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As-cast bulk metallic glasses are isotropic, but anisotropy can be induced by thermomechanical treat-
ments. For example, the diffraction halo in the structure function S(Q) observed in transmission becomes
elliptical (rather than circular) after creep in uniaxial tension or compression. Published studies associate
this with frozen-in anelastic strain and bond-orientational anisotropy. Results so far are inconsistent on
whether viscoplastic flow of metallic glasses can induce anisotropy. Preliminary diffraction data suggest
that the anisotropy, if any, is very low, while measurements of the elastic properties suggest that there is
induced anisotropy, opposite in sign to that due to anelastic strain. We study three bulk metallic glasses,

Keywords: R . .
Mi’tamc glass CegsAl1gCupCos, LassNijpAlss, and PdgoNizeCuigPpo. By using resonant ultrasound spectroscopy to
Anisotropy determine the full elasticity tensor, the effects of relaxation and rejuvenation can be reliably separated

from uniaxial anisotropy (of either sign). The effects of viscoplastic flow in tension are reported for the
first time. We find that viscoplastic flow of bulk metallic glasses, particularly in tension, can induce
significant anisotropy that is distinct from that associated with frozen-in anelastic strain. The conditions
for inducing such anisotropy are explored in terms of the Weissenberg number (ratio of relaxation times
for primary relaxation and for shear strain rate). There is a clear need for further work to characterize the
structural origins of flow-induced anisotropy and to explore the prospects for improved mechanical and

other properties through induced anisotropy.
© 2016 Acta Materialia Inc. Published by Elsevier Ltd. This is an open access article under the CC BY
license (http://creativecommons.org/licenses/by/4.0/).
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Non-Newtonian flow
Anelasticity

by much more [8,9]. Resonant ultrasound spectroscopy (RUS)
suggests that the ribbon elasticity is (within ~3%) isotropic in plane,
but that the stiffness coefficient C33 normal to the ribbon is much

1. Introduction

A glass is commonly expected to be isotropic, but can be

anisotropic, even when formed from a liquid composed of atoms or
of molecules that are not orientable. Early studies of metallic
glasses were on ribbons produced by melt-spinning, a directional
process that involves strong shearing of the liquid cooling into the
glassy state [1]. Evidence of anisotropy soon emerged: the ribbons
densify on annealing, but the contraction strain parallel to the
length is about twice that parallel to the width [2,3]. Small-angle
neutron scattering suggests aligned defects possibly connected
with the shearing [4,5]. Both X-ray and neutron scattering show
that the structure function S(Q) is different in different directions in
ribbons [6,7]. The yield stress has been measured in tension parallel
to the ribbon length and parallel to the width; it is consistently
higher parallel to the length, typically by a few percent but possibly
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greater than the coefficients C;; and G,y in the plane [10]. This
greater difference normal to the ribbon is consistent with structural
studies [7]. In deposited thin films, there are substrate and stress
effects that complicate the interpretation of measured properties.
Nevertheless, intrinsic structural anisotropy can be expected from
the directionality of growth and the symmetry-breaking nature of
surface mobility, as analysed for amorphous metallic deposits [11],
and also seen in organic ultrastable glasses [12]. In contrast with
ribbons and thin films, bulk metallic glasses (BMGs) are expected to
be much closer to isotropy in their as-cast state, and this has been
confirmed by RUS measurement of the full elasticity tensor [13].
Melt-spun ribbons and thin films show that metallic glasses can
be significantly anisotropic. The present work explores whether
similar or even greater degrees of anisotropy can be induced in
BMGs. This may be of practical interest in optimizing properties
(within the general field of thermomechanical processing to access
new glassy states [14]), and of fundamental interest in probing the
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mechanisms of flow and plasticity. In BMG samples under applied
stress, anisotropic elastic strains can be detected in diffraction
studies [15]. Subsequent work of similar kind (reviewed in Ref. [16])
has included loading into the plastic regime in which there is
inhomogeneous flow (sharply localized in shear bands [17]). In this
regime, however, diffraction studies may no longer provide a
quantitative measure of elastic strains [18].

In the present work, in contrast, our focus is on structural
changes in unstressed BMG samples as a result of prior mechanical
treatment, in particular homogeneous viscoplastic flow associated
with creep under uniaxial load. For such samples, X-ray diffraction
patterns obtained in transmission, using a synchrotron source,
show a circular first halo for isotropic as-cast BMGs. Under load, or
in the stress-free state after creep, this halo is elliptical, the first
halo in S(Q) occurring at lower Q in the direction of positive (ten-
sile) strain, and vice versa [19].

