Plastic Flow and Fracture of Metallic Glass

H. J. LEAMY, H. S. CHEN, AND T. T. WANG

The tensile flow and fracture behavior of three Pdo.Sio.2-based alloys in the glassy, ‘‘micro-
crystalline,’” and fully crystalline condition has been studied. The glassy alloys flow plastically
to a total strain of approximately 0.5 pct €, and exhibit proportional limit stresses of approxi-
mately E X 1072 where E is Young’s modulus. This plastic flow is accompanied by the formation
of shear deformation bands on the specimen surfaces. Fully crystalline alloys are extremely
brittle and fracture via intergranular cracking. Fracture surfaces of the amorphous and ‘‘mi-
crocrystalline’’ alloys are inclined at 45 deg to the tensile axis and exhibit two morphologi-
cally distinct zones. One zone is relatively featureless while the other contains a ‘‘river’’ pat-
tern of local necking protrusions. Detailed comparison of opposing surfaces indicates that
fracture is preceded by large local plastic shear which produces the smooth zone while the
local necking pattern is produced during rupture. These observations form the basis for the
hypothesis that plastic flow in the glassy material occurs via localized strain concentrations
and that fracture is initiated by catastrophic, ‘‘adiabatic’’ shear.

THE formation of the amorphous state in metallic
materials by quenching from the liquid was first re-
ported in 1960." Subsequently, several glass forming,
metallic alloys have been discovered and studied, usu-
ally with a view towards elucidation of the glass-lig-
uid transition or glassy structure. Among these, per-
haps the most well characterized are alloys based on
Pdo. :Sio.2, whose thermal,® electrical,® structural,*
and mechanical® 7 properties have been investigated.
In the glassy state, these alloys are reported to pos-
sess a structure® which closely approximates Ber-
nal’s’ dense random packing model for a monatomic
liquid. That is, they are structurally simpler than in-
organic or polymer ¥lasses and are therefore ideal
subjects for testing theories of the glassy state. The
phenomena of plastic or ‘‘cold’’ flow and fracture in
these materials is of particular interest, since struc-
tural considerations are of paramount importance in
these processes. In this paper we present experi-
mental observations of the external manifestations of
flow and fracture produced by indentation, bending,
and tension in three Pdo,sSio..-based alloys in the
glassy, microcrystalline, and crystalline states.

EXPERIMENTAL METHODS

Specimens for this study were produced by drop-
ping a molten alloy charge between a pair of rapidly
rotating steel rollers.'® Uniform strips 40 to 100 p
thick and 3 to 5 mm wide were formed by solidifica-
tion of the alloy during its contact with the rollers.
These were cut into 3 by 30 mm ribbons, vacuum en-
capsulated in quartz ampoules, heat treated, and ex-
amined by X-ray diffraction prior to testing. Tensile
tests were carried out at room temperature and at
a strain rate of 1.1 X 107% sec™ . Following deforma-
tion, the specimens were examined with a JSM-U3*

the secondary electron emission mode. The compo-
sitions, structures, and glass transition and crystal-
lization temperatures® of the alloys examined in this
investigation are summarized in Table I. The gold
and copper alloying additions shown in Table I were
selected because they increase the stability and glass
transition temperature of the binary alloy, presumably
by increasing the configurational entropy and hence
the stability of the liquid phase.® This effect is evi-
denced by an increase in the crystallization tempera-
ture, T, as shown in Table L.

The amorphous-crystalline transformation in these
alloys has been studied previously. For the binary al-
loy,? crystallization occurs in three stages: a) homo-
geneous precipitation of a very fine-grained, ‘‘micro-
crystalline’’ (20 to 100A) metastable fcc phase within

*Japan Electron Optics Laboratory Co., Ltd., Medford, Mass.

scanning electron microscope operating at 25 kv in
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Table I. Pd-Si Specimen Compositions, Heat Treatments, Structures, and
Transformation Temperatures

