10™* s~ ! (constant displacement rate)
at room temperature in air (=295 K, 55 % relative humid-
ity). The strain was determined after correcting for the stiff-
ness of the testing machine. The compression tests were
performed on at least two specimens with one specimen
being compressed until fracture and the other one stopped
and unloaded at different intervals during the test. After
compression, the surface deformation morphology and the
fractography of the specimens were examined using a
S360 SEM.

3. Results and discussion
3.1. Phases and microstructure
Figure 1 shows X-ray diffraction patterns of the arc-melted

TigrCu4Ni,SnyNbg sample. The two main phases are
B-Ti(M)(M = Nb, Sn, Cu, and Ni) and o-Ti(M) solid solu-
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Fig. 1. X-ray diffraction pattern of the Tig,Cu;4Ni;»SnyNbg composite
synthesized by arc-melting.
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Fig. 2. Scanning electron micrographs (BSE contrast) of the Tig;Cuy4
Ni;»SnyNbg composite showing: (a) and (b) morphology of the den-
drites and the matrix; (c) and (d) white phase at local sites of the speci-
men surface.

tion, as marked by the filled and open circles, respectively.
The other weaker diffraction peaks correspond to interme-
tallic TiCu. Figure 2a shows the microstructure of the arc-
melted sample observed by SEM using the back-scattering
technique (BSE contrast). Bright dendritic precipitates are
homogeneously dispersed in a dark matrix. The matrix con-
sists of gray and net-shaped black phases. The volume frac-
tion of the gray phase is higher than that of the black phase,
as clearly seen from Fig. 2b. Based on the microstructure
observations and the XRD results, the dendritic phase can
be identified as a body-centered cubic (bec) B-Ti solid solu-
tion. The dark matrix consists mainly of o-Ti solid solution
and a limited amount of intermetallic TiCu as identified
from the XRD pattern. From the SEM images, the volume
fraction of the dendritic phase is determined to be around
30 %. A transmission electron microscopy (TEM) study of
a similar Ti-based alloy has revealed that the gray matrix
consists mainly of nanometer-sized grains with eutectic
structure [21]. Accordingly, the alloy studied here is a na-
nostructured composite reinforced by the dendritic phase.
The different phase contrast observed in the dendrite and
matrix phases corresponds to different compositions, which
were analysed by energy-dispersive X-ray (EDX) analysis
and are listed in Table 1. The matrix phases are enriched in
Ni and Cu, but depleted in Sn and Nb, whereas the dendrites
are Sn- and Nb-rich phase, but depleted in Ni and Cu. Com-
pared to the gray dendritic phase, there is only a small
amount of white dendritic phase (Fig. 2¢) in the Ti-based al-
loys. The white dendritic phase has the same morphology
but different contrast than the gray dendritic phase, as
shown by an enlarged view in Fig. 2d. EDX analysis re-

Table 1. Results of the EDX analysis of the Tigy;Cuy4Nij»SnyNbg
composite.

Phases Ti Ni Cu Sn Nb
(at.%) | (at.%) | (at.%) | (at.%) | (at.%)

Gray dendrite 62.1 2.6 4.8 8.2 22.3
White dendrite 56.3 0.8 0.9 19.4 22.6
Gray matrix 54.3 19.8 19.2 1.6 5.1
Black matrix 61.0 12.9 22.7 0.6 2.8
Average 614 12.3 13.8 4.2 8.3
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Fig. 3. Compression stress—strain curves for TigCu;4Nij»SnyNbg
composite. The test was stopped at different strains for SEM observa-
tion for specimen A. Specimen B was loaded until fracture. Points a,
b and c correspond to total strains of 5 %, 13.5 % and 22.5 %. Note that
the data for specimen B are shown at a strain offset of 10 %.

vealed that the white dendrites are a Sn-rich phase while the
concentration of the Ti, Cu and Ni elements is lower com-
pared with that of the gray dendritic phase, as shown in Ta-
ble 1. The SEM images confirm that the volume fraction
of the white phase is less than 1 %.

