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Ductile Bulk Metallic Glass
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We report on experimental evidence of pronounced global plasticity measured in monolithic
Pts; sCu;47Nis 3Py, 5 bulk metallic glass under both bending and unconfined compression loading
conditions. A plastic strain of 20% is measured, never before seen in metallic glasses. Also, permanent
deformation and a strain exceeding 3% before failure is observed during bending of 4 mm thick samples.
To date, no monolithic metallic material has exhibited such a combination of high strength, extensive
ductility, and high elastic limit. The large plasticity is reflected in a high Poisson ratio of 0.42, which
causes the tip of a shear band to extend rather than initiate a crack. This results in the formation of multiple
shear bands and is the origin of the observed large global ductility and very high fracture toughness,

approximately 80 MPam™!/2,
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The absence of crystal-slip mechanisms in bulk metallic
glasses (BMGs) leads to very high yield strength values
close to the theoretical limit [1]. BMGs do not show strain
hardening during deformation as crystalline (ductile) met-
als do, but instead exhibit strain softening and thermal
softening due to adiabatic heating [2—4]. Upon yielding,
BMGs tend to form shear bands in which plastic deforma-
tion occurs in a highly localized manner [5]. In an uncon-
fined geometry, failure of the BMG occurs typically along
a single shear band that cuts across the sample at an angle
of 45° (direction of maximum resolved shear stress) with
respect to the compression axis [6]. This limits the global
plasticity of BMGs in unconfined geometries to less than
1% and restricts the use of BMGs as a structural material
for most applications.

In an effort to overcome the problem of limited plasticity
of BMG at room temperature and to develop structural
materials, efforts have focused on the fabrication of BMG
composites. A variety of composite materials have been
made by introducing a second crystalline phase into the
liquid BMG [7] or by in situ formation of a crystalline
phase during partial crystallization [§—10]. The underlying
goal in enhancing plasticity in BMG composites is to
prevent a single shear band from traversing through the
sample and to generate multiple shear bands.

In this Letter we report for the first time on a monolithic
BMG that shows a large global plasticity. The plasticity
was observed during bending and unconfined compression
and is a consequence of the large Poisson ratio of the
material.

Amorphous Pts; sCuy47Nis 3Py 5 was prepared by in-
ductively melting the constituents in 12 mm quartz
tubes under an argon atmosphere [I11]. The alloyed
Pts; 5Cuy47Nis 3Py 5 was subsequently fluxed with B,O5
for 1200 s at 1000 K, a process which is known to improve
the glass forming ability [12,13]. Water quenching resulted
in an amorphous sample. The amorphous nature of the
Pts; 5Cuy47Nis 3Py; 5 samples studied in this investigation
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was confirmed by x-ray diffraction, thermal analysis, and
microscopy.

Bar shaped samples with dimensions of 3 mm X
3 mm X 6 mm were machined for quasistatic (¢ =
10~*s™ 1) compression tests. Figure 1 shows the stress-
strain curve of a Pts; 5Cu;47Nis3P,, 5 sample under com-
pressive loading. Initially, it behaves like a typical BMG,
exhibiting an elastic strain limit of less than 2% at a yield
stress of 1400 MPa. However, after reaching the maximum
strength of 1470 MPa, the material deforms in a perfectly
plastic manner. This has never been observed for BMGs,
which typically fail before any observable plastic defor-
mation occurs. The plastic strain to failure was found to
be 20%.
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FIG. 1. Stress-strain curve of amorphous monolithic
Pts; 5Cu;47Nis 3Py 5. The curve was determined under quasi-
static compression of a bar shaped sample with 3 mm X
3 mm X 6 mm dimensions. The material undergoes about 20%
plastic deformation before failure.
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FIG. 2

(color
Pts; 5Cuy4 7Nis 3P5, 5 metallic glass that was plastically deformed
to 15% strain. The primary shear band spacing is about 30 wm
and that of the secondary bands is about 7 um.

online). Optical micrographs of

Samples were polished prior to plastic deformation.
Figure 2 shows an optical micrograph of a sample that
was loaded in compression to 15% strain. Typically, in an
unconfined geometry the formation one shear band leads to
failure of the BMG. In this sample, however, a large
number of shear bands can be observed. In addition to
the primary shear bands that form an angle of approxi-
mately 45° with respect to the compression axis, some
secondary shear bands form with an angle of approxi-
mately 45° with respect to the primary bands. The average
spacing of the primary bands is about 30 um, and the
average shear offset is about 1 um.

