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bstract

The deformation behavior of multicomponent Ti66Cu8Ni4.8Sn7.2Nb14 composite containing primary dendrites embedded in a nanoeutectic matrix
as studied under uniaxial compression. The evolution of slip and shear bands has been investigated at various stages of deformation. This type of

dvanced composite not only displays a high compressive plasticity of 31.8%, but also exhibits high fracture strength of ≈2.02 GPa (true fracture
trength 1.38 GPa). Pronounced work hardening was observed after yielding. The surface deformation morphology reveals that the work hardening

ehavior of the composite is related to the plastic deformation of the dendritic phase through slip bands and the interaction of shear bands in the
anostructured matrix with the hardened dendrites. The nucleation of shear band occurs at a certain amount (8%) of plastic deformation at the
endrite–nanoeutectic matrix interface. The final stage of compression proceeds through passing of the shear bands through the work-hardened
endrites into the nanoeutectic matrix, whereby the propagation of the shear bands in the matrix is retarded by the nanoscale phases.

2006 Elsevier B.V. All rights reserved.
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. Introduction

In recent years, many attempts have been made to improve
he ductility of nanostructured and glassy alloys [1–9]. As one
xample, in situ formed dendrite phase reinforced nanoeutec-
ic composites show a dramatic increase in plastic strain under
ompression, providing an effective way to synthesize nanos-
ructured alloys with improved ductility [1,2]. In particular, sub-
tantially improved mechanical properties have been obtained
ecently in in situ formed Ti-based nanostructure–dendrite com-
osites with plastic strains larger than 15% and fracture stresses

igher than 2 GPa [10,11]. The enhanced ductility of such com-
osites is attributed to the dendrites dispersed in the matrix,
cting as obstacles hindering the rapid propagation of shear
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mation mechanism; Shear bands

ands, thus controlling the instability otherwise responsible for
arly failure [12,13]. Recently, a systematic investigation on Ti-
ase nanoeutectic composites [14,15] using transmission elec-
ron microscopy revealed a stepped morphology of the interface
etween the dendrites and the nanoeutctic matrix that is gener-
ted by passing of the shear bands. The improved mechanical
roperties combined with the potential for engineering applica-
ions of these composites [1,10,11] have prompted us to search
or the details of the deformation mechanisms, which impart
oth improved strength and ductility. This is crucial, since the
eformation and fracture mechanisms of these composites have
ot been well understood, yet.

In this paper, a Ti66Cu8Ni4.8Sn7.2Nb14 nanostructured com-
osite is selected as an example from a series of high strength-
uctile Ti–Cu–Ni–Sn–Nb alloys [11]. The microscopic defor-

ation behavior and the evolution of slip and shear bands in

his nanostructured matrix/ductile dendritic phase composite
ave been investigated after different extent of deformation. The
nhanced ductility of the Ti-based composite will be discussed
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n terms of the deformation mechanisms of the ductile dendritic
hase and its role in resisting the propagation of shear bands.

. Experimental

The Ti66Cu8Ni4.8Sn7.2Nb14 alloy was solidified through cold crucible cast-
ng (10 mm∅, 180 mm long) after mixing of the pure elements and characterized
y X-ray diffraction (XRD) using a Philips D500 diffractometer with Cu K�

adiation. The microstructure and the phases present in the alloy were examined
y a Zeiss 962 scanning electron microscope (SEM), a high resolution SEM
Philips XL 30) and transmission electron microscopy (TEM) (Philips CM 20).
ar shape compression specimens were prepared by machining of the as-cast

pecimen to 2 mm × 2 mm cross-section and 4 mm height. The surfaces were
olished and etched to observe the as-cast microstructure, also allowing for
he following observation of the surface deformation morphology. Compression
ests were performed using a Schenck hydraulic testing machine under qua-
istatic loading (strain rate of 8 × 10−4 s−1) at room temperature on two different
ype of specimens: (A) samples deformed up to a plastic strain of εp = 8.1% and
hen unloaded, and (B) samples deformed up to a strain of εp = 24.5% and then
nloaded (cf. the stress–strain curves in Fig. 2). One specimen has been com-
ressed until fracture. After compression, the surface deformation morphology
f the specimens was examined using a Zeiss 962 scanning electron microscope
SEM). Thin slices were prepared from the deformed specimens (εp = 24.5%)
nd were investigated using transmission electron microscopy (TEM, Philips
M 20).