On loading a metallic glass below the macroscopic yield stress,
there are three contributions to the strain [20]: elastic . (instan-
taneous and recoverable), anelastic ¢, (time-dependent, recover-
able), and viscoplastic &y (time-dependent, non-recoverable). In the
early stages of creep, the induced anisotropy is clearly associated
with e,, and is removed on subsequent stress-free annealing [21].
The degree of anisotropy (measured in stress-free samples after
homogeneous creep deformation) can be quantified as the relative
difference AQ/Q in the major and minor axes of the first-halo ellipse
in the diffraction pattern in transmission. In the early stages
dominated by &,, the induced anisotropy (AQ/Q) in a BMG is typi-
cally 5—10% [22]. In later stages, for example with total creep strains
(ea + &y) > 30%, the resulting samples have very low diffraction
anisotropy (AQ/Q = 0.3%), and the anisotropy decreases with
further elongation, particularly for strains >60% [23].

Anelasticity can be associated with the activation of shear
transformation zones (STZs) under load. Directional operation of
the STZs (in tension, this involves bond-breaking parallel to the
tensile axis and bond-forming perpendicular to the axis [6]) allows
them to deform in response to the load, but they are embedded in a
comparatively rigid matrix. After unloading, the elastic strain in the
matrix contributes to the observed diffraction anisotropy and also
provides the driving force for anelastic recovery. At large creep
strains, the activation of many STZs destroys the memory inherent
in the matrix, and consequently ¢, and the measured anisotropy
decrease. The strain that gives the ellipticity of the first diffraction
halo is associated with bond-orientational anisotropy [6,20,24]. In
this picture, induced anisotropy arises only from anelastic defor-
mation; at larger strains associated with viscoplastic flow, there
may be little or no induced anisotropy. This would be consistent
with the lack of anisotropy in a liquid undergoing Newtonian flow
(i.e. with viscosity, and presumably structure, independent of shear
rate), but further examination is required for non-Newtonian flow
of a glass or liquid.

The soft-magnetic properties of metallic glasses are the basis of
their principal applications. From the many studies of magnetic
properties, we consider magnetic anisotropy induced by creep.
Nielsen et al. have shown that in (Co,Fe)-based metallic-glass rib-
bons subjected to tensile creep, there are two opposing contribu-
tions to induced anisotropy. One is recoverable and associated with
,; the other, of opposite sign, is non-recoverable and associated
with e, [25—27]. Although magnetoelastic interactions must be
relevant, both these contributions are non-zero even in glass
compositions showing zero magnetostriction [26]. The anelastic
contribution to anisotropy is clearly stronger than that from vis-
coplastic flow [26], and some have claimed that the Ilatter is
negligible, with all the induced anisotropy being recoverable
[28,29]. In this context, it is interesting that RUS measurements [13]
of the full elasticity tensor of a BMG subjected to uniaxial

compression show clear evidence of two opposing contributions to
anisotropy from e, and e,; furthermore, at high enough strains
(>~—20%), the latter (non-recoverable) contribution can be greater.

That work, on Pd49Cu3gNiigP20 BMG [13], is extended to other
compositions in the present work, which also examines the role of
tensile as well as compressive creep. It is well accepted that frozen-
in anelastic strain in metallic glasses is associated with, and indeed
must lead to, anisotropy in structure and properties. The present
work instead focuses on the more disputed role of viscoplastic flow:
there is no currently accepted model for how this can induce
anisotropy in metallic glasses. There are, however, suggestions, for
example from measurements of giant magnetoimpedance [30],
that viscoplastic flow can induce significant anisotropy. We use
elasticity measurements to provide a quantifiable comparison with
the effects of anelastic strain: what is the extent of anisotropy that
can be induced by viscoplastic flow, and what are the underlying
mechanisms? While anisotropy in metallic glasses is important in
magnetic properties, its role in optimizing mechanical properties
remains largely unexplored, apart from preliminary studies [31].
There may be opportunities: we note that good mechanical prop-
erties, for example in high-performance fibres, can be based on
aligned anisotropic structures.

2. Experimental methods

Metallic glasses with compositions (at.%) PdgoCusgNijgP20,
LassNijgAlss and CegsAljgCuygCos were studied. Rods, 3 mm in
diameter and 70—80 mm in length, were prepared by suction-
casting, and their glassy nature was confirmed by X-ray diffrac-
tion (D8 DaVinci, Bruker, CuKe, radiation) (Fig. 1a). Differential
scanning calorimetry (Q2000, TA Instruments), at a heating rate of
20 K min~!, was used to determine the glass-transition tempera-
ture, T, (Fig. 1b): the values are 569 K (Pd-based), 473 K (La-based)
and 373 K (Ce-based). The Pd-based composition permits com-
parison with previous work [13]; it is resistant to crystallization and
oxidation. The Ce-based composition is distinctly more machinable
than Pd-based; it is chosen to permit preparation of ‘dog-bone’
samples for tensile tests. The La-based composition with interme-
diate Ty facilitates quenching in the effects of high-temperature
treatments.

