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Abstract

The interplay between chemical composition, plastic behavior, and fracture modes of
CugesZrissAl; and CugesZrasAlYs bulk metallic glasses (BMGs) was investigated by
compression tests and fracture surfaces analyses. The aim was to explore the possibility of coupling
physical, chemical, and hardness properties, with adequate macroscopic compressive plasticity.
Cylindrical test samples, having a height-to-diameter ratio equal to 2, were machined and ground
from as-cast bars and were tested in compression between lubricated plates, the dis-placement being
measured by a clip-gage inserted between the plates. Y free BMG engineering stress-strain curves
show a plastic behavior consisting of successive sudden stress drops and linear reloading segments.
A detailed analysis of these features was performed to yield a correlation between the plastic
deformation steps and the released elastic energy associated with each serration.

. INTRODUCTION

IN early studies, metallic glasses could only be produced at very high cooling rates that could be obtained by casting
very thin sections, e.g., ribbons less than 0.1-mm thick. These could not be characterized by the usual mechanical
testing procedures. More recently, alloys with slower crystallization kinetics have been developed, allowing the
production of bulk samples of metallic glass. In particular, several investigations focused on the Cu-Zr system; bulk
metallic glass (BMG) bars with diameter up to 10 mm were fabricated.™? Owing to the absence of dislocations, BMGs
exhibit a nearly theoretical strength before failure,'® yet with a very low ductility at room temperature. In fact, under
uniaxial compressive loading at room temperature, most BMGs show a macroscopically brittle behavior,™ with very
low plastic strain (<2 pct). This is due to a highly localized deformation process, i.e., shear banding,™ whereby a large
plastic strain occurs in a narrow layer exhibiting strain (or thermal) softening,’® *® which leads to failure. When BMGs
show a larger overall plastic deformation at room temperature, the plastic flow is often discontinuous, as evidenced by
serrated stress-strain curves, with repeated stress drops;™! each serration may correspond to the activation of a weak



shear band, which soon ceases to operate.!™! The BMG’s yielding behavior is sensitive to the hydrostatic component of
the stress tensor, and is often described by a Mohr—Coulomb yield criterion; in particular, the internal friction
coefficient can be calculated from the observed orientation of the shear plane in respect to the loading axis.'?™® The
main goal in toughening BMGs is to prevent a single shear band from going through the entire sample and to promote,
instead, the formation of multiple shear bands. The toughness of BMGs, and hence their ductile/brittle behavior, is
related to the ratio W/B, where W is the elastic shear modulus and B is the bulk elastic modulus, or, equivalently, to the
Poisson ratio,v.'" The lower the wB ratio, the higher is the fracture energy. In particular, glasses based on Cu, Zr, Pt, or
Pd, having low W/B ratios, exhibit a high density of shear bands®™" % and have microscopically ductile vein-pattern
fracture surfaces.’"*® Hence, the BMG’s intrinsic ductility may be enhanced by careful chemical design, i.e., by
choosing alloying elements on the basis of their likely effects on the elastic constants.*"?*?) Moreover, an increase in
toughness can be obtained by extrinsic techniques such as the in-situ formation of a crystalline second phase, which
promotes the formation of multiple shear bands via mismatch of various properties and, in the meantime, prevents their
propagation, thus resulting in enhanced macroscopic ductility.'”? The mechanical properties of Cu-Zr-Al BMGs have
been extensively studied; in particular, several BMGs derived from the CusoZrso system with minor Al additions show
significant plastic deformation at room temperature.?? The mechanical behavior of Cusox2Zrso_x2Alx BMGs has been
related to the amount of nanoscale crystalline precipitates,’®! which generally occur in CusoZrso,”™ but are increasingly
suppressed by the addition of Al,**?*1a fully amorphous structure being expected for 7 pct at. ALP® The precipitates are
believed to promote the nucleation of multiple shear bands, which hinders their fast propagation, leading to relatively
large ductility,™ whereas a fully amorphous phase allows a fast shear band propagation, leading to a more brittle
behavior.