3.2. Mechanical properties

A typical engineering compressive stress—strain curve of
the Tig,Cuy4Nij,SnyNbg composite is shown in Fig. 3. Un-
like monolithic bulk metallic glasses, which exhibit little
macroscopic plasticity under compression, the TigCujy
Ni;»,SnyNbg composite exhibits a much higher total strain
of ~ 22 %. During compression, the specimen first becomes
buckled followed by fracture. The specimen yields at
1030 MPa, then an obvious work hardening behavior is ob-
served. Young’s modulus, as determined from the elastic
loading curve, and the compressive plasticity are 56 GPa
and 20.7 %, respectively. At a certain strain level after
yielding, e. g., point a in Fig. 3, the specimen was comple-
tely unloaded, and subsequently the deformation features
on the specimen surface were observed by SEM. After the
SEM observation, the specimen was compressed again. Ap-
parently, the specimen continues to deform along its origi-
nal stress—strain curve. Another specimen was compressed
until fracture without unloading, and the maximum com-
pressive stress is more than 1.8 GPa.

3.3. Surface deformation morphology

Figure 4a shows SEM images (secondary electron (SE)
contrast) revealing the deformation features on the speci-
men surface of the Tig,Cu4Nij,SnyNbg composite de-
formed up to a total strain of 5 % (point a in Fig. 3). Weak
(or fine) slip bands can be seen in the dendrites at some lo-
cal area of the specimen surface, as shown in Fig. 4b. This
is a typical deformation feature in the early stage of work
hardening for the composite with dendrites, which were
never observed previously [18, 21]. However, no deforma-
tion can be observed in the matrix at this strain level. These
observations validate that the initial deformation originates
from dislocation movement and formation of slip bands in-
side the dendrites. When the specimen is compressed
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Fig. 4. Scanning electron micrographs (SE contrast) of the specimen
surface of the Tig;Cu4Ni;,SnyNbg composite at different total strains:
(a) low magnification at a total strain of 5 %; (b) slip bands initiate in-
side the dendrites at 5 % strain with the enlarged inset micrograph of
the dendrite indicated by an arrow; (c) more slip bands were formed
in the dendrites at 13.5 % strain with the enlarged inset micrograph of
the dendrite indicated by an arrow; (d) micro-cracking of the white brit-
tle dendritic phase. The loading axis is horizontal.

further to a strain level of 13.5 % (point b in Fig. 3), more
slip bands in the dendrites can be found on the specimen
surface, as shown in Fig. 4c. These profuse slip bands have
rarely been observed in other Ti-based dendrite composites
[16, 22]. Besides, the slip bands in these white dendrites
are oriented in nearly the same direction (see Fig. 4c). The
matrix phase around the dendrites may have a high strength
because no shear band or other deformation features were
observed at this strain level. Therefore, it is suggested that
the work hardening in the stress—strain curve should be
mainly attributed to the formation of slip bands inside the
dendrites.

At some region on the specimen surface, there are white
Sn-rich dendritic particles. It is found that cracking is often
nucleated preferentially in these dendrites at the applied to-
tal strain of 13.5 %, as shown in Fig. 4d. This indicates that
the higher amount of Sn in this phase may cause their em-
brittlement. This is consistent with the result for other simi-
lar Ti-based dendrite-containing nanostructured composites
[21, 23].

Fig. 5. SEM micrographs (SE contrast) showing: (a) buckling and
fracture of the specimen at a total strain of 22.5 %; (b) and (c) dense
slip bands formed in the dendrites; (d) further cracking of the white
dendritic phase with more Sn. The loading axis is horizontal.
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Fig. 6. SEM micrographs (SE contrast) showing severe plastic deformation in a local area near the fracture surface: (a) rough surface morphology
corresponding to deformation of the dendrites and the matrix; (b) multiple slip bands inside the dendrites; (c) localized shear band spanning over
several dendrites; (d) higher magnification of the shear bands. Note that the shear bands run predominantly through the matrix and at the matrix/
dendrite interface. (e) and (f) Deformation of the ductile dendrites. Note that the dendrites are squeezed under compression and protrude from the
specimen surface. The loading axis is horizontal except for (e) where it is vertical.