Uniaxial mechanical tests (H25K-S UTM, Tinius Olsen) were
conducted at room temperature (RT) and at elevated temperature.
Two type-K thermocouples were spot-welded to the upper and
lower silicon-nitride anvils. The lower-anvil thermocouple pro-
vided the input to a Eurotherm temperature-controller. Heating
was by an infrared emitter (Omega, Heraeus) 79 mm in diameter
with 180° gold reflector, allowing rapid contact-free heating of the
sample to the test temperature. The position of the infrared emitter
was adjusted to ensure that both anvils reached the same tem-
perature. The set temperature was reached in few minutes, but it
took longer to establish full stability: 10—15 min in the smaller
chamber used for compression tests and 40 min for the larger
chamber used for tensile tests. The applied load was maintained at
zero to avoid any creep during pre-test stabilization.

For compression tests, cylindrical samples with a height-to-
diameter ratio of 1.7 (Pd-based) or 2.0 (La- & Ce-based) were cut
from the cast rods. The end-faces were polished to make sure they
are parallel to each other and perpendicular to the rod axis. The
samples were placed on the bottom anvil, surrounded by the
infrared emitter and then contacted by the upper anvil. Lubricant
(copper paste) was used on the end surfaces to reduce barrelling of
the sample in compression. After a steady, uniform temperature
was attained, each test was conducted up to a given strain; the
heating was then stopped and the load removed. The sample was
removed from the mechanical testing machine, and quenched in
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Fig. 1. Characterization of as-cast samples of the three BMGs studied in the present
work: (a) X-ray (CuKa) diffraction traces (Bragg-Brentano geometry) showing that the
samples are without any obvious crystallinity; (b) differential scanning calorimetry
traces (heating at 20 K min~!; downward deflection is exothermic), showing the step
increase in specific heat capacity at the glass-transition temperature T, (arrowed) in
each alloy.

water (for Pd-based) or liquid nitrogen (for La- and Ce-based). The
thin oxide layer that developed on the samples was easily removed
by further polishing.

For tension tests, 3-mm-diameter rods of the Ce-based BMG
were machined into a dog-bone shape with a gauge section 2 mm
in diameter and 14 mm long. After the test, the sample was
removed and quenched into liquid nitrogen.

Two types of loading were used. The results of tests under
constant load (creep tests) are collected in Table 1. The results of
tests under constant displacement rate (giving a constant
engineering-strain rate) are collected in Table 2.

Measurements of the elasticity tensor were carried out with
resonant ultrasound spectroscopy (RUS), using the apparatus and
methods as in McKnight et al. [32,33]. Accurate alignment during
deformation, and accurate sample shape after deformation, are
essential to obtain a useful RUS spectrum. All deformation treat-
ments were carried out on cylindrical samples. In most of the work,
RUS measurements were made on cuboids with typical dimensions
1.5 x 2.0 x 3.5 mm, cut and polished from the deformed cylinders.
The angles between the faces of the cuboids were checked under an

optical microscope to ensure that they were within the range
90.0 + 0.5°. In the case of the work on relaxation and rejuvenation
(on the La-based BMG, Section 3.1), the as-cast cylindrical sample
retained its shape after annealing and creep at RT; RUS measure-
ments were made on the sample without further preparation. After
the final treatment of this sample, creep at 380 K, a cuboid was cut
from the deformed cylinder for the RUS measurement.

For each RUS sample, a resonance spectrum was collected,
typically in the range 0.25—2.0 MHz with 6.5 x 10° data points.
Frequencies were determined for the first 25—40 resonance peaks.
The free vibration modes depend on the sample dimensions and
the material density and stiffness coefficients (Cj). Linear di-
mensions were measured using a micrometer to an accuracy of
+1 pm. The masses of samples were determined to an accuracy of
+0.1 mg. For a cuboid sample, the uncertainty in the density
calculated from the mass and dimensions is dominated by the
uncertainty in the mass, and is approximately +0.3%. For cylindrical
samples, because of their larger mass, the uncertainty in density is
less, +0.1%. While the uncertainty in density affects the calculated
modulus values, it does not affect the accuracy of A (modulus ratio).

Thermomechanical treatments of metallic glasses cause changes
in density. The largest change observed in the present work is a
0.22% increase on annealing the La-based BMG annealed at 380 K
for 6 days. In principle, it would be desirable to determine the
density independently for each sample after treatment. Given the
error in density measurement, however, it is preferable to use the
original cylinder density in the calculations of elastic properties.
Density changes are associated with dimension changes, each
affecting the measured resonance frequencies. An error in density
of x% (due to a treatment that gives a change in density that is not
taken into account) would give an error in calculated modulus of (x/
3)%. For typical density changes, use of the original cylinder density
thus leads to errors in the calculated modulus values of up to
approximately +0.05%.