Composition,

No.  Atomic Fractions  Heat Treatment Structure T* T *
1 Pdg.s2Si0.18 as quenched  amorphous 362°C  367°C
2 Pdg.s28i0.18 350°C/18 hr  glass
furnace cool  microcrystalline
fcc + metastable
silicide
3 Pdy.g2810.18 450°C/2 hr fec + metastable
furnace cool  silicide
4 Pdg.795AUg.04Sio.16s  as quenched  amorphous 372°C  402°C
5 Pdo.79sAUp.0aSio.1es  350°C/18 hr.  glass + fec
mucrocrystals
6 Pdg.79sAUg.0Sig.1¢s  450°C/2hr.  microcrystalline
furnace cool  fec + metastable
silicide
7 Pdyg.775Cuo.06 Slo. 165 as quenched  amorphous 373°C  413°C
8  Pdg.975Cug.06 Sig. 165 350°C/18 hr  glass +

9 Pdp.775 Cuo.06 Sio. 165

furnace cool

450°C/2 hr
furnace cool

microcrystalline
fee

glass + micro-
crystalline fcc +
metastable silicide

*T, and T, values from Ref. 2. Heating rate = 20°C per min.
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Fig. 1—Load-elongation curves for the tensile specimens
listed in Table 1.
Table IJ. Mechanical Properties of PdSi Alloys
Num- DPH, E, YS, UTSs,
ber kg/mm® dyne/cm® dyne/cm®  dynefem®? TS YS/E
1 118 68X 10" 825X 10° 27X 10° 00025 1.21X 102
2 116 75X 10" 135X 10" 275X 10 0.004 15X 1072
3 232 Specimens extremely 0
brittle no tensile data
4 127 85X 10"  95X10° 27X10° 0003 1.12X 107
5 91 10X 10M 1.25 X 10'° 2,95 X 10'® 0.003+ 1.25X 107
6 161  Specumens extremely 0
brittle no tensile data
7 129 825X 10" 1.0X 10 182X 10" 0.003 1.11X 102
8 113 90X 10 1.15X 10" 355X 10'° 0.009 1.40X 102
9 141 90X 10" 137X 10* 252X 10 0004 1.89X 107

Notes: DPH = diamond pyramid hardness, average of 4 values; £ = Young’s
modulus; YS = Yield stress; UTS = Ultimate tensile stress; and TS = Plastic strain
at fracture.

the glassy matrix, b) precipitation of a metastable
silicide of unknown structure, and c) precipitation of
the equilibrium Pd + Pd;Si phases. As noted in Tablel,
binary alloys annealed at 350° and 450°C possess
structures corresponding to stages (a) and (b) above,
respectively. Crystallization of the ternary alloys
proceeds along a similar course but is further com-
plicated by phase separation in the glassy state at an-
nealing temperatures near 450°C. This phase separa-
tion is not detectable by the X-ray methods used to
characterize the alloy structures in this study, but is
presumed to occur on the basis of previous transmis-
sion electron microscopy experiments.”

RESULTS
a) Tensile Properties

Tensile load-elongation curves for the alloys listed
in Table I are shown in Fig. 1. In every instance,
these curves are characterized by the absence of a
well-defined plastic yield and a high apparent harden-
ing rate. The yield stress data shown in Table II were
therefore taken equal to the proportional limit. For
the binary alloy, good agreement with the recently
reported results of Masumoto and Maddin’ was ob-
tained. In addition, the Young’s modulus of the gold
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Fig. 2—Stereo pair of micrographs of a 50 g dph indentation in
an amorphous Pd, Siy 13 alloy. The tilt axis is vertical and
rotation is taken as positive in the clockwise direction.

containing alloy agrees well with that determined by
dynamic methods.® In every case, the modulus of the
amorphous alloy is smaller than that of its micro-
crystalline counterpart. This behavior has been noted
previously®’*! and Weaire ef al.*® have attributed it to
the internal atomic displacements which accompany
shear deformation. Note that the modulus, yield
stress, ultimate strength, and strain at fracture of
the crystalline specimens are higher than the amor-
phous alloys. Both flow and fracture are evidently
initiated more easily in the glassy than in the micro-
crystalline state,

b) Hardness Measurement

The diamond pyramid hardness numbers of the al-
loys are also given in Table II. For the values of
YS/E encountered here, the hardness indenter may
be treated as a flat die penetrating an elastic-plastic
material. In this case, we expect plastic flow to pro-
duce an extrusion lip at the edge of the indentation.'?
That this is indeed the case is illustrated in Fig. 2,
where a stereo pair of micrographs of a 50 g indenta-
tion in specimen No. 1 is shown.* The plastic defor-

*This and subsequent scanning electron micrographs are orented such that the
scanning direction is horizontal from left to right. The secondary electron detector
is located to the nght of the scanned area.
mation evident in this figure cannot be attributed to
the densification processes which occur in some oxide
glasses,14 because the density of the glassy phase dif-
fers insignificantly from that of the crystalline phase.
All of the alloys listed in Table I exhibited a similar
indentation morphology.