Recent successful attempts to improve the plasticity of Cu-Zr-Al BMGs were made by introducing micronsized second-
phase particles, such as B2-CusoZrso, by controlled cooling.” In the binary Cu-Zr phase diagram, the B2-CusoZrso
phase is stable above 985 K!®! and, upon cooling, tends to transform to a monoclinic martensitic phase (B19’),
metastable at room temperature.'”” The addition of Al to Cu-Zr promotes the stabilization of the B2-CusoZrso phase,
which can be retained at room temperature by applying suitable cooling rates.® The increased plasticity of these Cu-
Zr-Al composites with respect to the corresponding monolithic BMGs can be ascribed to the presence of the B2-
CusoZrso micron-sized particles. On the one hand, since the elastic properties of B2-CusoZrso are very similar to those of
the Cu-Zr-Al amorphous matrix, no local stress concentration arises at the crystal/glass interface during compression
and the second-phase particle can accommodate the strain due to its ductility.?” On the other hand, the observed
formation-induced transformation from B2 to B19’ seems to cause a remarkable compressive work hardening of the
alloys containing a crystalline volume fraction higher than 40 pct.!

The fracture strains of the Cu-Zr(-Al) BMGs usually show a large scatter, being in part probably intrinsic and in part
arising from different casting conditions, which may influence the local microstructure and particularly the presence of
nanosized inhomogeneities. Thus, large differences can be observed among samples with various diameters prepared in
different laboratories (e.g., from 4 to 12 pct for CusoZrso %) and even among different positions in the same cast
sample. The fracture behavior of a fully amorphous CusssZrassAl7 alloy and of a partially crystalline Cuss.sZraisAl7Y's
alloy was investigated in this work by performing series of monotonic compression tests, with either quasi-static (10*s
1 or dynamic (1 s™*) deformation velocities.

1. EXPERIMENTAL
A. Specimen Preparation

The Cuss5Zra65Al7 and CusesZraisAl7Ys glass-forming alloys, herein indicated as alloys A or B, respectively, were cast
under vacuum in a vertical, 3-mm-diameter cylindrical copper mold, with a riser cone on top, yielding one blank bar for
each alloy. X-ray diffraction (XRD) analyses, performed by using Cu radiation and with a Bragg-Brentano setup
(Figure 1), on 1-mm-thick slices, show that the alloy A bar was fully amorphous, whereas the alloy B bar was partially
crystalline, with XRD peaks due to the B2-CusoZrso type phase, whose lattice constant, a, was estimated to be 0.3288
nm. The value found here is larger than the one accepted for the binary stoichiometric compound (a = 0.3262 nm®?®),
indicating the probable presence of a certain amount of Y since this element tends to expand the unit cell. In fact, the
isostructural compound B2-CusoYso has a lattice constant of 0.3479 nm."** As already mentioned in Section I, the B2 is
known to be stable at high temperature, and it likely grew from the liquid. Ensuing metallographic examinations,
performed by scanning electron microscopy upon polished and etched (aqueous solution of 20 pct HF and 1 pct HNOs)
cross sections, showed that the microstructure of the B bar consisted of a continuous amorphous phase with isolated
CuZr dendrites; the latter were 10 to 15 pm wide and were often (but not always) aligned in long rows. The crystalline
phase fraction, as estimated by differential scanning calorimetry analyses, was 13 + 2 vol pct. A series of cylindrical
compression specimens was machined from each as-cast bar; 0.01-mm planarity, cylindricity, and perpendicularity
tolerances were ensured after grinding of all the specimens surfaces. A small crystalline phase fraction was found by
XRD on the as-grinded surfaces of the alloy A specimens, probably due to a localized thermal effect of the grinding
procedure; however, no crystalline phases were detected after a slight polishing of the same surfaces, confirming that
the bulk material was indeed fully amorphous. The specimens were progressively numbered from the bottom end of
each bar (opposed to the riser cone), from Al to A7 and from B1 to B6.



