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Abstract. This paper deals with the pressure dependence of plasticity in metallic glasses below
glass transition. Recent results indicate that some metallic glasses have such a dependence and
that it increases with temperature (Keryvin et al., Phil. Mag., 88, 1773, 2008). We investigate
the possibility that such a situation could be a common feature for all metallic glasses by
performing a literature review. Results indicate that it is not straightforward to draw decisive
conclusions.

Introduction

Metallic glasses (or amorphous alloys) are relatively new materials, first discovered in the
1960s, which have attracted great interest for their tremendously high mechanical properties,
particularly their strength, resilience, elastic deformation [1] and fracture toughness [2]. Avail-
able in bulk form, especially since the 1990s, they are usually quasi-brittle in uniaxial loading.
The knowledge of plastic mechanisms and the relationships with their structure at the nanome-
ter scale (short-to-medium range order) is still an active topic. Due to the absence of long-range
order and crystalline defects such as dislocations, anelastic and inelastic mechanisms are to be
looked at the atomistic scale. Active concepts attempting to explain these mechanisms are
double: free volume theory and the shear transformation zone (STZ) concept. The former is
essentially a diffusion-like mechanism. The latter considers that a local cluster of atoms undergo
a shear transformation going from a a stable configuration to another one crossing transiently
a configuration of higher energy and volume. These STZ may grow in number and coalesce
to form shear bands (localised plasticity) below glass transition. This mechanism infers first
that pressure plays a role in making the activation of STZ more difficult (pressure dependence)
and that there is some creation of disorder and volume (dilatation). At the microscopic scale,
molecular dynamics simulations confirmed the pressure sensitivity of plasticity [3].

Recently Schuh et al. compiled experimental mechanical results showing that yield strength
decreases quasi linearly with stress triaxiality or vice versa increases with pressure [1]. However
in some very brittle systems, the use of conventional testing techniques (tension, compression,
bending. ..) to investigate either yield strength or plastic deformation is precluded. On the
contrary, it has been also shown that indentation techniques allow to probe the pressure sensi-
tivity of plasticity [1]. These techniques, apart from requiring small volumes and an easy sample
preparation, develop very high pressures underneath the indenter in addition to shear stresses,
allowing to probe, more adequately than conventional techniques, the pressure sensitivity of



the plastic response of the material [5]. Two main indentation features are used for extracting
qualitatively and quantitatively the degree of pressure sensitivity [6]. The first one uses the ratio
hardness-to-yield strength while the other requires a reverse analysis of the load-displacement
curve. As for the former, in the fully plastic regime of indentation, where the plastic region
is no longer fully contained by the surrounding elastic one, this ratio is called the constraint
factor C. Its value is below 3, when pressure insensitive materials like most crystalline metals
are indented. Higher values of C imply a pressure sensitivity of plasticity. Recent studies shown
that C increases with temperature from low temperatures up to below the glass transition [0, 7].
It has even been shown that some amorphous polymers follow the same behaviour with very
comparable levels of pressure sensitivities [3]. In this paper we examine the possibility that such
a situation could be a feature for all metallic glasses.

Results of literature survey

In this section, we collect data from literature papers on many glass compositions, including
Fe, Cu, Ni, Zr, Mg, La, Au, Pd, Pt-base alloys. In particular, we collect hardness (H) and
compressive yield strength (Y) values as well as yield strains and glass transition temperature.
We therefore investigate a possible temperature dependence of C by using room temperature
(RT) data with glasses having very different glass transition temperatures (T,). In doing so
we were able to investigate a reduced temperature range (room temperature to glass transition
temperature ratio) spanning from ~ 0.3 to 0.95. However, we consider only compositions where
both values of H and Y are available and are ranging from 0.3 to 0.75. Values are reported in
Table 1, along with the values of the yield strain ¢, and drawn on Figure 1.
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Fig. 1. Hardness-to-yield strength ratio as a function of reduced temperature RT/T, for all metallic glasses
(RT refers to room temperature)

Discussion

According to Figure 1, for the data considered in the present work, one can distinguish two
domains: for RT/T, lower than 0.4, the ratio H/Y clearly decreases with increasing reduced
temperature, whereas for RT/T, greater than 0.4, the ratio H/Y seems to slightly increase