¢) Tensile Fracture Morphology

Fig. 3 shows the fracture surfaces of opposing seg-
ments of a typical, unannealed amorphous specimen.
This specimen (alloy No. 4) fractured on two macro-
scopic surfaces, each oriented approximately 45 deg
from the tensile axis. The region of transition from
one to the other of these is shown in the left portion of
Fig. 3, and in greater detail on the right. Although the
stress-strain curves for the amorphous alloys show
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Fig. 3—The tensile fracture morphology of

an unannealed amorphous, Pdy y95Auq 0451y, 165
alloy (tensile specimen No. 4). The sur- __—{

faces of opposing segments of the fractured
specimens are shown in the upper and lower
pairs of micrographs. The white arrows
mark corresponding points on the two sur-
faces.

little ductility, it is apparent that this material does
not fracture in a typical glassy or brittle manner; i.e.
the two complementary fracture surfaces are not mir-
ror images on a microscopic scale and the fracture
surfaces are not normal to the tensile axis. Stereo-
microscopy experiments confirm that the ‘‘vein”’
structures apparent in Fig. 3 are protrusions on both
fracture surfaces. Furthermore, the patterns formed
by these protrusions on opposing fracture surfaces are
similar but not identical. The arrows in Fig. 3 mark
corresponding points on the opposing surfaces. We
take these observations as evidence for the occurrence
of local necking during the fracture of this metallic
glass.

In areas removed from the transition region shown
in Fig. 3, the fracture morphology consists of two
easily distinguished zones, as shown in Fig. 4. The
zone located uppermost in the top micrograph of Fig.
4 is characterized by its lack of a local necking pat-
tern and generally smooth appearance. This zone
gives way abruptly to a region in which local necking
is evident. Note that the ‘‘veins’’ and the regions be-
tween them are quite smooth, and that they form a
pattern reminiscent of the ‘‘river’’ patterns formed
during cleavage fracture of brittle crystalline mate-
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rial.’® On this basis, the point of crack initiation is
evidently near the center of the intermediate magnifi-
cation micrograph in Fig. 4, i.e., at the smooth region
where the ‘‘vein’’ patterns converge. Long, necked
filaments are commonly observed at triple point junc-
tions of local necking ridges, as shown in Fig. 5.
These filaments, often nearly 1 u long, are usually
elongated in the tensile direction but occasionally, as
in Fig. 5, appear to have relaxed into a curved posi-
tion. In every case, the tips of the filaments are
rounded, as if by viscous flow. Fig. 5, which was ob-
tained from a microcrystalline specimen (No. 5) also
shows that the regions between local necking ridges
are rougher than corresponding regions on the glassy
alloy fracture surfaces. This is the single significant
difference between the amorphous and microcrystal-
line alloy fracture morphologies.

In contrast to the amorphous and microcrystalline
specimens, those containing large amounts of meta-
stable silicide were extremely brittle and invariably
fractured during handling. One such fracture is shown
in Fig. 6. The fracture consists of two zones. The
region of crack initiation is quite rough, the fracture
being apparently intergranular in this region, while
the remaining zone is rough on a much finer scale.
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Fig. 4—A typical two zone tensile fracture in an amorphous
Pdy, 795A1y.0451y, 145 2lloy (tensile specimen No. 4).
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The features present in Figs. 3 and 4 are common
to all of the amorphous and microcrystalline alloy
fracture surfaces and may be summarized as follows:

a) Fracture occurs on surfaces whose normals lie
at 45 + 2 deg to the tensile axis in the plane of the
tensile axis and the ribbon surface normal. That is,
fracture occurs on planes of maximum shear stress.

b} Fracture invariably involved one and occasion~
ally two transitions from one to the other plane of
maximum shear stress.