B. Compression Tests and Data Analysis Techniques

In the compression tests, the specimens were loaded between a couple of high C tool steel plates (about 14x12 mm wide
and 4 mm thick) in a servohydraulic universal testing machine. In order to avoid any significant plastic deformation of
the plates, the plates were much harder than the samples (~840 vs ~560 HV100). The contact between the specimen and
the compression plates was lubricated with a dry graphite lubricant, with 0.123 nominal friction coefficient, sprayed
upon the plates before each test. The load was measured by a remote load cell and the displacement by a clip gage
mounted between the plates, a few millimeters away from the load line. Therefore, the instantaneous specimen height,
h, was the sum of the length measured by the clip gage, y, and of the two plates elastic displacement, 2.5. The latter was
computed with the Boussineq solution for an elastic half-space indented by a rigid cylinder, that is, & = (P/d). ((1-v?)/E),
where

d is the cylinder diameter, P is the instantaneous load, and E and v are the Young’s modulus and Poisson ratio,
respectively. Thus, the instantaneous specimen height was h = y+2.8 = y+2.(P/d).((1-v%)/E). In this calculation, the
instantaneous specimen diameter d was replaced by its initial value do (the difference being negligible), and the steel
plates E and v elastic constants were assumed to be 210 GPa and 0.3, respectively. The engineering and true stress-
strain curves were then calculated in the usual manner from the h, ho, P, and do values. It should be noted that this test
geometry causes an inhomogeneous stress distribution on the contact area between the plate and the sample, with the
maximum stress on the specimen edge (as first noted in the same Boussineq solution), and that this stress distribution
may be further modified by possible alignment errors; these facts were neglected in the present calculations, even if the
edge stress concentration was recently found to influence the fracture location in BMG specimens subjected to dynamic
loading at very high strain rates.**

The estimated compliance of the specimen (obtained from the typical specimen dimensions and elastic modulus) of the
two plates (due to the local elastic deformation and obtained from the preceding formulas for the typical specimen
diameter) and of the load frame (obtained from the actuator displacement vs load curve recorded by pressing the
compression fixtures one against the other without the specimen) were about 12, 3, and 7 um/kN, respectively. The
specimens were loaded under actuator displacement control, and the actuator speed, constant during each test, was
chosen in order to obtain specimen strain rates close to either 1 s (dynamic tests) or 10 s (quasi-static tests).
Dynamic tests were performed on the Al, A4, B1, and B4 specimens and quasi-static tests on all the other specimens.
In the case of A6 and B2 quasistatic tests, the strain rate was slightly different, i.e.,close to 0.5.10 and 2.10™ s,
respectively.

The sampling rate for data acquisition (constant during each test) was adequate in the quasi-static tests, but in the
dynamic tests corresponded (in the elastic range) to only 1 point every approximately 100 MPa. After the initial linear-
elastic part, the engineering stress-strain curves of the A-series specimens showed several successive serrations, each
consisting of a sudden stress drop and strain increment followed by an almost linear reloading segment extending up to
the following stress drop. These serrations were further examined with the following procedure.

(1) Stress drops were identified as the data points following the point-to-point stress and strain variations larger
than 4As and Ae, respectively. As and Ae were defined, respectively, as the minimum point-to-point stress
variation (negative) and the maximum point-to-point strain variation (positive) found in the linear-elastic part
of the stress-strain curve.

(2) Each reloading segment, comprised between successive stress drop points (or after the last one), was linearly
interpolated, using the stress as the independent variable. A reference strain distance was calculated between
each pair of successive reloading interpolating lines, corresponding to the mean value of the overlapping stress
range of the two reloading segments. A stress drop was considered valid only if its corresponding reference
strain distance was larger than Ae. The interpolations were then repeated, if necessary, considering the
confirmed stress drops only.

(3) The stress/strain slope E{" of each ith reloading segment was obtained from its linear interpolation; the
apparent plastic deformation increment Aep"), associated to each ith stress drop, was calculated as the strain
distances between the two successive reloading segments corresponding to the higher limit of their overlapping
stress range. The apparent elastic energy density drop AU, associated with each ith stress drop, was
calculated from the stress before and after the drop and from the specimen elastic modulus E.

This procedure was not applied to the dynamic test results, due to the low number of data.