. Results and discussion

The as-cast alloy shows a composite microstructure con-
isting of coarse dendrites embedded in a dark matrix. The
verall microstructure of the alloy is presented in Fig. 1. A
igh resolution SEM image (inset in Fig. 1) of the matrix
hows the presence of an eutectic microstructure consisting
f 150 nm wide and 500–800 nm long Ti2Cu rods in an �-
i solid solution, which was also confirmed by TEM studies
14,15]. The volume fraction of the dendrites was estimated to be
0–90 vol.%. The compression test results of the as-cast sample

re consistent with an earlier report [11]. A typical engineer-
ng stress–strain curve up to failure is presented in Fig. 2 (thick
ine). The mechanical properties are as follows: yield strength
0.2 = 940 ± 25 MPa, plastic strain εp = 28 ± 2%, and maximum

ig. 1. SEM secondary electron image of the as-cast microstructure of the
i-base nanostructure–dendrite composite; inset: magnified image of the
anoeutecic matrix showing the presence of Ti2Cu rods in a hcp �-Ti phase.
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ig. 2. Compressive stress–strain curve of up to: (A) 8.1%, and (B) 24.5% plastic
train and up to failure (thick curve).

trength σmax = 2000 ± 25 MPa (true fracture strength 1.38 GPa)
ith a noticeable work hardening behavior. The specimen sur-

ace shows a large number of shear bands and viscous shear flow
races, as observed earlier [11].

In an attempt to investigate the deformation mechanism of
his ductile composite, as-cast specimens have been compressed
o different amount of plastic strain and unloaded. The cor-
esponding compressive stress–strain curves are presented in
ig. 2 and marked as (A) for a sample deformed to εp = 8.1%
nd (B) for a sample deformed to εp = 24.5%. It is worth to note
hat the XRD patterns (not shown here) reveal no significant dif-
erence between the as-cast and the deformed samples subjected
o different amount of plastic strain, and the fractured sample,
ndicating that there was no phase transformation during the
eformation.

Fig. 3(a) shows the overall features of specimen A. At this
tage (εp = 8.1%) no barreling of the specimen was observed.
he specimen surfaces are quite parallel. Very fine bands can
e found on the specimen surface. The density of these bands
s very high and their growth is restricted within the dendrites.
here is no preferred orientation of these bands with the stress
xis. Since work-hardening of the composite is clear from the
tress–strain curve (A), these bands must be ‘slip bands’ that
orm due to dislocation movement in the dendrites. Typical fea-
ures of such fine profuse slip bands are presented in Fig. 3(b) and
arked by small white arrows. The thick black arrows indicate

he direction of the applied stress. In addition, in most regions the
endrites show ‘wrinkle’-like features along with a high density
f slip bands at the center of the specimen. This indicates that the
nitiation of the localized deformation is related to both the high-
trength nanostructured matrix and the ductile dendrites. At this
tage it is anticipated that some of the grains in the nanoeutectic
atrix may contribute to the strain via dislocation movement.

nterestingly, in a region close to the “wrinkled” dendrites, a
ew shear bands are observed to pass through the dendrites, as
ndicated by a dotted white arrow in Fig. 3(b). However, the
ajority of the area on the specimen surface does not display this
eature. These bands are relatively sharper than the slip bands
nd have different contrast. The overall features suggest that
here might be a preferred orientation with the applied stress
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Fig. 3. Microstructural features of the specimen deformed to (ε = 8.1%): (a)
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Fig. 4. Microstructural features of the specimen deformed to (εp = 24.5%): (a)
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verview, (b) formation of slip bands (small arrows) in the dendrites, and (c)
ucleation of shear bands at the dendrite–nanoeutectic matrix interface (dotted
rrows).

xis. Since the strain distribution is not completely homoge-
ous in the material, these observations validate that the initial
eformation originates from dislocation movement and the for-
ation of slip bands inside the dendrites and proceeds through

hear banding. A magnified image of a set of parallel shear bands

assing through the interface between the nanoeutectic matrix
nd the dendrite is shown in Fig. 3(c). The initiation of shear
ands moving perpendicular to the former direction is also visi-
le in the dark nanostructured matrix (Fig. 3(c), dotted arrows).

5
d
l
t

ormation of highly dense shear bands (dotted arrows) and their impingement
long with slip bands (small arrows); inset: overview and (b) wrinkling of the
endrites with profuse slip bands.

hus, the plastic strain for nucleating the visible (microscopic
cale) shear bands in this composite is close to 8%. A similar
esult (plastic strain = 5–13%) was also observed earlier for a
i62Cu14Ni12Sn4Nb8 composite [13]. It is very clear from this

mage that the contrast of the ‘shear band’ (dotted arrows) is
ore pronounced than for the ‘slip bands’ (small arrows). This
ay be due to the fact that the amount of shear-offset and strain

elief for the shear bands is higher than for the slip bands.
The surface of the 24.5% deformed specimen (Fig. 2, curve

