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A damage-tolerant glass
Marios D. Demetriou1*, Maximilien E. Launey2†, Glenn Garrett1, Joseph P. Schramm1,
Douglas C. Hofmann1, William L. Johnson1 and Robert O. Ritchie2,3

Owing to a lack of microstructure, glassy materials are inherently strong but brittle, and often demonstrate extreme sensitivity
to flaws. Accordingly, their macroscopic failure is often not initiated by plastic yielding, and almost always terminated by brittle
fracture. Unlike conventional brittle glasses, metallic glasses are generally capable of limited plastic yielding by shear-band
sliding in the presence of a flaw, and thus exhibit toughness–strength relationships that lie between those of brittle ceramics
and marginally tough metals. Here, a bulk glassy palladium alloy is introduced, demonstrating an unusual capacity for shielding
an opening crack accommodated by an extensive shear-band sliding process, which promotes a fracture toughness comparable
to those of the toughest materials known. This result demonstrates that the combination of toughness and strength (that is,
damage tolerance) accessible to amorphous materials extends beyond the benchmark ranges established by the toughest and
strongest materials known, thereby pushing the envelope of damage tolerance accessible to a structural metal.

Crystalline materials exhibit ordered structures with
morphological features (for example, grains) that usually
extend to the microscopic level. The defects associated with

these microstructural features (for example, dislocations) become
mobile under stress, enabling extensive plastic shielding ahead
of an opening crack, which promotes high fracture toughness.
The elastic-energy threshold for these defects to become active,
however, is often low, resulting in rather low yield strengths. For
example, ductile metals (for example, low-carbon steels) have
very high fracture toughness (>200MPam1/2), but a fairly low
plastic yield strength (<500MPa). By contrast, materials with
amorphous atomic structures lacking microstructural defects could
potentially yield plastically at much higher strengths. Because of the
absence of these defects, however, the attainable plasticity ahead
of an opening crack tip is limited, and consequently an opening
failure is usually accommodated by unstable crack propagation,
resulting in low fracture toughness and often low strength. For
example, oxide glasses such as silicates have very high estimated
yield strengths (up to 3GPa) but lack any substantial toughness
(<1MPam1/2), and consequently their failure is accommodated by
brittle fracture occurring well below the theoretical yield strength
(<100MPa). In this regard, the properties of toughness and
strength are invariably mutually exclusive in essentially all classes of
materials1. This inherent trade-off between strength and toughness
is the fundamental challenge in the quest for highly damage-tolerant
materials2. So far, some success has been achieved through devel-
opment of composite microstructures, which typically combine
a strong glassy matrix with ductile crystalline reinforcements at
structural length scales that suppress fracture while maintaining
high strength3. Achieving combinations of strength and toughness
that fall outside the benchmarks of traditional structural metals,
however, remains an outstanding challenge. In this article, a
monolithic metallic glass alloy is introduced demonstrating a level
of damage tolerance previously inaccessible to the toughest and
strongest engineering materials known.
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Unlike brittle oxide glasses, metallic glasses are generally
likely to yield plastically under an opening stress. Consequently,
most metallic glasses demonstrate substantial fracture toughness,
and strengths consistent with the limit of elasticity of the
amorphous structure (∼2% of Young’s modulus). Toughness–
strength data reported so far for metallic glasses bridge the
gap between brittle ceramics and marginally tough metals4–6.
Specifically, reported fracture toughness values range from just over
1MPam1/2 (for brittle rare-earth and ferrous metal glasses)7,8 to
about 100MPam1/2 (for tougher noble- and early-transition-metal
glasses)9–11. Reported strengths vary from about 0.5GPa (for weak
rare-earth metal glasses)7 to as high as 5GPa (for strong ferrous
metal glasses)12. As demonstrated here, the toughness potentially
accessible to an amorphous metal in fact extends much further,
approaching values characteristic of the toughest materials known,
while strengths consistent with the elasticity of the amorphous
structure are retained.

