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Abstract

Ti-based nano-structured composites with ductile dendrites often fail under a shear fracture angle larger than 45° with the com-
pression stress axis. This can be explained by a rotation mechanism of the shear plane and bending of the shear bands, indicating a

good mechanical performance of the nano-structured composites.
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1. Introduction

Bulk metallic glassy (BMG) materials have become a
hot topic in the field of advanced materials due to the
milestone discovery of Zr-based BMGs [1,2]. However,
BMGs only exhibit high strength but, unfortunately,
nearly zero plasticity, limiting their application as struc-
tural materials [3,4]. Recently, a major breakthrough in
enhancing plasticity was achieved for BMG/nano-struc-
tured composites containing in situ precipitated dendritic
phases upon solidification in Zr- and Ti-based alloys [5—
10]. This improvement in plastic deformation is due to
the strong blocking effect of the dendrites on the propaga-
tion of shear bands [5]. Normally, the shear band pattern
formation into regular arrays was controlled by the duc-
tile dendrites [5—8]. This opens the possibility of produc-
ing an entirely new class of high strength, tough, impact
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and fatigue resistant materials, which combine the high
strength of metallic glass with the ability to undergo plas-
tic deformation under unconfined or otherwise unstable
loading conditions [5]. Furthermore, there is the possibil-
ity of employing the newly developed BMG/nano-struc-
tured composites in many potential applications, such
as biomaterials [10]. However, the basic deformation,
fracture mechanisms and the high plasticity of the
nano-structured Ti-based composites with ductile den-
drites have not been systematically investigated so far.
The main subject of the present paper is to reveal the de-
tails of the deformation and fracture mechanisms, and
the plasticity under compressive loading, in order to bet-
ter understand the properties of the newly developed
nano-structured Ti-based composites [7-10].

2. Experimental procedures

The nano-structured matrix—dendrite composites,
(Ti40CU2gNi24Sl’l8)1,x (Tigosz(})x, where x is equal to
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Table 1
Compositions and shear fracture angles of the alloys A, B, C and D
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Compositions of samples Plastic strain (ep) (%)

Shear angle (9{}) (©)

Shear angle (02) (°) (0c = 0¢) )

A: Ti56CUI6A8Ni14‘4Sn4‘8Nb8 8.9 46 43.5 2.5
B: TiGOCu14Ni12Sn4Nb10 21 48 41.4 6.6
C: Ti64Cu11,2Ni9‘6Sn3'2Nb12 24 50 419 8.1
D: TigeCugNiy gSn; ,Nbyy 30 51 40.5 10.5
0.4, 0.5 and 0.6, were fabricated by arc-melting. In addi- comparison with the other parts of the samples. There-
tion, an alloy with an approximate composition of fore, all the compressive specimens were cut into a
TiggCugNiy gSn; ,Nby, was selected. The compositions dimension of 3mm x3mmx6mm from the middle
of the four alloys are listed in Table 1 and will be hereaf- parts of the alloys. Before the tests, they were mechani-
ter named as A, B, C and D alloys, respectively. The de- cally polished, and then polished either by chemical or
tails of the fabrication processes of the nano-structured electrolytic methods. The compression tests were con-
Ti-based composites have already been described else- ducted with an Instron 8562 testing machine at room
where [9]. The characterization of the microstructure temperature under quasi-static loading conditions (strain
and the phases was done using a JEOL-JSM6400 scan- rate of 107*s™"). After deformation or failure, all the
ning electron microscope (SEM). It was found that alloy specimens were investigated by SEM to reveal the defor-
A contains a relatively fine dendritic phase with a volume mation and fracture features.
fraction of about 20%. For alloys B and C, the volume
fractions of the dendrites are about 40% and 60%,
respectively. Alloy D consists almost only of dendrites 3. Results and discussion
(about 95 vol.%) [9]. Normally, the distributions of the
dendrites and the matrix are basically homogenous in Fig. 1(a)-(d) show the compressive stress—strain
the center of the samples. However, near the two surface curves and fracture morphologies of the alloys A-D.
layers of the samples, the dendrites are relatively fine in The four Ti-based alloys display typical initial elastic
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Fig. 1. Compressive stress-strain curves, fracture morphologies and shear fracture angles of the alloys A-D (a) alloy A; (b) alloy B; (c) alloy C and