¢) Two distinct fracture zones are present: a
nearly smooth region, and one in which local necking
‘‘vein’’ patterns are observed. The ‘‘veins’’ are the
order of 0.1 u in width and generally possess aheight-
to-width ratio of from two to four, except at triple
point junctions where mieron-length necked filaments
are often observed.

The shear nature of the deformation process de-
scribed above was confirmed by bend test experi-
ments. The deformation markings on the tensile
stress side of ribbon specimens bent to various radii
of curvature are shown in Fig. 7. At large radii, bend-
ing produces long straight plastic shear deformation
steps parallel to the bend axis. Further bending leads
to production of secondary steps at small angles to the
primary steps and finally to large shear displacements
at these steps. The absence of tensile cracks is par-
ticularly to be noted in Fig. 7.

The remarkable shear failure of these specimens
may be envisioned as propagating in several possible
modes. These are illustrated schematically in Fig. 8.
In the first case, Fig. 8(a), a shear crack propagates
from the surface through a portion of the specimen and
creates the smooth fracture zone. At thenow increased
stress levels, shear cracks (voids) in the remaining
sound material may link together during fracture to
produce the observed vein structure. Alternatively,
Fig. 8(b), the specimen may undergo plastic shear
deformation and subsequently fail by propagation and
linking of internal shear cracks or voids. Finally, the
alternating shear mechanism proposed by Pelloux to
account for observations of shear failure'”'® in steels
tested near their ductile-brittle transition tempera-
ture is shown in Fig. 8(c).

Of these mechanisms, only those shown in Figs. 8(a)
and 8(b) produce fracture surfaces which possess the
characteristics observed in this study. These mechan-
isms may be distinguished by comparison of the mor-
phology of opposing fracture surfaces. Such a com-
parison is shown in Fig. 9. The micrographs in the
left-hand column of Fig. 9 were obtained from one
segment of specimen No. 1 while those on the right
were obtained from the corresponding area on the op-
posite segment. The left-hand column of micrographs
was printed with the negative reversed to allow direct
comparison of the vein patterns. The area selected
for Fig. 9 contains an easily recognized vein pattern
which is observed to be nearly identical on each frac-
ture surface. The position of this pattern on the left
set of micrographs is displaced significantly with re-
spect to its position on the other fracture surface.
This provides clear evidence for the failure mode
shown in Fig. 8(b) and leads to the conclusion that
plastic shear deformation of as much as 40 pct pre-
cedes failure in these specimens. However, the high
apparent hardening rate shown in Fig. 1 should lead

METALLURGICAL TRANSACTIONS
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Fig. 5—Stereo pair of micrographs illustrating extensive local necking at triple point junctions in a microcrystalline
Pdy 195Au,9481y, 145 alloy (tensile specimen No. 5).

to a homogeneous distribution of plastic strain while
the displacement shown in Figs. 8(b) and 9 is local-
ized at the fracture surface. The plastic shear dis-
placement must therefore have been produced at high
stress, just prior to fracture. This expectation was
confirmed by examination of several specimens which
had been unloaded ptior to fracture. These exhibited
only scattered clusters of straight shear steps of the
sort produced by bending to large radius, Fig. 7.
These steps, generally, about 0.5 mm in length, often
originated at imperfections on the sample surface.
They were oriented at from 90 to 45 deg with respect
to the tensile axis so that they can all be accounted
for as traces of the intersections with the surface of
various planes of maximum shear. Finally, we note
that the extent of the shear displacement shown in
Fig. 9 is not uniform, but decreases gradually and
becomes very small near the region where the frac-
ture surface changes orientation. This behavior is
illustrated in Fig. 9 where a transition region appears
on the right-hand side of the low magnification micro-
graphs.

DISCUSSION

The observations described above are, to our
knowledge, unique, although other materials do ex-
hibit flow and fracture behavior that is similar in
some aspects. For example, steels fractured at the
brittle-ductile transition'”’'® temperature often ex-
hibit shear plane fracture surfaces and local necking
ridges similar to those observed in this study. As a
further example, polystyrene'® exhibits local necking
on tensilé craze cracked fracture surfaces. It is note-
worthy that in each of these materials, a small tem-

perature increase produces a large change in ductility.