Mechanistically, when an opening stress of the order of the
material yield strength is applied, plastic shear sliding ensues,
confined within nanoscopic bands (shear bands) oriented along
planes of maximum resolved shear stress. Such shear bands
propagate by slip under negative pressure up to some critical
shear strain, beyond which they evolve into opening cracks. Under
uniform negative pressure, as in quasi-static uniaxial tension,
shear band opening in bulk samples becomes unstable and a
crack propagates rapidly across the glassy structure, resulting in
essentially zero macroscopic plastic strain. In a quasi-stable loading
geometry, however, as in bending, shear sliding initiated at the
tensile surface can be arrested if propagated to the neutral axis
without opening, such that stable plastic deformation can be
achieved13. Atomistically, local shear sliding in the shear band is
accommodated by cooperative inelastic rearrangements of local
clusters of∼100 atoms14. Shearing can be sustained under negative
pressure until low-density configurations develop and critical
cavities eventually emerge. On the intervention of cavitation, plastic
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shearing is terminated and mechanical energy is dissipated through
crack extension15. We can therefore expect that the extent to
which a glass can undergo shear sliding under negative pressure
before forming critical cavities should be proportional to its
capacity to plastically shield an opening crack, and by extension
to its overall fracture toughness. It is therefore conceivable that
very large fracture toughness values are theoretically possible for
glasses with a capacity to undergo multiple configurational shear
rearrangements before forming critical cavities, or equivalently
with activation barriers for shear flow much smaller than the
activation barriers for cavitation. The glassy metal introduced here
seems to exhibit such capacity, as it demonstrates an unusual
propensity for shear flow without cavitation, which promotes very
high fracture toughness.

Bulk-glass formation in Pd-rich metal–metalloid composition
space is explored in the current work. The glass-forming ability
of Pd–metalloid systems was first recognized by Duwez et al. in
1969 (ref. 16). Early Pd-richmetal–metalloid systems demonstrated
only marginal glass-forming ability, but exhibited a very high
Poisson ratio (approaching 0.42; ref. 17) together with a high
glass-transition temperature (in excess of 600K; ref. 18); high
values for these two properties, as we argue later in the article,
designate a high glass toughness. Indeed, a fairly robust fracture
resistance was noted for these early marginal glass formers19,20.
In the present study, Pd-rich metal–metalloid compositions were
sought capable of forming bulk glasses and exhibiting Poisson
ratios and glass-transition temperatures comparable to those of
the early glass formers.

Here, the combination of Pd with P, Si and Ge at composition
Pd82.5P6Si9.5Ge2 (at.%) was found capable of forming glassy rods
1 mm in diameter. Microalloying this composition with Ag was
found to dramatically enhance glass formation. Specifically, alloy
Pd79Ag3.5P6Si9.5Ge2 was found capable of forming glassy rods
6mm in diameter. X-ray diffraction, high-resolution transmission
electron microscopy and differential scanning calorimetry analyses
verifying the amorphous structure of the Pd79Ag3.5P6Si9.5Ge2 glass
are presented in Fig. 1. A glass-transition temperature of 613 K
is observed in the thermal scan. Using ultrasonic measurements,
the bulk and shear moduli were measured to be 172GPa and
31GPa, respectively, with a Poisson ratio of∼0.42. A representative
loading curve obtained for a bulk specimen loaded quasi-statically
in tension is presented in Fig. 2a, with corresponding micrographs
of the fracture surface in Fig. 2b. The tensile loading response
seems to depart from linear elasticity and, on yielding, several
slip events are evident (see the inset in Fig. 2a). The stress of
1,490MPa marking the first slip event is taken to represent
the material plastic yield strength σy. Interestingly, a small total
plastic strain of ∼0.15% was recorded. The corresponding fracture
surface (Fig. 2b) is non-planar, revealing multiple failure planes
(facets) and a large crack offset that did not extend across
the gauge section. A ∼40-µm-wide shear offset is apparent,
revealing evidence of extensive ‘stair-like’ plastic sliding before
fracture. These features, which are unusual for tensile failure of
a monolithic glass, are consistent with the evidence of limited
plasticity recorded in the loading curve. In the absence of
a microstructural stabilizing mechanism, however, the attained
plasticity cannot properly be termed ‘ductility’; rather, this
extensive multiplane sliding activity is a demonstration of very
high glass toughness.