(d) alloy D.
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deformation, yielding followed by plastic deformation
with significant work-hardening, and final shear frac-
ture. The yield strength and work-hardening ability de-
crease in the order of alloys A= B=C=D.
However, the compressive plasticity to failure ¢p follows
an increasing order of alloys A = B = C = D, as sum-
marized in Table 1. This is consistent with the tradi-
tional trend of the strength—plasticity relationship, i.e.
improving the strength always results in a decrease in
the plasticity [11].

Another common feature of the four Ti-based alloys
is that the final failure always follows a shear mode, as
shown in Fig. 1(a)~(d). The compressive shear fracture
angle 0p. increases in the order of the alloys
A = B= C= D. In particular, all the value of 0} for
the four alloys are larger than 45°, which is contrast to
the previous summary [12], i.e. 0° < H(F: < 45°. This indi-
cates that the shear fracture features of the present four
alloys obviously disobey the Mohr—Coulomb criterion
[4,12-14], which is suitable for the shear fracture feature
of other bulk metallic glasses (BMGs) or their compos-
ites [15-18].

By SEM, the deformation morphologies of the four
alloys were observed to reveal their deformation and
fracture mechanism. Fig. 2(a) shows the typical defor-
mation morphology of the Ti-based alloys after failure
at a compressive plastic strain of 24%. It can be seen that
dense shear bands were formed on the specimen surface,
as marked by the arrow in the figure. The shear bands
become bent in most areas of the specimen. For the
other three alloys, similar bent shear bands are also ob-
served (see the fractured specimens in Fig. 1). It is sug-
gested that the bent shear bands might be caused by
the high plastic flow during compression. Another
deformation feature is the formation of double shear
bands, and the two groups of shear bands intersect with
each other, as shown in Fig. 2(b). The double shear
bands are quite similar to the double-slip deformation
behavior in ductile single crystals [19]. Normally, there
is one group of primary shear bands, which were acti-
vated in the initial deformation stage, as marked in
Fig. 2(b). With further compressive deformation, the
high compressive plastic strain can also stimulate the
formation of secondary shear bands, as marked in
the figure. In the final failure, the shear fracture often
proceeds along the primary shear band, as shown in
Fig. 2(c). A strong intersection between the primary
and the secondary shear bands can be clearly seen on
the shear fracture plane in the figure. Therefore, it is sug-
gested that the activation of the secondary shear bands
can play three possible roles: (1) it can make a contribu-
tion to the work-hardening of the four alloys, as shown
in the stress—strain curves in Fig. 1; (2) it may help to
accommodate more plastic strain during compression;
(3) it can contribute to the rotation of the primary shear
bands.

Fig. 2. (a) Formation and bending of the dense shear bands in the
alloys C at a compressive plastic strain of 24%; (b) interactions of
the primary shear bands with the secondary shear bands induced by
the high compressive plasticity; (c) rotation of the primary shear
fracture plane induced by the impingement of the secondary shear
bands.

(a) (b)

Fig. 3. (a) Illustration of interactions between primary shear bands
and secondary shear bands; and (b) rotation of the primary shear plane
induced by the impingement of the secondary shear bands.