This observation and the apparently viscous relaxa-
tion of the necked filaments at vein triple points sug-
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gest that a portion of the mechanical work expended
during rupture produces local heating of the material
in the necked regions.

Aside from the local necking patterns, macroscopic
shear similar to that described here is commonly ob-
served in crystalline specimens when the work-hard-
ening rate is nearly zero, or when ‘‘adiabatic’’ heating
of the deforming region lowers the effective hardening
rate to nearly zero.”*”** This latter phenomenon, com-
monly referred to as ‘‘adiabatic shear,’’ occurs cata-
strophically whenever the rate of decrease in strength
due to ‘‘adiabatic’’ heating of the deforming region
equals or exceeds the rate of strengthening due to the
increased strain and strain rate. If the usually smalil
strain rate effect is neglected, the shear strength may
be expressed as a function of strain and temperature:

ﬂ:(ﬂ) +(_3L> aatr [1]
dy dy/r AT y dy

The criterion for catastrophic shear, d7/dy < 0, may
thus be written:

)
Sy /T

BTy T
- (aAT>y aC
where 7/aC = dAT/dy, C is the specific heat, 7 andy
are the shear stress and strain respectively, and o
= 1 depending upon the degree of adiabaticity of the
process.

Values for the quantities appearing in Eq. [2] may
at best only be estimated. For (87/8AT)}y=15 the data
of Masumoto and Maddin” suggest a value of approx-
imately — 1.4 x 10" dyne per sq cm per deg for the
region from 0° to 350°C and a much larger negative
value for higher temperatures. C may be estimated

0= =1 (2]
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Fig. 6—The two zone fracture surface typical of a
Pd,._195AUq.04Sig. 165 alloy which has been annealed at 450°C for
2 hr. The region of crack initiation appears at the lower edge
of Fig. 6(a), and is shown in greater detail in Fig. 6(c).

as 2.5 x 107 erg per cu cm per deg, and 7 .is about

1 X 10"° dyne per sq cm. Insertion of these quantities
into Eq. [2] leads to the prediction that (87 /8y )7 must
be of the order of 5 x 10° if ‘‘adiabatic’’ shear is to
be considered as a plausible explanation for the shear
failure of these metallic glasses. From Fig. 1 a value
of (95/9¢€)y of approximately 4 x 10*' dyne per sq cm
is obtained. The conditions for catastrophic shear
can therefore only be met if the ‘‘nucleating’’ defor-
mation® is inhomogeneous to the extent that the shear
occurs in bands of thickness less than about 10™% cm.
This possibility appears likely in view of the local-
ized nature of the shear steps observed on unloaded
specimens. In addition, the assumption of adiabatic
conditions (@ = 1) seems a reasonable first approxi-
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mation since the thermal diffusivity of these speci-
mens is rather lower than that of a crystalline spec-
imen (@ « k~'/3), Chin et al.”® have shown that the ful-
filiment of condition [2] indicates only that adiabatic
flow will occur if nucleated. The extent of the cata-
strophic flow depends upon the elastic energy stored
in the deforming system (i.e. the tensile machine and
specimen) and is proportional to vm/k where m and 2
are the effective mass and stiffness of the elastic
members. Massive loading systems* extend the du-

*An Instron model TM testing machine was used 1n this study

ration of unstable flow but make initiation more dif-
ficult. The absence of load drops in the curves shown
in Fig. 1 is therefore to be expected in view of the
large amount of elastic energy stored in the speci-
men. Finally, we note that the ‘‘degree of adiabati-
city,”” @, is proportional to the strain rate.? That is,
the stress at which catastrophic flow occurs will de-
crease with increasing strain rate. This relationship
has been reported by Masumoto and Maddin’ for the
fracture stress of an amorphous Pdo.sSio.2 alloy.

During localized shear deformation, tensile speci-
mens are restrained by the grips and cannot undergo
free lateral displacement as depicted in Fig. 8. The
specimens are therefore subjected to a bending mo-
ment which increases with shear strain. For single
crystal specimens this moment produces plastic de-
formation near the grips, but does not affect the slip
system, which is determined by the crystal structure.
In the amorphous specimens tested here, shear de-
formation is not constrained to a particular direction.
At any given elongation, the lateral displacement is
resisted by a force proportional to the moment of in-
ertia of the specimen cross-section; ¢.e. proportional
to the square of the specimen thickness measured in
the direction of lateral displacement. This resistance
is smallest for a shear direction in the plane perpen-
dicular to the broad face of a ribbon specimen and
evidently explains the consistent observation of shear
failure in this direction.