The angle y between the loading axis and the overall fracture plane of the A-series specimens was measured on optical
images of the broken specimens, acquired from a line of view perpendicular to the loading axis and lying into the
fracture plane. The latter condition was the main uncertainty source, since fracture surfaces were only approximately
planar; in some cases, two images were taken from either slightly different or opposite directions of view.

I11. RESULTS

A. Mechanical Test Results



The microhardness of the two alloys was essentially equal, namely, 565 + 6 and 557 + 5 HVo.1 for the Cuss.5Zrss.5Al7 and
Cuss5Zra1sAl7Ys alloys (mean + standard deviation), respectively. The overall compressive behavior is almost elastic—
perfectly plastic. The elastic modulus E, the maximum true stress c,ax, and the maximum true strain gy, do not show
relevant variations, either between alloys A and B or between the two strain rates (Table 1). The dynamic o, values
are indeed slightly smaller than the quasi-static ones, but the former may be underestimated due to the relatively low
sampling rate. Moreover, no trend could be detected as a function of the original position in the cast bars (i.e., specimen
number).
A number of linear reloading segments (between 4 and 41) were detected in the Cus4ssZrsesAl7 stress-strain curves,
whereas generally none was found in the Cuss.sZrs15Al7Ys stress-strain curves (Figure 2(a)). Figure 2(b) is a working
example of the procedure used to identify and interpolate these reloading segments.
The stress/strain slopes E,” of the reloading segments show a large dispersion (even if values obtained from segments
with less than 10 data points were discarded) and no evident trend in respect to the reloading sequence or to the
specimen origin; nevertheless, the E,” (mean + standard deviation 80.0 + 15 GPa) range roughly overlaps that of the
elastic modulus E values (87.0 = 5.9 GPa) measured in the same tests.
The apparent drops of elastic energy per unit volume (AUg) occurring during each stress drop show a linear correlation
with the apparent plastic deformation increments Ae,, considering a relationship of the form AU= Ae,. It can be found
that B = 800 mJ/mm? (Figure 2(c)).

B. Fractography

All the A (CusssZrassAl7) specimens broke in two fragments, separated by an oblique plane, which, in six out of seven
cases, was tangent to one specimen edge, probably due to the already mentioned edge stress concentration. The overall
mean value of the y angles (Table I) is 42 deg and, assuming a Mohr—Coulomb yield criterion, corresponds to an
internal friction coefficient a, = 0.11. This is consistent with previous results, regarding both the influence of the edge
stress concentration®® and the Mohr—Coulomb yield criterion.** %!

On the contrary, all the B (Cu4ssZrs15Al7Ys) specimens broke in a large number of small fragments; this can be
classified as a ‘‘fragmentation fracture,”” previously found in several BMGs and recently studied in more detail; !
even if this type of fracture has not been completely understood yet, it is believed that dynamic effects (i.e., shock
waves triggered by the earlier fracture events) play a major role and that the fracture can take place under local tensile
stresses.®® The fracture surface of the examined CusssZrassAlr A7 specimen consists almost completely of a single
shear fracture plane (Figure 3(a)), showing the veinlike pattern (Figure 3(b)). A vein pattern is generally believed to be
formed by the viscous flow occurring in a thin layer (shear band) of material softened (or even melted, in the final
fracture stage®) by the heat produced by localized shear deformation. A handful of intersections between the dominant
strong shear fracture plane and other minor ones are also detected, appearing as surface steps with secondary cracks on
part of their edges (Figures 3(c) and (d)). In most cases, the vein pattern seems to continue through the step edges. In
one case, apparently melted and resolidified material is found at the opening of a secondary crack (Figure 3(c)), which
is probably the opening of an intersecting minor shear band. It may be concluded that this was formed by material
melted in the minor shear band and then spilled out (and resolidified) when the latter was cut by the dominant fracture
surface. This would be consistent with previous observations of both large temperature rise and melting on BMGs’
fracture surfaces.**® Finally, in one case, a series of apparent shear bands are found close to the tip of a secondary
crack (Figure 3(d)), being superimposed to the vein pattern. A tentative interpretation is that the deformation marks
formed in the crack-tip stress field of the minor crack when the material was still sufficiently hot to deform plastically,
the heat having been released by the main shear deformation band that caused the fracture.