For a better understanding of the relationship be-
tween the shear fracture and the rotation mechanism
of the primary shear bands, the interactions of the pri-
mary and secondary shear bands can be schematically
illustrated as in Fig. 3(a) and (b). We assume that
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primary shear bands form in the initial deformation
stage, and make an initial angle QOC with respect to the
stress axis, as shown in Fig. 3(a). Then, secondary shear
bands are activated due to a high compressive plastic
strain, and strongly intersect with the primary shear
bands. With increasing plastic strain in the specimen,
strong shearing deformation will proceed along the
two sets of shear bands, resulting in a strong impinge-
ment between them, as illustrated in Fig. 3(b). This
strong impingement must form a shear step on one of
the shear planes (see Fig. 2(c)), similar to a slip step in
crystalline materials [20]. Therefore, the accumulation
of dense shear steps on the primary shear plane must re-
sult in an obvious rotation of the primary shear bands
towards the horizontal direction of the specimen.
From the above observations and their analysis, it is
suggested that the bending or rotation of the shear
bands can be attributed to the high compressive plastic-
ity (up to 20-30%) of the Ti-based alloys. Therefore, a
compressive specimen before and after deformation
can be schematically illustrated as in Fig. 4(a) and (b).
Assuming that the original dimension of the specimen
IS ag - ag - Iy, the initial shear angle of the primary shear
bands is 0% and the length of the primary shear bands
is /sp. After being compressed to a plastic strain ep, its
dimension is changed to @ - a -/, and the angle between
the primary shear plane and the stress axis is HE due
to a strong rotation. Normally the volume V' of the spec-
imen and the length /sg of the primary shear band re-
main nearly constant before and after deformation.
Therefore, one can get the following relationship:

V=ay-ay-lp=a-a-l (1)
ISB = a()/ SIH(QOC) = a/ Sm(E)(Fj) (2)

For a compressive specimen, the plastic strain ep can be
expressed as:

ép = (lo - 1)/10 (3)

_l-— Ao —>|

R

(a) (b)

Fig. 4. (a) and (b) Illustration of a compressive specimen before and
after deformation, and rotation of the primary shear plane.

From Egs. (1)-(3), one can get the relationship among
02, O¢ and the plastic strain ep as:

sin(0%) = /1 — ep sin(0F.) (4)

This indicates that one can approximately estimate the
initial shear angle BOC of the primary shear bands if the
compressive plastic strain ep and the final shear fracture
angle Q(F: are known. By substituting the values of ep and
O(F: into Eq. (4), the calculated data of the initial shear
angle HOC are obtained (Table 1). The initial shear angle
HOC of the primary shear bands with respect to the stress
axis is in the range 40.5-43.5° for the four Ti-based
alloys. This indicates that the 02 values of the four spec-
imens are still smaller than 45°, which is consistent with
the Mohr—Coulomb criterion [4,12-14]. When taking
the average value of GOC =41.8+0.9° and Eq. (4) into
account, we can extrapolate the possible final fracture
angle 62, as plotted in Fig. 5. It can be seen that Eq.
(4) can approximately describe the rotation mechanism
of the shear fracture induced by the high compressive
plasticity. Then, the difference (0p — 0%) between the
two shear fracture angles before and after fracture can
also be determined, as listed in Table 1. Apparently,
the rotation angles (0n —0Q) increase from 2.5° to
10.5° as the compressive plastic strain is increased from
8.9% to 30%. This indicates that a high compressive
plasticity can lead to a large rotation of the shear frac-
ture plane, which is consistent with the observations in
Fig. 1. However, the previously reported BMGs materi-
als often exhibit little compressive plasticity. Accord-
ingly, the observed final shear fracture angles are
normally smaller than 45° [4,12-18]. In turn, the rota-
tion mechanism of the shear fracture manifests itself as
a decisive deformation mechanism of the nano-struc-
tured-dendrite composites, which is promising for the
further development of such high-performance materials
for future applications.
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Fig. 5. Dependence of the final shear fracture angle on the applied
compressive plastic strain.
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4. Conclusions

Ti-based composites reinforced by ductile dendrites
can exhibit very high compressive plasticity (up to 20—
30%) and a strong work-hardening ability. The final
shear fracture angles are often larger than 45°, which
can be explained by a rotation mechanism of the pri-
mary shear bands induced by the high compressive plas-
ticity. The rotation mechanism is caused either by
bending of the primary shear bands or by strong
impingement of the secondary shear bands. The rotation
of the shear fracture is an obvious indication that the Ti-
based composites with ductile dendrites perform well
and have potential for structural applications.
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