with increasing reduced temperature. It is evident that such a scatter in data can not be so
conclusive. Reasons of such as a scatter of data are discussed now. They are twofold. The first
issue deals with the correct value of hardness while the second one concerns yield strength.
For the former, we must recall that C is the value for the ratio H/Y in the fully plastic regime
of indentation. The concept of indentation regime is illustrated in Figure 2. In the elastic regime
(E), which is encountered for blunt indenters and small loads, only elastic strains develop
during loading and disappear with unloading. In the elasto-plastic regime (EP), elastic and
plastic strains develop during loading, leading to the formation of an imprint after unloading.
This case is encountered for blunt indenters like spheres for higher loads (as compared to the
previous regime) or for sharp indenters like cones for relatively large apex angles (as compared
to the yield strain of the material as explained later). The ratio H/Y depends strongly on
the indenter geometry (sharp case) or on the load (blunt case). The fully plastic regime (FP)
corresponds to even higher loads for blunt indenters or sharper indenters (lower apex angle).
Let us notice that for sharp indenters the regime does not depend on the applied load. In the
last case, the plastic zone is no longer fully contained by the surrounding elastic one and reaches
the free surface. The ratio H/Y is constant, with respect to geometry or load, and called C.
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Fig. 2. The three indentation regimes (E for elastic, EP for elasto-plastic and FP for fully plastic) under-
neath an indenter, blunt like spheres or sharp like cones. Dark areas correspond to the plastic zone.

Keryvin [9] showed that a straightforward way to know whether the indention test is in fully
plastic conditions is to look for shear bands around the imprints. These plasticity carriers are
visible when material flows up at the free surface, as verified on different metallic glasses and
by using different indenter geometries. However in the collected data collected, the presence of
shear bands was rarely assessed.

Johnson [10] introduced the concept of a normalised indentation strain as the ratio of a rep-
resentative strain generated by the indenter ¢; to the material yield strain ¢,. Keryvin [9] showed
that above a value of ~ 30%, shear bands are observed around the imprints implying that the
material is in FP conditions, while lower values would signify that hardness is underestimated.
Apart from a few cases, collected literature values deal with a pyramidal Vickers indenter with
a representative strain of 0.358 (tan 3, where (3 is the equivalent conical angle of 70.2°), which
is known to be insufficient to enter the FP regime for some Zr-based compositions (high yield
strains) and sufficient for some Pd-based compositions (lower yield strains). Moreover, it was
reported that considering the equivalent cone for a pyramid was too conservative, and that
a normalised indentation strain increased by eight should be taken. We therefore filtered the
literature data of Fig. 1 keeping only FP values. Figure 3 is the result of such a filtering. Even
if results of such a method indicate more clearly that the constraint factor increases with tem-
perature, for RT /T, > 0.4, the scatter in data still remains and a definitive conclusion can not
be drawn with ample confidence.

“In his original paper, he used a more complex formulation of the normalised indentation strain so that the
critical value was around 25.



The second issue for handling literature data may also come from brittle compositions data
including Fe, Ni, Mg, or La-base alloys. For these compositions, and similarly to ceramics or
oxide glasses, the fracture strength extracted from uniaxial experiments may be only a fraction
of yield strength, even in compression, because of the sensitivity to surface defects. Moreover,
cracking phenomena may be triggered when applying high enough loads by indentation [11]. For
more malleable compositions (Pd, Zr), a small amount of plastic deformation clearly indicates
the transition from elasticity to plasticity, that is the yield strength.
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Fig. 3. Hardness-to-yield strength ratio (constraint factor) as a function of reduced temperature RT/T,
for all metallic glasses in the fully plastic regime of indentation (RT refers to room temperature).

Summary

We have investigated, by a literature survey, the possibility that the pressure dependence of
plasticity could increase in all metallic glasses with temperature below glass transition. However,
the scatter originated from collecting hardness data in an inadequate indentation regime or from
an underestimated yield strength for brittle compositions, made it impossible to draw decisive
conclusions. It is expected, as performed in [(], that the reverse analysis of indentation load-
displacements curves will solve this issue.
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RT

H
Composition (at. %) Ref. H (GPa) Y (GPa) Y (-) e (-) 5—;—|—8 Regime T
g

FeggMo190P12C10B2 [12] 9.45 2.55 3.71 0.0145 32.7 FP 0.406
Fee1CraMo10P10C10B3 [12] 9.97 2.75 3.63 0.0156 30.9 FP 0.402
FegzCrsMo190P12C10B2 [12] 9.77 2.60 3.76 0.0146 32.5 FP 0.399
FegzCrzMo12P10C7Bs [12] 10.2 2.90 3.52 0.0158 30.6 FP 0.392