Assessing the fracture toughness of metallic glasses showing
extensive plasticity can be extremely challenging, because meeting
the fracture-mechanics requirements for linear-elastic K -field
dominance and the development of plane-strain conditions
demand specimen sizes that often exceed the critical thickness
for glass formation. For example, measurement of a linear-elastic
fracture toughness KIc value of 200MPam1/2 (KIc is the critical
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Figure 1 |Amorphous structure of the Pd79Ag3.5P6Si9.5Ge2 glass. a, X-ray
diffraction analysis, b, high-resolution transmission electron microscopy
and c, differential scanning calorimetry of a bulk Pd79Ag3.5P6Si9.5Ge2

glassy sample. Arrows in c indicate the glass-transition temperature
Tg=613 K, the crystallization temperature Tx=644 K, the solidus
temperature Ts=967 K and the liquidus temperature Tl= 1,065 K.

value of the stress intensity K at crack initiation, or at fracture
instability) requires sample dimensions (in terms of crack size,
ligament depth and thickness) in excess of 45mm to be considered
valid; such dimensions exceed the critical casting thickness of
even robust metallic bulk-glass formers. Although single-value
toughness measurements such as KIc properly define the toughness
for crack initiation in brittle materials, they are not always sufficient
to characterize the toughness of glassy metals demonstrating
extensive plastic yielding, or exhibiting toughening mechanisms
that result in significant subcritical crack growth before unstable
fracture21. To overcome the size constraints for meeting the small-
scale yielding conditions while still properly accounting for the
extension of the crack, we here implement a crack-tip opening
displacement (CTOD) approach. Specifically, the relationship
between the J -integral, that is, the nonlinear strain-energy release
rate, and δt, the CTOD, is used, given by J = dnσ0δt, where σ0 is
the flow stress (the average of the yield and ultimate stresses) and
dn is a constant tabulated from the strain-hardening exponent, n,
of the material (see Supplementary Discussion for more details
on the CTOD approach)22–24. A finite n is essential for the J -field
to dominate over some finite region ahead of a crack tip. Glassy
Pd79Ag3.5P6Si9.5Ge2 shows a small degree of apparent hardening in
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Figure 2 | Tensile test of the Pd79Ag3.5P6Si9.5Ge2 glass. a, Tensile loading
curve of a bulk glassy Pd79Ag3.5P6Si9.5Ge2 specimen. The grey line is a
guide for linear elastic response. Inset: Magnified view of the loading curve
in the vicinity of yielding. Arrows indicate multiple slip events recorded
before fracture. b, Micrograph of the fracture-surface morphology. White
arrows designate the shear-sliding offset width. Inset: Magnified view in
the vicinity of a shear step, revealing dense shear-band activity.

bending (attributed mostly to multiplication and intersection of
shear bands giving rise to local compatibility stresses) such that
n≈ 0.13 (see Supplementary Discussion and Supplementary Figs
S1 and S2), thus ensuring that the J -field crack-tip uniqueness
is preserved. To verify that this approach is suitable for metallic
glasses that undergo extensive plastic yielding, we compared
fracture toughness values determined using theCTODmethodwith
direct measurements of J -integral toughness for a ductile-phase-
reinforced metallic glass, also exhibiting extensive plasticity. Good
agreement was obtained between the two measurement techniques
(see SupplementaryDiscussion and Supplementary Fig. S3).

Accordingly, we have used the CTOD approach to determine
the fracture toughness of a metallic glass with critical casting
thickness below the width required for direct J -integral
toughness measurements. The mode-I (tensile-opening) fracture
toughness of glassy Pd79Ag3.5P6Si9.5Ge2 was determined in
the single-edge/notched-beam bending, SE(B), geometry, using

micronotched beams. Evaluation of toughness requires nonlinear
elastic fracture mechanics to characterize contributions from
plasticity and, more importantly, resistance-curve (R-curve)
analysis to characterize the toughness associated with crack
growth, both of which are afforded by the use of the δt–R
curve (Fig. 3a). Results for the stress intensity KJ back-calculated
from the J measurements are shown in Fig. 3b. The glass
demonstrates extensive risingR-curve behaviour indicative of stable
crack growth over hundreds of micrometres. A near-steady-state
fracture toughness measured in terms of a stress intensity, KJc,
of ∼200MPam1/2 (or in terms of the J integral, JC ∼ 460 kJm−2)
is attained. This is an exceptionally high value for any material,
but especially for an inherently non-ductile solid with an entirely
amorphous structure. More interestingly, the rising R-curve
(Fig. 3b) indicates that the glass toughens as a crack extends:
an attribute of ductile crystalline metals not previously thought
possible for an amorphous material.