Another specimen was compressed until fracture with-
out unloading. As the load was increased, the specimen
becomes buckled and failed at one of the corners, as
shown in Fig. 5a. A total strain of 22.5 % was obtained
when the specimen fractured (point ¢ in Fig. 3). The de-
gree of deformation and the fracture features on the speci-
men surface are inhomogeneous. Figures 5b and c¢ show
the specimen surface with less deformation located far
away from the fracture surface, as marked by A in Fig. 5a.
It seems that the dendrites underwent further work harden-
ing because the slip bands in the dendrites became wider
and denser. A small amount of short shear bands can be
observed in the matrix between two dendritic arms
(Fig. 5¢). The shear bands in the matrix are parallel to the
slip bands in the dendrites, indicating that the activity of
the shear bands in the matrix might be associated with the
formation of the slip bands in the dendrites. As shown
above, the slip bands inside the dendrites are generated in
the early stage of plastic deformation. However, the forma-
tion of shear bands in the matrix can be attributed to the
impingement of the neighboring slip bands with further
work hardening. Besides, the brittle Sn-rich dendrites also
undergo further deformation as more cracks were created
inside this phase at the final fracture of the specimen
(Fig. 5d). However, because the volume fraction of the
Sn-rich phase is very low, its contribution to the strength
and the plasticity can be neglected.

Severe deformation was observed in an area on the speci-
men surface near the fracture surface, as marked by B in
Fig. 5a. This area is characterized by obvious surface relief
and wrinkles, which were caused by the severe plastic de-
formation in both the dendrites and the nanostructured ma-
trix, as shown in Fig. 6a. The compression of the composite
at higher strain level may lead to further deformation of the
dendrites. Secondary slip bands, oriented along another di-
rection, were formed in addition to the primary slip bands
in order to coordinate the plastic deformation as the speci-
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men becomes buckled, leading to the formation of multiple
slip bands (Fig. 6b).

In addition to the formation of secondary slip bands in
the dendrites, a number of localized shear bands were ob-
served in the matrix in this severely deformed area, as
shown in Fig. 6¢. These shear bands are almost perpendicu-
lar to the loading axis and can extend through several den-
drites. From an enlarged view of Fig. 6¢ it can be deduced
that these localized shear bands propagate predominantly
in the matrix or at dendrite/matrix interfaces, as shown in
Fig. 6d. This implies that the shear bands are difficult to
pass through the ductile dendrites. We may presume that
the strength of the dendrites increases with increasing work
hardening, which would normally resist the propagation of
the shear bands in the matrix. As the shear bands in the ma-
trix propagate, a stress concentration will build up at the site
where the shear bands meet the hardened dendrites, which
will trigger the formation of new shear bands in the matrix.
Note that the orientation of the shear bands inside the ma-
trix for the Ti-based composite studied here is different
from that in some other Zr- or Ti-based dendrite-reinforced
composites, in which the shear bands make an angle of
about 45° to the compression direction. A rotation mecha-
nism of the shear plane, induced by the very high compres-
sive plasticity, has been suggested and may presumably ex-
plain this difference [24].

In the severely deformed area mentioned above, the
shape of some dendrite arms changes from an elliptical
shape to a flat shape at a direction normal to the load axis,
as shown in Fig. 6e. At higher magnification, these den-
drites are seen to be squeezed by the compression load and
protrude from the specimen surface (see Fig. 6f), reflecting
the very high plastic deformability of these dendritic
phases. Therefore, the combination of high plasticity and
strength of the Ti-based composite may originate from a
high degree of deformation in the dendrites and matrix as
well as the interactions of the dendrites with the matrix.

Z. Metallkd. 96 (2005) 6
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Fig. 7. SEM micrographs (SE contrast) of the fracture surface of the
TigaCuy4Nij,SnyNbg composite: (a) and (b) vein pattern in both den-
drites and matrix in a smooth area showing a fast shear fracture, (c)
and (d) vein pattern observed in the matrix at another area of the frac-
ture surface.