Given the density and dimensions, the values of C; were
determined by iteration, matching observed resonances with fre-
quencies calculated using DRS software [34]. The resonant fre-
quencies were fitted, taking the material to be transverse-isotropic
(TI). With reference axes as in Fig. 2, isotropy is expected in the 1,2
plane. There are five independent coefficients: Cy1, C12, C13, C33, Ca4;
Co6 = (C11—Cq2)/2. The root-mean-square (rms) errors in the fitted
values of the peak frequencies are 0.5% or less, representing a very
good fit [35] (Tables 1 and 2). The calculated values of the stiffness
coefficients, however, show a range of rms uncertainties: Ci;
(+£0.5%), C33 (£0.5%), Ci2 (+0.8%), C13 (£1.2%), Caq (£0.15%), Ces
(+0.15%). To characterize the samples, we choose the coefficients
with the lowest uncertainties: these are the modulus C44 = G4 (for
shear in planes parallel to the loading axis) and the modulus
Cgs = Gg (for shear in the transverse plane of the sample). For
isotropy C44 = Cgg, and we quantify the anisotropy A (Tables 1 and
2) as:

A= (G4 — Gg)/Gy. (1)

Values of A, a ratio of moduli, are of course not affected by any
errors arising from changes in sample density.

3. Results
3.1. Relaxation and rejuvenation

The Lass5NijgAlzs BMG was used to explore the range of effects of
thermomechanical treatments on elastic properties. To facilitate
comparison of different states of the glass when the property
changes might be slight, all measurements were made on a single
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Table 1

Constant-load (creep) tests on LassNipoAlps and CegsAlypCuzoCos metallic glasses in uniaxial compression. Data on as-cast and stress-free annealed samples are given for
comparison. The shear moduli G4 and Gg are determined by RUS on cylindrical or cuboid samples. With axes as in Fig. 2, G4 applies when either the shear direction or shear-
plane normal is parallel to the axis of the rod; Gg applies when the shear direction and shear-plane normal both lie in the transverse plane. The low rms errors in the modulus
values indicate that good fittings to the RUS data are obtained by assuming that the samples are transverse-isotropic. The anisotropy A is defined as (G4—Gg)/G4.

Sample treatment Conditions g (MPa) afoy rms error (%) G4 (GPa) Gg (GPa) A (%)
LassNipoAlys

As-cast RT = 300 K 0 0 0.49 15.29 15.25 +0.26
Annealed (1 day) Tanneal = 380 K 0 0 0.46 15.63 15.61 +0.13
Annealed (6 day) Tanneal = 380 K 0 0 0.50 15.77 15.80 -0.19
Crept (1 day) Tereep = 300 K 200 0.3 0.45 15.73 15.74 —0.06
Crept (2 h) Tereep = 380 K 200 03 0.42 15.56 15.77 -13
CegsAlyoCuygCos

As-cast RT =300 K 0 0 0.40 12.00 11.95 +0.41
Crept (40 min) Tereep = 333 K 150 03 0.39 11.98 11.83 +1.3

Table 2

Constant-shear-rate tests on Pd4oCusoNijgP2o and CegsAligCuzoCos metallic glasses in uniaxial compression (C) or tension (T). The shear moduli G4 and Gg and the induced
anisotropy A are as defined in Table 1. The values given are for engineering-strain rate, obtained from tests conducted at constant cross-head displacement rate.

Strain regime T (K) T|Ty log(e)(s™") Final strain (%) rms error (%) G4 (GPa) Ge (GPa) A (%)
Pd40Cus3oNijgP20

anelastic (C) 548 0.963 -3 0.8 0.24 34.08 34.30 -0.65
viscoplastic (C) 548 0.963 -3 6 0.35 34.07 34.05 +0.06
viscoplastic (C) 548 0.963 -3 13 0.39 34.27 34.00 +0.80
viscoplastic (C) 548 0.963 -3 33 0.25 34.97 34.11 +2.5
anelastic (C) 552 0.970 -2 0.8 0.34 34.07 34.74 -19
viscoplastic (C) 552 0.970 -2 13 0.38 34.93 3447 +1.3
viscoplastic (C) 552 0.970 -2 37 0.32 34.39 33.87 +1.6
viscoplastic (C) 569 1.000 -3 33 0.42 34.37 34.42 -0.15
CegsAl;9CuzoCos