Mechanistically, we identified the salient sources of toughening
in the glass by carrying out the fracture-toughness tests in situ
in the scanning electron microscope. This technique enables the
quantitative measurement of the R curve while simultaneously
monitoring the evolution of damage ahead of the crack tip and
the toughening mechanisms in the crack wake. The high toughness
value is achieved by stabilizing the plastic-flow processes at the
opening crack tip to form a distributed damage zone accompanied
by significant plastic shielding (see Fig. 3c–k and Supplementary
Movie). The specific mechanisms contributing to the toughness
of the Pd79Ag3.5P6Si9.5Ge2 glass can be described in terms of a
three-step process. First, shear bands form along the fan-shaped
(Prandtl-field) slip lines25,26 that bend back toward the crack plane
(Fig. 3d–f). Accompanying the development of the Prandtl field,
extensive localized shear sliding occurs along the evolved slip planes,
leading to very large shear offsets (Fig. 3f,g). When a critical sliding
strain is reached with increasing load, an extended shear band
opens at the notch tip and evolves as crack (Fig. 3g,h). Extensive
shear banding is seen to persist ahead of the evolved crack tip,
however, promoting significant crack-tip blunting (Fig. 3h,i). As
the slip bands bend back to the crack plane, enabling substantial
shear sliding, the crack remains stable on its plane such that stable
crack extension is attained during fracture (Fig. 3g–k). It should be
noted that outright fracture never occurred in any of the specimens
under the geometry and conditions considered here.

Even though the mechanisms controlling the plastic-zone
development in the present glass are not fundamentally different
than in other metallic glasses, the characteristic length scales
associated with such development are considerably larger. The
shear-sliding process under an opening stress, which constitutes
the key mechanism of plastic-zone development, is illustrated
schematically in Fig. 4a. Although all metallic glasses are generally
capable of undergoing limited shear-band sliding in the presence
of a flaw, the extent of shear sliding and observed shear offsets
seen in the present glass are unprecedented. As shown in Fig. 4b,
shear offsets as large as 50 µm are attained before crack opening.
These extended offsets enable the build-up of a very large plastic
zone; the homogeneous plane-stress plastic-zone radius of the
Pd79Ag3.5P6Si9.5Ge2 glass can be estimated to be as large as
rp=Kc

2/πσy
2
≈ 6mm.

To investigate the self-similarity in plastic-zone development
extending over several orders of magnitude in size for the various
metallic-glass systems, a scaling law is introduced. The number
of net activated shear-transformation events before a cavitation
event in the core of an operating shear band is described here by a
dimensionless parameter f , defined as f = exp[−(Ws−Wc)/kBT ],
where Ws and Wc are the activation energy barriers for shear
flow and cavitation respectively, and T is a reference temperature.
The glass-transition temperature of the amorphous material is
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Figure 3 | Fracture toughness measurements of the Pd79Ag3.5P6Si9.5Ge2 glass. a, The crack-tip opening displacement, δt, determined graphically, is
plotted against the crack extension,1a. b, Fracture toughness, KJ, back-calculated from the J-integral, plotted against the crack extension,1a.
c–k, Scanning electron micrographs taken during an in situ R-curve measurement of an SE(B) specimen. The specimen initially contained a sharp notch with
a root radius of∼5 µm. The crack-tip opening displacement was measured graphically at regular intervals. The corresponding fracture toughness KJ values
are 0 MPa m1/2 (c), 25 MPa m1/2 (d), 44 MPa m1/2 (e), 63 MPa m1/2 (f), 115 MPa m1/2 (g), 133 MPa m1/2 (h), 144 MPa m1/2 (i), 196 MPa m1/2 (j) and
203 MPa m1/2 (k). d,e, Shear bands initiate at relatively low stress intensity values along the Prandtl slip lines. f,g, An increase in KJ is recorded associated
with extensive shear sliding, which creates large shear offsets (indicated by arrows) and promotes significant crack-tip blunting. g–k, At high stress, a crack
initiates by opening of a shear band (indicated by arrows) and subsequently extends at a stable rate. k, State of the specimen at the end of the test,
showing that the sample did not fracture catastrophically after undergoing the entire strain applicable by the fixture.

recognized to be a good measure of the shear-flow barrier;
specifically, Ws ≈ 37 kBTg (refs 14,27,28). By further assuming
that the ratio of the barrier heights Wc/Ws is dominated by the
ratio of the respective elastic curvatures B/G, where B and G are
the bulk and shear modulus respectively, we can arrive at the
following relation for f :

log
(
f
)
∼

Ws

kBT

(
Wc

Ws
−1

)
∼

Tg

T

(
B
G
−1

)
(1)