3.4. Fractographic observations

Figures 7a, b show an area of the fracture surface of the
TigrCuy4Ni,SnyNbg composite after compression to fail-
ure. A vein pattern, typical for the viscous flow of metallic
glasses [3, 7, 8], can be observed in the smooth region of
the fracture surface. Similar smooth fracture surfaces have
been observed for the shear fracture of monolithic bulk me-
tallic glasses [12]. Both the dendrites and the matrix are
supposed to have undergone a fast fracture as well as local
softening or even melting near the fracture surface. In an-
other area of the fracture surface, a rougher surface mor-
phology can be observed, indicating a ductile fracture of
the composite. Softening of the composite was not so severe
that viscous flow could only be observed in the matrix, as
shown in Figs. 7c, d. In this area with rougher surface mor-
phology, no predominant shearing occurs and it is supposed
that the ductile fracture proceeds slower than the fast frac-
ture under shear conditions.

The softening or melting phenomenon observed on the
fracture surface of a metallic glass may be supposed to ori-
ginate from the instantaneous release of the stored energy
in a highly localized fracture region [25]. The elastic strain
energy J stored in a material under compression can be ex-
pressed by

J_9k
m3 2FE

where o and E are the fracture strength and Young’s mod-
ulus of the specimen respectively.

The fracture strength of the Tig,Cuy4Ni;>SnyNbg compo-
site is comparable to that of monolithic metallic glasses, but
Young’s modulus is smaller than that of metallic glasses [3].
Therefore, the elastic strain energy stored in the composite
at fracture is much higher than that of monolithic metallic
glasses. Moreover, the low thermal conductivity character-
istic for Ti-based alloys [26] also has to be considered.
Due to this feature the heat converted from the elastic strain
energy stored in the specimen cannot be easily dissipated
but renders high enough to induce local melting at the
moment of fracture. In this test, two different fracture
surface morphologies have been observed in the
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TigxCu4Ni,SnyNbg composite. The profuse melting trace
in the smooth area indicates a fast shear failure, whereas
the rougher area with less melting exhibits a slower and
ductile fracture with no melting on the dendrites. Therefore,
the fast shear fracture combined with the low thermal con-
ductivity of the alloy indicates a concentrated release of
the stored elastic strain energy, producing a large amount
of adiabatic heating at the moment of fracture. Therefore,
the degree of heat conversion from the stored elastic strain
energy depends on the fracture mode of the composite.
The different areas on the fracture surfaces of the Tig,Cuy4
Ni;,SnyNbg composite (i. e., the smooth and the rougher re-
gion) may originate from the complicated stress state in dif-
ferent regions due to the buckling of the specimen during
compression.

4. Summary and conclusions

1. A TigrCu4NijpSnyNbg multi-component alloy rein-
forced with dispersed dendritic phases can be in-situ
formed by arc-melting. This composite consists of a
nanostructured matrix and micrometer-sized dendritic
B-Ti(M) (M = Nb, Sn, Cu and Ni) solid solution. During
compression, the composite exhibits work hardening
after yielding. The maximum strength and plastic strain
can be improved to ~ 1.8 GPa and ~ 21 %, respectively.

2. In the initial stage of work hardening, the plastic defor-
mation of the Ti-based composite mainly corresponds
to the formation of primary slip bands in the dendrites.
However, no deformation can be observed in the nano-
structured matrix. With further compression, strong
work hardening of the composite results in the forma-
tion of secondary slip bands in the dendrites, and the ac-
tivation of shear bands in the matrix. Localized shear
bands form and mainly propagate in the matrix or at
the matrix/dendrite interface at higher strain level,
which might result from the strengthening effect of the
dendritic phase. The propagation of the shear bands is
resisted by the hardened dendrites.

3. The heat converted from the high elastic strain energy
stored in the TigCu4Ni;,SnyNbg composite under
compression may cause viscous flow during fracture.
The fracture surface morphology is multifarious as a re-
sult of the complicated stress state of the composite after
buckling. A lot of viscous flow traces can be seen in a
shear fracture region with smooth morphology, meaning
that a large amount of adiabatic heat is produced when
the fracture happens in a fast shear mode.
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