elastic (C) 298 0.798 -4 1.8% no broken

elastic (C) 298 0.798 -4 2.1° no broken

elastic (C) 298 0.798 -4 1.9° no broken

elastic (C) 343 0.920 -3 1.8° no broken

elastic (C) 378 1.013 -1 1.6% no broken

viscoplastic (C) 343 0.920 —4 40 0.32 11.71 11.63 +0.69
viscoplastic (C) 353 0.946 -3 40 0.21 11.81 11.77 +0.34
viscoplastic (C) 363 0.973 -3 40 0.34 11.80 11.84 -0.31
viscoplastic (C) 373 1.000 -3 40 0.34 11.86 11.83 +0.25
viscoplastic (C) 383 1.027 -3 40 0.28 12.02 12.00 +0.18
viscoplastic (C) 363 0.973 -2 40 0.28 11.92 11.68 +2.0
viscoplastic (T) 368 0.987 -2 27° 0.33 12.16 12.72 44
viscoplastic (T) 368 0.987 -2 27° 0.33 12.30 12.94 -5.0

@ Calculated from peak stress divided by Young's modulus.
b Calculated from reduction of cross-section area in the uniform gauge section.

sample. After each treatment, RUS was used to determine the shear
moduli G4 and Gg. The results are shown in Table 1, and in Fig. 3,
where the shaded band represents isotropy (G4 = Gg) within the
experimental uncertainties in the modulus values (+0.02 GPa) from
the RUS fitting.

The as-cast sample is slightly anisotropic (A = +0.26%), but the
data point overlaps the shaded band. The sample is then annealed
at 380 + 2 K (0.8 Ty) for 24 h, inducing structural relaxation: G4 and
Ge increase by 2.3 + 0.1%, and the glass is closer to isotropy
(A = +0.13%). In this condition the glass is already substantially
relaxed, because annealing at the same temperature for a further 6
days causes a further increase in G4 and Gg of only ~1.0%. The total
increases in the shear moduli are relatively small, possibly because
the ‘as-cast’ glass is already rather relaxed through prolonged
storage at room temperature, which in this case is 0.63 T.

Next, the sample was subjected to creep at RT, loading in uni-
axial compression at 200 MPa (0.3 gy) for 24 h. After this loading,
the sample was stored stress-free at RT for more than 24 h to allow
full anelastic recovery. Then the RUS measurements show that the
glass remains isotropic, and the moduli have decreased (by
0.3—0.4%) relative to the 6-day annealed. This decrease is compa-
rable to that found in loading of a Zr-based BMG [36], but in the

present work we can verify that isotropy is maintained. The
decrease in the moduli is an example of rejuvenation (the opposite
of relaxation or ageing) and is consistent with property changes
(enthalpy increase and density decrease) seen after elastostatic
uniaxial compressive loading of BMG samples [36]. In the present
work, however, the loading stress, as a fraction of gy, is much lower
than in the previous studies. The rejuvenation is associated with
the viscoplastic component of the strain, &,, and is attributed to
dilatation induced by the shear flow during creep [37].

Lastly, this sample was subjected to creep under the same stress,
but at 380 K (0.8 Tg) for 2 h. After cooling from this temperature, the
sample shows moduli that are further reduced; evidently the
rejuvenation effect of the shearing during creep outweighs the
relaxation expected at the elevated temperature. The main result,
however, is that high-temperature creep induces anisotropy
(A = —1.4%) that lies outside the experimental uncertainty. The
negative A is consistent with that found for Pd49Cu3pNijgP20 BMG in
the early stages of creep induced by similar loading in compression
at elevated temperature (0.89—0.98 Ty) [13]. The anisotropy in this
regime is attributed to frozen-in anelastic strain e, [13]. Thus the
effects of £, and &, can be superposed.

Overall, Fig. 3 shows that RUS measurements of the complete
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Fig. 2. Reference axes for the cylindrical samples subjected to uniaxial loading parallel
to the cylinder (3) axis. The samples are expected to remain isotropic in the transverse
(1,2) plane. Shear directions for stiffness coefficients Cj;;j are shown in three orthogonal
planes: the red arrows are for the modulus Gg and the black arrows for G, (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

16.4 7
La,,Ni, Al  BMG L7
’/
16.2 | ’
d
crept ,”
16.0 - at,?;S'O K (2 hour)
d
o\ 7
/b" ‘
158 7, annealed ]
& I at 380 K (6 daf)
9 z //
© 156 crept ’

G

atRT gvéay)