) shows remarkably different features in comparison to the
pecimen subjected to only 8% plastic strain. The strongly
eformed sample is buckled and barreled, as shown in the inset of
ig. 4(a). In addition, the formation of highly dense shear bands
n the specimen surface was observed throughout the sample.
n enlarged view of the region marked by a square in the inset of
ig. 4(a) is shown in Fig. 4(a). The direction of the applied stress

s indicated by thick black arrows. A large number of impinge-
ent and intersection events of the shear bands under primary

nd secondary direction are observed on the specimen surface,
s depicted in Fig. 4(a). The shear band spacing is on the order of

–10 �m. The intersection of the shear bands moving to different
irection creates steps on each other, which finally appear similar
ike the surface of a ‘pineapple’. This indicates that the density of
he shear bands increases rapidly with further strain beyond 8%.
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ig. 5. (a) HR-TEM image of the apex of a shear band and the Fourier transf
arked as 1, 2 and 3. (b) Passing of the shear bands through the nanoeutectic m

region away from the center of the specimen shows extensive
rinkling of the dendrites with profuse slip bands (Fig. 4(b)).
he shape of some dendrite arms changes from an elliptical to
flat shape at the direction normal to the loading axis. From the

tress–strain curve a distinct work hardening can be observed.
owever, the microstructure cannot be clearly resolved in the

everely deformed regions. Inside the inter-shear band regions
high density of slip bands can be observed. Thus, the work-

ardening of the composite at this stage is stems from: (i) the
ormation of new slip bands and their wrinkling, (ii) the impinge-
ent of the shear bands with neighboring slip bands in the den-

rite, and (iii) locking of the primary and secondary shear bands.
Further analysis [14–16] based on TEM investigations of

he 24.5% deformed specimen revealed a stepped morphology
t the interface between the dendrites and the nanoeutectic
atrix. The slip transfer from the nanostructured matrix to

he dendrites is believed to initiate such a stepped morphology
ue to passing of shear bands without generating cracks. A
riangle-shape contrast is often observed around the intersection
egions between the shear bands aligned to two directions inside
he dendrites. A high-resolution image from the apex of a shear
and inside a dendrite is presented in Fig. 5(a). The Fourier
ransformed pattern from region 1 (Fig. 5(a)) from a dendrite of
he deformed Ti66.1Cu8Ni4.8Sn7.2Nb13.9 alloy clearly reveals
he diffraction of a bcc lattice along the [1 1 1] direction. The
ntensity of the diffraction spots continuously decreases inside
he shear band at region 2 and completely disappears at region 3.
his indicates that inside the shear band typical amorphous-like
nd distorted/disordered lattice fringes can coexist due to
xtensive local lattice distortion in highly strained areas within
he dendrites in regions 2 and 3, as shown in Fig. 5(a). On the
ther hand, passing of the shear bands (primary and secondary)
hrough the nanoeutectic matrix has also been clearly observed.

ig. 5(b) shows the existence of shear bands, which are aligned
erpendicular to each other in the nanoeutectic matrix, as
arked by the white and black arrows. The passing of the shear

ands into the matrix becomes easier when propagating under a
a
d

patterns [1, 2, and 3] from the corresponding different regions of the image

irection almost parallel with the nanoscale Ti2Cu rods (marked
y the white arrows) in the hcp Ti matrix. On the other hand,
he nanoscale Ti2Cu rods hinder the propagation of the shear
ands when they are aligned under a perpendicular direction,
s evidenced in Fig. 5(b) (marked by black arrows). Fig. 5(b)
hows that the shear bands (white arrows) are significantly
eflected at the interfaces of the Ti2Cu phase (at point a).
fter a few layers of the eutectic rods (Ti2Cu phase) the

hear band regenerates (at point b) and propagates through
he nanoeutectic matrix, detouring the following Ti2Cu phase.
his indicates that the nucleation and restricted propagation of
hear bands is also controlled by the nanometer-scale eutectic
atrix.

. Conclusion

The Ti66Cu8Ni4.8Sn7.2Nb14 composite exhibits work harden-
ng after yielding. The maximum strength and plastic strain are

2.02 GPa (true fracture strength 1.38 GPa) and ∼32%, respec-
ively. With further compression after yielding, strong work
ardening of the composite results in the formation of fine slip
ands in the dendrites and subsequent activation of shear bands at
he dendrite–matrix interface at ∼8% plastic strain. A high den-
ity of shear band develops and mainly propagates in the matrix
r at the matrix/dendrite interface at higher strain level (24.5%).
his might result from the strengthening effect of the dendritic
hase and pronounced wrinkling of profuse shear bands, which
nally helps to nucleate new shear bands, and the restriction of

heir rapid propagation by the hardened dendrites. The accumu-
ation of a high strain level in the shear bands causes local lattice
istortion and even amorphization in the dendrites.
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