In order to investigate if the high ductility also leads to a
high crack resistance, fracture toughness measurements
were performed. Fracture toughness testing was conducted
on 24 mm X 6 mm X 4 mm samples. The samples were
prenotched to a length of 3 mm with a notch radius of
50 pm. A standard three point beam geometry with a load
rate of 107% m/s was used. Fracture toughness was calcu-
lated according to ASTM E399-90 standard. Two samples
were tested and values of K;. = 79 MPam~ /2 and K, =
84 MPam™!/2 were calculated. This very high K, value is
also reflected in the large plastic zone extending from the
notch into the sample. Figure 3 shows an image of the
plastic zone measured on a sample with a notch radius of
200 wm. The size of the notch tip plastic zone (as defined
by the extent of visible shear bands) is about 1.4 mm,
nearly an order of magnitude larger than measured on Zr-
based BMGs [14]. In Zr-based BMGs, measured fracture
toughness values are between K;, = 16 MPam~'/2 [15]
and K, = 20 MPam~'/2 [16].

The critical crack radius can be calculated according
to a=2K3 /o2J/m. With the measured K, =

80 MPam~!/2 and o, = 1400 MPa, a critical crack radius

FIG. 3 (color online). Plastic zone ahead of the notch in a three
point beam bending test. The shear bands extend to about
1.4 mm into the sample. Note that the 200 xm notch radius in
this figure is different from the notch radius of 50 uwm used for
fracture toughness samples.

of 4 mm is calculated. This radius is about 40 times larger
than the critical crack radius in a Zr-based BMG (100 wm)
[6]. The large critical crack radius for Pts; sCuy47Nis 3Py 5
suggests that the material’s mechanical properties are very
insensitive to porosity and inclusions.

Bending tests were performed on 4 mm X 4 mm X
35mm, 2mmX4mmX15mm, and 1.8 mm X
3 mm X 15 mm bar shaped samples that were bent around
mandrels of radius of 60, 12.7, 9.5, and 6.35 mm. The
1.8 mm thick sample did not fail during bending over all
four mandrels, as can be seen in Fig. 4(a). The strain to
failure can be calculated from & = h/2R, where R is the
neutral radius of the bend sample and % is the sample’s
thickness. For the 4 mm thick sample the strain to failure
exceeds 3% as evidenced by the permanent deformation of
the sample shown in Fig. 4(b). A strain to failure between
10.5% and 15.7% was observed for the 2 mm thick sample,
and the 1.8 mm sample exceeded 14.2% strain.

Figure 5 shows micrographs of a 1.8 mm X 3 mm X
15 mm sample that was bent over mandrels of radii
12,7 mm (a), 9.5 mm (b), and 6.35 mm (c). All three
microstructures show multiple shear band formation with
similar shear band spacings of approximately 50 um. The
plastic zone depth on both the compression and the tension
side of each sample is similar and increases from
700 um (a) to 800 um (b) to 840 um in (c). The shear
offsets in all three microstructures are around 5 pm.

Plastic deformation in metallic glasses during bending
was observed only in thin samples [17-19], and a direct
correlation between sample thickness and plastic strain to
failure was observed [20]. The increase of plasticity with
decreasing sample thickness was explained by Conner
et al. [20] as a geometric effect. The authors argue that
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FIG. 4 (color online). (a) A 1.8 mm X 3 mm X 15 mm bar
shaped Pts; 5Cuy47Nis3P,,5 sample bent over a mandrel of
radius 6.35 mm. The strain to failure exceeds 14.2%.
(b) Pts;5Cuy47Nis3Py 5 samples with dimensions of 4 mm X
4 mm X 34 mm bent over a mandrel with a radius of 6 cm. The
strain to failure exceeds 3%.

the shear displacement in a band scales with the band’s
length, which in turn scales with a sample’s thickness.
Since crack initiation scales with the shear displacement,
thicker samples fail at much smaller plastic strains than
thinner samples do. Plastic strains to failure similar to
those measured in the present study on 4 mm thick samples
were observed in Zr-based BMGs that are an order of
magnitude thinner. For Zr-based BMGs thicker than
1 mm no plasticity at all was observed [20].