4
annealed

15.4 Z
at 3§0 K (1 day)
4

15.2 S
X
Y
15.0 ' : '
150 152 154 156 158 160 162 164
G, (GPa)

Fig. 3. Shear moduli G4 and Gg (Fig. 2) of a single cylindrical sample of LassNijpAlss
BMG, as-cast and after a sequence of treatments: annealing at 380 K (0.8 Ty) for 1 day, a
further anneal at 380 K for 6 days, then compressive creep (at 200 MPa, 0.3 ay) first at
RT for 1 day and finally at 380 K for 2 h. The shaded band indicates isotropy of the
sample within the experimental error (+0.02 GPa in the modulus values). The red
arrows indicate the directions of change for relaxation and rejuvenation of a sample
that continues to be isotropic. The blue arrows indicate induced anisotropy at a given
degree of relaxation. The sample crept at 380 K for 2 h shows negative anisotropy A
(Eq. (1)); for compressive treatments (as confirmed for the Ce-based and Pd-based
BMGs in the present work), this sign of anisotropy is associated with frozen-in
anelastic strain. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

elasticity tensor are useful for quantification of subtle deformation-
induced structural changes, distinguishing induced anisotropy

from relaxation and rejuvenation.
3.2. Anelastic recovery

Anelastic recovery of BMG samples has been characterized
directly in real time through strain measurements. For example, for
a Zr-based BMG for which RT is 0.48 Ty, the anelastic strain seems
fully recovered after 4.5 h [36]. We attempt here to characterize the
elastic property changes associated with anelastic recovery. A
sample of CegsAl19Cuz9Cos BMG was loaded in uniaxial compres-
sion at 285 MPa (0.5¢y) at RT (0.8T; for this glass) for 6 h. After
unloading, RUS measurements were made at RT; the first mea-
surement was made after a lapse of some 20 min and data collec-
tion continued up to a total of 90 min. For speed of data acquisition,
the behaviour of only one resonance peak was monitored (Fig. 4a).
This was the fourth lowest-frequency peak, chosen because it is
well separated from its neighbours. It is 87% dependent on shear-
mode vibration.

This first resonance peak shifts relatively rapidly over the first
300 s of measurement, and appears to saturate after a total time of
about 50 min (Fig. 4b); at this point the resonant frequency is
higher than, but within 0.2% of that of the sample before loading.
Though beyond the scope of the present work, the shape of the
relaxation curve in Fig. 4b, suggests the operation of discrete pro-
cesses, such as have been suggested for stress relief in metallic
glasses [38]. It is clear that the initial recovery is rapid; the form of
the curve suggests that the total anelastic recovery corresponds to a
large modulus change of at least several percent. Anelastic strain
induced by loading at RT obviously cannot be preserved at RT. But if
the loading is at higher temperature, some of the induced anelastic
strain can be frozen in at RT. The form of the anelastic recovery seen
in Fig. 4b and in Ref. [36], however, suggests that if unloading is
followed by cooling to RT, a significant fraction of the induced
anelastic effects may be lost due to rapid initial recovery.

The data in Fig. 4 provide the first direct evidence that anelastic
strain recovery leads to measurable changes in elastic properties.
Next, we contrast these changes with those induced by viscoplastic
strain.

3.3. Anisotropy induced by plastic flow

For comparison with earlier work [13], Pd4oCu3sgNiijgP20 BMG
was subjected to constant-strain-rate tests in uniaxial compression.
Fig. 5 shows the engineering stress-strain curve for a sample loaded
at 1073 s~! and 548 K (0.96 T,). The elastic portion of the curve is
followed by a drop in flow stress; flow causes a decrease in vis-
cosity, associated with disordering and dilatation of the glass. In
this non-Newtonian regime, steady-state flow is established, with
viscosity dependent on strain rate [39]. In the present case, the
steady state is not evident because the increase in sample cross-
section causes the engineering stress to rise.

Similar compression tests on samples of the same BMG were
stopped at different final strains. After quenching, a cuboid was cut
from each deformed sample. RUS was then used to determine the
stiffness coefficients in the transverse-isotropic elasticity tensor.
Values of the anisotropy A (Eq. (1)) are given at the corresponding
strains on Fig. 5. In agreement with previous results [13] a negative
anisotropy first develops and then reverses sign. By determining
the extent to which induced anisotropy was reduced by subsequent
annealing, Concustell et al. [13] inferred that, under compression,
negative A is associated with anelastic strain and positive A with
viscoplastic strain. The data in Fig. 5 now provide direct confir-
mation of this by correlating the induced anisotropy with the
stress-strain curve. The most negative observed A is at the onset of
plastic flow, and at higher strains A evolves to more positive values.
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samples are, within experimental uncertainty, isotropic, with |A| <0.3%.

Taking all the results on this BMG (Table 2), the maximum positive
A observed for different strain rates and temperatures is 2.5%
(Fig. 5), but there is no sign that this has reached a limit.

At higher temperature, the flow of BMG systems is Newtonian;
there is no drop in flow stress, and the steady-state viscosity is
independent of strain rate [39]. In the present work, flow at
103 s 1and 569 K (T|Ty = 1) is presumed to be in this regime, and
the resulting anisotropy at large strain (33%) is near-zero, i.e. the
sample is essentially isotropic (Table 2).