The experimental observation of shear deformation
below the fracture stress leads via well-established
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Fig. 7—Deformation markings produced by bending an amorphous Pd, g5Si; i3 alloy. The deformation markings shown in Figs.
7(a), 7(b), and 7(c) were produced by bending the outermost specimen surface to a radius of 405, 145, and 75 p respectively.
The outlined areas are shown at higher magnification in the right-hand micrograph of each pair, and the bend axis is oriented

vertically.
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Fig. 8—Schematic illustration of possible shear fracture
modes in ribbon specimens. (@) Shear crack propagation;
(b) Plastic shear and fracture; (c¢) Alternating shear.

arguments® to the question: Is the deformation in the
shear surface homogeneous or do some areas deform
before others? This question may be considered by
estimating the stress required for homogeneous shear
of an amorphous alloy. Following Frankel’s classical
argument for the crystalline case, the energy of a
defect-free close-packed crystal which is sheared an
amount x/d on a close-packed plane is represented by
—A cos 27(x/d), where d is the interatomic spacing.
It is easily shown that the stress required for homo-
geneous shear is u/27.>* Refinements in the assumed
energy-displacement curve reduce the theoretical
shear stress to about 0.03 . For amorphous and mi-
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crocrystalline materials, the first neighbor distance
is little different than that of the crystal but long range
periodicity is not present. The potential energy of a
rigidly sheared amorphous material will therefore be
determined by the local atomic configurations which,
during shear, produce the largest displacement per-
pendicular to the shear surface. We therefore expect
that the energy change accompanying a rigid shear
displacement across the weakest surface in any given
direction will rise to a value higher than that encoun-
tered in crystals and remain at this level as x/d is
increased. Once initiated, only the stress required to
create the new surface is needed to maintain the dis-
placement and rigid shearing should proceed to frac-
ture,

Alternatively, if relaxation of the atoms in the
neighborhood of the sheared surface is allowed, the
energy increase accompanying shear is decreased and
the energy vs x/d relation may possess minima. The
existence of such minima changes the deformation
process fundamentally. That is, parts of the material
will have undergone permanent shear deformation and
relaxed to near equilibrium glassy or crystalline con-
figurations while other regions will have relaxed into
positions only slightly different from their original
locations. In this case the dislocation-like boundaries
which separate the sheared from unsheared areas of
the shear plane act to localize the deformation and
their mobility will determine the course of deforma-
tion in the material.

Finally, if the elimination of all of the increase in
energy with deformation were achieved through com-
plete relaxation of all atoms in the stressed volume,
a viscous, zero hardening rate, shear deformation
would result. Note that the three deformation modes
described here differ primarily in that each requires
that a different degree of atomic relaxation occur dur-
ing deformation. Each mode thus will occur in a dif-
ferent range of temperature and strain rate. Although
the stresses involved are difficult to estimate, the ex-
perimental data described here suggests that amor-
phous Pdo.sSio,, alloys deform via motion of localized
strain concentrations at room temperature,

Examination of the tensile deformation and fracture
behavior of several amorphous and microcrystalline
alloys has shown that:

a) Tensile stress is accommodated by high harden-
ing rate plastic shear deformation;

b) Fracture occurs on surfaces of maximum shear
stress and is preceded by plastic shear strain of as
much as 40 pct.

¢) Fracture is accompanied by local heating and
viscous flow necking of material between propagating
cracks or voids.

These observations form the basis for speculation
that plastic flow occurs via motion of localized strain
concentrations and that fracture is initiated by macro-
scopic ‘‘adiabatic’’ shear.
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Fig. 9—The fracture morphology of opposing segments of an amorphous Pd, gSiy i3 alloy (tensile specimen No. 1). The micro-
graphs in the left column were printed with the negative reversed to facilitate comparison with those from the opposite surface,
shown in the right-hand column. White arrows mark corresponding points on the two surfaces.
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