Ultrasonic measurements were carried out to determine
the sound VelOCity in amorphous Pt57V5CU14.7Ni5.3P22.5.
Elastic constants were calculated from the sound velocities
and are shown in Table 1. The elastic strain limit of 1.48%
is calculated from the yield stress, oy = 1400 MPa, deter-
mined from the compression test, and Young’s modulus,
E = 94.8 GPa, determined from the speed of sound mea-
surements. The Pts; sCu ;4 7Nis 3P, s BMG exhibits an un-

FIG. 5

(color
Pts;5Cuyy7Nis 3Py s BMG with dimensions of 1.8 mm X
3 mm X 15 mm which was bent (a) over a mandrel of radius
12.7 mm, which corresponds to a strain of about 7%, (b) over a
mandrel with radius 9.5 mm, which corresponds to a strain of
about 9%, and (c) over a mandrel of radius 6.35 mm, which
corresponds to a strain of about 14%.

online). Optical  micrograph of a
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TABLE I. Elastic constants for amorphous
Pts; sCuy47Nis53P,, 5, calculated from ultrasonic measurements
of the transverse speed of sound, v,, and the longitudinal speed
of sound, v;. G denotes the shear modulus, B the bulk modulus,
E Young’s modulus, p the alloy’s density, and » Poisson’s ratio.

v, (m/s) v, (m/s) p (g/cm*) G (GPa) B (GPa) E (GPa) v
1481.5 4000 15.02 333 198.7 948 042

usually low ratio of shear modulus, G, to bulk modulus, B,
of 0.165. This is about a factor of 2 smaller than the G/B =
0.31 measured for Zr41Ti14Cu12Ni10Be23 (Vltl) [20] The
low G/B is also reflected in the high Poisson ratio of 0.42,
compared to 0.36 for Vitl. A small G/B ratio allows for
shear collapse before the extensional instability of crack
formation can occur. This causes the tip of a shear band in
Pts; sCuy47Nis 3Py 5 to extend rather than to initiate a
crack. Deformation is therefore accomplished by the for-
mation of multiple shear bands, which results in the ob-
served large global ductility and very high fracture
toughness. In fact, in crystalline materials a low G/B ratio
is a good phenomenological indicator of inherent ductility.
For example, Hecker et al. [21] found that the ductile fcc
metals all have a low G/B, whereas brittle bcc metals have
a high G/B.

During heating, BMGs undergo a transition in their
deformation mode (see, e.g., [22]). At low temperatures
they deform in a highly inhomogeneous manner and form
localized shear bands with no global plasticity. With in-
creasing temperature, deformation becomes homogeneous
and they exhibit a large plasticity in the vicinity of Tg. This
suggests that BMGs with low Tg values, closer to room
temperature where mechanical properties are typically
determined, are more likely to exhibit room temperature
ductility. This is supported by the low Tg value of 508 K
for Pts7 5Cuy47Nis 3Py 5 [11].

In summary, this Letter reports on a large global plas-
ticity in Pts; sCuy4 7Nis 3P, s BMG observed in unconfined
compression and bending geometry. In sharp contrast to
typical bulk metallic glasses which do not show any no-
ticeable plasticity, Pts; 5Cu;47Nis3P,, 5 exhibits a plastic
strain to failure of 20% in compression and a strain to
failure that exceeds 3% during bending of a 4 mm thick
sample. To date, no monolithic metallic material does
exhibit such a combination of high strength, extensive
ductility, and high elastic limit. The large ductility is a
consequence of the formation of a high density of shear
bands. Obviously, the shear bands cannot transform them-
selves into cracks easily. The small ratio of shear modulus
to bulk modulus causes the tip of a shear band to extend
rather than initiate a crack because the low shear modulus
allows for shear collapse before the extensional instability

of crack formation can occur. This results in the formation
of multiple shear bands and is the origin of the observed
high global ductility and very high fracture toughness of
approximately 80 MPam~'/2. Overall, a large Poisson
ratio and a low glass transition temperature might be
regarded as indicators of the ductile character of a bulk
metallic glass and could therefore be used as a means of
identifying ductile bulk metallic glasses.
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