Fegs CraMogP10CgBsg [12] 10.2 2.90 3.52 0.0163 29.9 EP 0.388
(Feo.75B0.2Si0.05)96 Nb4 [13] 11.2 3.16 3.55 0.0176 28.4 EP 0.351
Feq1Co7CrisMo14C15Bg Yo [ ] 13.45 3.5 3.84 0.0154 31.3 FP 0.35
CusoZrso [15-21] 4.71 1.27-1.86 2.53-3.71  0.0122-0.0221 24.2-37.3 EP-FP 0.433-0.437
CueqZrse [15, 22] 7.79 1.96-2.00 3.90-3.97  0.0212-0.0217 24.5-24.9 EP 0.372-0.398
(CuspZrso)osAls [16, 20, 5.13 1.61 3.18 0.0150-0.0182 27.7-31.9 EP-FP 0.425-0.430
CugoHf25Ti15 [23-25] 7.03 2.01 3.50 0.0162-0.0168 29.4-30.1 EP-FP 0.397-0.401
CueoHf30Ti10 [25, 26] 6.30-6.74 2 3.15-3.37  0.0168 29.3 EP 0.404
CugoZraoHf10Ti10 [15, 27, 7-8.8 2.18 3.21-4.04  0.0166-0.0216 24.6-29.3 FP 0.389-0.406
CueoZrzoTiio [15, 23— 6.04-6.93 1.79-2.11 2.86-3.87  0.0157-0.0188 19.0-22.8 EP 0.402-0.413
Zry6.75Tig .25 Cur 5NijgBear 5 [27, 31] 6.10 1.83 3.33 0.0183 27.6 EP 0.470
Zra1.2Ti13.8Cu12.5NijpBeaa 5 [31-33] 5.61-5.62 1.86-1.91 2.94-3.02  0.0194-0.0199 26.5 EP 0.470
Zr57CugoAl1oNigTis [34] 4.60-5.40 1.56-1.64 2.80-3.46  0.0183-0.0252 22.2-27.5 EP 0.443-0.446
Zrs2.5Al10NigpCuisBei2 s [35-37] 5.00-5.35 1.78 2.81-3.01 0.0186 32.7 (s = 0.46) FP 0.425
Zrs2.5A110Ni14.6Cui7.9Tis [26, 37] 5.00-6.20 1.74 2.87-3.56  0.0187 27.1 (s = 0.46) EP 0.428
ZrygNbgCui4NijoBeig [31, 38, 6.09-6.52 1.95 3.12-3.34  0.0208 25.2 EP 0.447
NigoTi17ZrogAl1oCus [31, 40] 9.05 2.59 3.49 0.0193 26.5 EP 0.385
NigoNbs7Sns [28, 41, 13.02-14.2 2.8 4.65-5.07  0.0129-0.0141 32.4-35.8 FP 0.328-0.330
NigoNbss.gSng.o [41, 42] 13.44 2.3 5.17 0.0125 36.64 FP 0.332
NigoNbss.1Sng.9 [41, 42] 10.76 1.8 5.98 0.00972 44.8 FP 0.333
NisoNbagZrao [43] 9.5-11.13 2.5-3.2 2.97-4.45  0.0253-0.0360 20.8-26.2 EP 0.363-0.367
MgesCuzsGdio [28, 31, 2.70-2.89 0.528-0.98 2.76-5.47  0.00807-0.0200  25.9-52.3 FP 0.703-0.716
LassAlasCui10NisCos [31, 47, 3.7-3.96 0.85 4.35-4.66  0.0165 35.9 (¢ = 0.46) FP 0.630
Pd43NijoCu27P2o [28, 35] 7.30-7.81 1.82 4.01-4.29 0.0148 32.2 FP 0.518
Pd40CuszoP2oNiig [27, 31, 5.00-7.38 1.72 2.91-4.01 0.0150-0.0176 28.3-38.7 (¢; = 0.358 — 0.46) EP-FP 0.511-0.523
Pd4oNigoP2o [ 5.30-6.80 1.70-1.80 2.94-3.78 0.0146-0.0167 29.4-39.5 (¢; = 0.358 — 0.46) EP-FP 0.497-0.505
Pd77.5Si16.5Cug [24, 26, 4.50-5.24 1.50-1.57 2.87-3.49  0.0161-0.0178 28.1-30.2 EP-FP 0.465
PdgoSi2o [24, 26, 3.20-3.42 1.34 2.39-2.55  0.0191-0.0200 25.9-26.7 EP 0.483
PtgoNii5P2s [27, 31] 4.1-4.39 1.4 2.93-3.13  0.0146 32.5 FP 0.604
AuagAgs 5Pd2.3Cu26.95116.3 [31, 51— 3.78 1.2 3.15 0.0161-0.0171 28.9-30.2 EP-FP 0.727-0.731

Table 1. Mechanical properties of metallic glasses: H stands for Meyer’s hardness, Y for the compressive
yield strength, €, for compressive yield strain, €; for the representative indentation strain, RT for room

temperature and T, for glass transition temperature. Unless specified, €; = 0.358.
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