3.4. Comparison of flow in tension and compression

In our previous work [13] and so far in the present work, the
mechanical treatments have been in compression. We now
compare the effects of constant-displacement-rate tests in
compression and tension. Fig. 6 shows the engineering stress-strain
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Fig. 6. Engineering stress-strain curves for as-cast cylindrical samples of CegsAlqo-
CuyoCos metallic glass loaded in uniaxial compression (at 363 K, 0.97 Tg) or in tension
(at 368 K, 0.99 Ty) at 102 s~ (engineering-strain rate). From the samples at the end of
each test, cuboids were cut for RUS analysis, which gave values of anisotropy A (Eq. (1))
as shown.

curves for CegsAligCuzoCos BMG loaded at 1072 s~ ! at similar
temperatures, 363 K (0.97 Ty) in compression and 368 K (0.99 Tg) in
tension. The drop in flow stress is similar in both cases. At higher
strains the trends in engineering stress reflect the changes in
sample cross-section. In compression, as seen earlier for the Pd-
based BMG (Fig. 5), the stress increases. In tension, as expected,
the engineering stress falls as the sample cross-section decreases.
The gauge length of the sample shows a uniform decrease in cross-
section, without local necking. The plastic strain was calculated
from the reduction in cross-sectional area and corresponded to a
final elongation of 27 + 3%. From the elongated gauge length, two
cuboid samples were prepared for RUS, and they showed similar
anisotropies of —4.4% and —5.0%. In the compression sample taken
to a greater final strain (40%) the anisotropy is +2.0%.

We note that anisotropy induced by flow in compression has the
same sign in both the Ce-based and Pd-based BMGs (Figs. 5 and 6).
In the Ce-based BMG, and presumably in others, flow in tension and
compression induce opposite signs of anisotropy. It appears that
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tensile flow may induce a greater magnitude of anisotropy for a
given total strain.

4. Discussion
4.1. Structural origin of induced anisotropy

As has been noted above, structural studies of induced anisot-
ropy in MGs have focused on the effects of frozen-in anelastic strain
[6,20,24]. The structural changes are considered in terms of
breaking or forming interatomic bonds in the directions parallel or
orthogonal to the uniaxial loading axis, and, of course, the effects
are reversed in compression and tension. The effects of the frozen-
in strain are detected in ellipticity of the diffraction halo, and have
been widely discussed in terms of bond orientational anisotropy
(BOA). Structural studies of this kind, when applied to MGs after
deformation by viscoplastic flow, suggest that little anisotropy is
induced [23]. The present results on elastic properties, corrobo-
rating those in ref. [13], show, however, that viscoplastic flow can
induce significant anisotropy. The structural origins of this anisot-
ropy now need to be explored.

For polymers, it is well known that viscoplastic elongation leads
to alignment of the chains; this leads to elastic anisotropy [40,41],
and can be so marked as to lead to distinct types of crystallization
[42,43]. In such systems as aqueous clay suspensions when the
particles can be considered as rigid discs, the hydrodynamic forces
resulting from shearing induce alignment of the discs [44]. For
metallic systems, however, the possible origins of flow-induced
anisotropy are not so clear. The stress drops seen in stress-strain
curves (Figs. 5 and 6) show clearly that flow induces structural
change: in this non-Newtonian regime, higher shear rate induces
greater dilatation and the steady-state viscosity is lower. This is
normally considered in terms of random atomic motion inducing
an isotropic change. In the present context, the key question is
whether this dilatational structural change is anisotropic. Com-
puter simulations of hard spheres [45] and direct observations of
spherical-particle colloids [46] show that particle displacements
are correlated, with a strong degree of anisotropy, such that the
collective motion is string-like. This behaviour has also been sug-
gested to explain length-scale effects in the relaxation of MGs [47].

In simulations of shear flow in a metallic glass, Egami et al. [20]
identified well defined local configurational excitations (LCEs)
involving bond cutting and creation in orientations related to the
applied shear stress. The stress field created by one LCE can trigger
another neighbouring LCE and ultimately lead to a cascade.
Whether such non-random motion can help to explain induced
anisotropy remains to be seen.

4.2. Extent of flow-induced anisotropy

Even if the mechanisms for inducing anisotropy rather than
isotropic change are unknown, it is clear that structural change
occurs during non-Newtonian flow, and that there must be the
possibility of freezing-in this change by quenching to a lower
temperature (usually RT) after flow. The extent of structural change
under flow has been extensively studied in polymer rheology [48].
The degree of structural change that can be expected is related to
the dimensionless Weissenberg number, Wi:

Wi = 74¥ = Ta/Tshear (2)

where 7, is the time associated with the primary o relaxation near
the glass transition, 7 is the shear strain rate, and 7e;, is the shear-
rate time (the inverse of the rate). The relaxation time to reach
structural equilibrium after a perturbation is characterized by 7, ,

and is temperature-dependent. Thus, for a given system, Wi is
dependent on temperature and shear strain rate. When Wi « 1, the
time for structural relaxation is comparatively short, and even
under flow the liquid remains in equilibrium (there is no induced
structural change); when Wi > 1, there is structural change. In our
case, we take ‘structural change’ to be anisotropy, as the equilib-
rium liquid is isotropic.