Interestingly, the ratio of bulk to shear modulus B/G (or
equivalently, the Poisson ratio) has been previously identified to be

a key parameter associated with the toughness of a metallic glass5,9.
This ratio alone, however, is not adequate to describe the number
of net activated-shear events, as it does not take into account the
absolute magnitude of the activation barriers (here approximated
as ∼kBTg). Using equation (1), f is estimated for a set of ten
metallic-glass alloys (including the present one) with toughness
values that vary over two orders of magnitude (see Supplementary
Discussion for the complete set of data). The estimated f for
the present glass is found to be higher than the other glasses,
consistent with its larger plastic zone and higher toughness. In fact
f , which is formulated to describe the capacity for shear flow before
cavitation, is found to show a one-to-one correspondence with rp.
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As indicated by the arrow, the combination of toughness and strength (that
is, damage tolerance) potentially accessible to metallic glasses extends
beyond traditional benchmarks towards levels previously inaccessible to
any material.

As shown in Fig. 4c, parameter f correlates with rp reasonably
well, thereby describing the plastic-zone development in plastically
yielding glasses over four orders of magnitude in size. On the basis
of the correlation in Fig. 4c, we may conclude that the very high
fracture resistance demonstrated by the present glass is attributable
to a large absolute difference between Ws and Wc, as quantified
by the high B/G and Tg values for this glass (equation (1)).
Correspondingly, we believe that this scaling law with B,G and Tg
as design variables (all of which are experimentally accessible) can
serve as a viable guide for the development of a new generation of
highly fracture-resistant structural glasses.

The values of fracture energy and toughness presented here
for glassy Pd79Ag3.5P6Si9.5Ge2 are comparable to values for the
toughest engineering metals known (for example, low-carbon
steels). Considering that a glass lacks microstructural defects such
as dislocations, which rearrange to shield stress and suppress
crack opening, achieving such high fracture resistance is quite
remarkable.Moreover, in sharp contrast to tough crystallinemetals,
the absence of defects enables the very high strength associated
with the amorphous structure. Thus, an unusual combination
of very high strength and toughness (that is, very high damage
tolerance) is possible—a feature perhaps unparalleled by any known
monolithic material. In Fig. 5 we present an Ashby map29 showing
toughness-versus-strength ranges for oxide glasses, engineering
ceramics, engineering polymers and engineering metals, along with
data for monolithic metallic glasses (including the present glass)
and ductile-phase-reinforced metallic glasses. As shown in the
map, the toughness-versus-strength data for the present glass lie
outside the benchmarks established by the strongest and toughest
steels. In summary, the present results demonstrate that the
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combination of toughness and strength (that is, the level of damage
tolerance) potentially accessible to amorphous materials extends
beyond the traditional limiting ranges towards levels previously
inaccessible to any material.

Methods
Alloys were prepared by inductively melting pure elements in quartz tubes
under inert atmosphere. Alloy ingots were fluxed with B2O3 at ∼1,200K for
∼1,000 s. Glass formation was achieved by melting fluxed ingots in quartz tubes
with 0.5-mm-thick walls and rapidly water-quenching. Amorphous tensile-test
specimens were produced by water-quenching round tensile-bar-shaped quartz
tubes containing the molten alloy. The specimen gauge sections were 1.5mm in
diameter and 20mm in length. Tensile tests were carried out at room temperature
and at a strain rate of 5×10−4 s−1. SE(B) rectangular beam specimens for flexure
measurements were prepared. The beam specimens had thickness 2.1mm, width
2.1mm, and length 20mm. Fatigue precracking was rendered impractical here
owing to the small size of the samples. Instead, a razor-micronotching technique
was employed to generate a sharp crack within an acceptable range34. The notches
were first introduced using a low-speed diamond saw, and then sharpened using
a razor-micronotching technique. Micronotches with a root radius of ∼5–10 µm
were obtained by repeatedly sliding a razor blade over the saw-cut notch using
a custom-made rig, while continually irrigating with a 1 µm diamond slurry.
Sharp cracks with initial crack length of ∼1.0mm were generated. Before testing,
specimens were polished to a 1 µm diamond suspension surface finish on both
faces. Fracture-toughness tests were carried out in situ in a scanning electron
microscope over a three-point bending stage.
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