As seen in Fig. 5, the effects of viscoplastic flow dominate over
those of anelastic strain only at high-enough total strain. In plotting
Fig. 7a, we select data from Table 2 with total inelastic strain
(ea + &v) greater than 13%. The temperature (on a scale of Tg/T) and
shear-rate time 74, are plotted for each of the relevant tests on
the Pd- and Ce-based BMGs. Open symbols denote those test
conditions leading to negligible anisotropy (|A| <0.3%), and closed
symbols otherwise.

Also shown are published values of 7, for the compositions
Pd40CU30Ni]0P20 [49] and C655A110CU20C05 [50]. The curves for To
have different slopes, reflecting the differing kinetic fragilities m
(temperature dependence of the liquid viscosity at Tg, as analysed
by Angell [51]). For Pd40CU30Ni]0P20, m = 66 [49]; for C655A110_
CuyoCos, m = 34 [50]. It is immediately clear from Fig. 7a that when
Ta < Tshear the induced anisotropy is negligible and vice versa.

The extent of induced anisotropy is shown quantitatively in
Fig. 7b. This shows that significant anisotropy can be induced
during flow (and can be retained on subsequent quenching) when
Wi exceeds a value in the range 1—10. As Wi extends to yet higher
values, the anisotropy increases, but the preliminary data do not
give a clear indication of whether the anisotropies so far attained
are close to saturation or not. We assume that under given flow
conditions, a steady state degree of anisotropy would be attained at
large strains. A probable fundamental limiting factor on the steady-
state degree of anisotropy is the onset of inhomogeneous flow (i.e.
shear-banding [21]) at higher Wi. In the present work, the practical
limit was set by fracture, most likely dependent on specific defects
in the samples. In smaller samples, fracture would be less likely and
the onset of inhomogeneous flow would be inhibited [52]; samples
with pm-scale cross-sections [52] may be best for maximizing the
extent of flow-induced anisotropy.

At optimized values of Wi, viscoplastic flow can induce signifi-
cant elastic anisotropy that can be substantially preserved on
quenching after flow. The anisotropic samples thus produced must
reveal something of the structures and mechanisms under flow.
That the existing structural studies show little anisotropy in this
regime suggests that ellipticity in the first diffraction halo is not a
good measure of all types of anisotropy. The ellipticity shows the
strain due to local anelastic deformation, but a different analysis of
the diffraction data (perhaps based in real space) is needed to
characterize the structural changes induced by viscoplastic flow.

5. Conclusions

This study has focused on the effects of thermomechanical
treatments (constant-load, or constant-strain-rate, tests in uniaxial
compression or tension) on three bulk metallic glasses (BMGs), Ce-
based, La-based and Pd-based. Measurements of the full elasticity
tensor using resonant ultrasound spectroscopy (RUS) provide a
quantitative measure of the induced changes, and distinguish be-
tween relaxation/rejuvenation, on the one hand, and anisotropy on
the other. The deformed BMGs are transverse-isotropic, and their
anisotropy (which can be positive or negative) is characterized by
A = (G4—Gg)/Ga, where G4 and Gg are shear moduli defined in a
coordinate system with its 3-axis parallel to the loading axis. It is
confirmed that anelastic strain, both frozen-in (as inferred in earlier
work) and transient (present work), gives measurable changes in
elastic properties. The sign of the induced anisotropy reverses as
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the glass starts to flow and shows a stress drop. Under compression,
the induced A is negative in the anelastic regime and positive in the
flow regime; these signs are reversed if the loading is tensile. These
basic phenomena (sign, and order of magnitude, of the induced
anisotropy) are independent of glass composition. The degree of
anisotropy induced by viscoplastic flow can exceed that due to
quenched-in anelastic strain. Flow in tension appears to be more
efficient in inducing anisotropy than flow in compression. The
extent of anisotropy induced by viscoplastic flow can be interpreted
in terms of the Weissenberg number Wi (the ratio of characteristic
times for structural relaxation and for shear strain rate). For
metallic glasses, we find that significant anisotropy arises for flow
at Wi > (1-10). The maximum possible induced anisotropy may be
obtained at higher Wi by flow as close as possible to the onset of
inhomogeneous flow (shear-banding). Priorities for future study
are: to characterize the structural origins of anisotropy induced by
viscoplastic flow, and to exploit that characterization to better
understand the mechanisms of flow and mechanical failure of
metallic glasses.
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