The fracture surface of the examined CuasssZraisAl7Ys B2 specimen consists of facets of unequal dimension and
orientation (Figures 4(a) and (b)), often separated by secondary cracks (Figure 4(b)). These facets, in most cases, show
either a corrugated pattern with roughly aligned relief features (Figure 4(c), top and left), or a pattern consisting of
smooth areas separated by ridges and of protruding dimpled cones, generally situated at ridge ends (Figure 4(c), bottom
and right). The smooth areas outlined by the ridges often exhibit smaller surface steps (river lines), resembling the well-
known mirror-mist-hackle fracture, which is common in nonmetallic glasses!®® and has been recently observed in the
fragmentation fracture of Co-based BMGs.*®! A tentative interpretation is that the latter smooth pattern arises from a
normal (mode 1) opening, and the dimpled cones are the trace of the last elongated ligaments, whereas the former
corrugated pattern arises from a shear (mode I1) opening, with relief features aligned in the shear direction; intermixed
mode | and mode Il opening areas can be found in the same fracture surface due to the fragmentation fracture process.
The origin of the dimpled cones was investigated by performing polished and etched cross sections perpendicular to the
fracture surfaces (Figure 4(d)); it was ascertained that the dimpled cones correspond to the CuZr dendrites, thus
implying that the latter ones constitute the more ductile zones.

IV. DISCUSSION
The serrated flow observed in the CusesZrsssAlz (alloy A) BMG tested in compression is consistent with similar

phenomena previously noted in several BMGs of different compositions.'*** In particular, the reloading slope is, on
average, close to the elastic modulus, notwithstanding a very large dispersion; therefore, it is concluded that the overall



plastic deformation is formed by a series of discrete deformation bursts, alternated with intervals of elastic behavior.
Each deformation event may thus correspond to the transitory activation of a shear band.

The energy per unit volume irreversibly absorbed by the specimen during each of these events is theoretically equal to
the product of the (mean) flow stress and of the plastic deformation increment. This corresponds to the energy density
drops plotted in Figure 2(c) as a function of the extent of individual increments. The straight line representing the
ensemble of points has a slope of 800 mJ/mm®. This figure expresses the volumetric energy density per unit
deformation. The deformation here is only apparently plastic since the overall elongation is actually due to several
elastic serrations each followed by a stress drop. Remembering that the elastic deformation before yielding is around 2.3
pct, the preceding figure corresponds well to the actual flow stress of the order of 1850 MPa.

Let us consider now the set of AU values in the ordinate of Figure 2(c) going from 4.75.10° to 5.10* Jm™. These are
computed with reference to the volume of the sample (30.9 mm®) and, therefore, correspond to absolute values of
energy from 1.47.10%to 1.54.10° J. Assuming that serrations occur because of activation of shear bands, and recalling
that according to Lewandowski and Greer™ the energy content of a shear band in a Zr-based alloy is of the order of
2000 Jm?, it is deduced that the extremes of the AU values must refer to areas of 7 and 0.8 mm?, respectively. The
cylinders used for testing in the present work have areas of 5.72 mm? Supposing that the shear band moves on a plane
with the same 42 deg inclination with respect to the compression axis, the area it can span is 10.3 mm? Therefore, in
correspondence to the higher amounts of energy release, the shear band should extend to a substantial part of the
sample, whereas for the lower amounts here detected, it will span less than one-tenth of the sample.

The hardness and the compressive strength in the two examined alloys of the Cu-Zr-Al system are almost equal,
notwithstanding the CuZr crystalline phase fraction and the Y alloying addition of the B alloy; yet, as it regards the
plastic strain-to-fracture, the possible differences among the two alloys could not be clarified due to the large data
dispersion (epmax varying from 0.25 to 1.10 pct).

On the other hand, it was ascertained that either the Y addition, the crystalline phase fraction, or both suppress the
occurrence of serrations in the stress-strain curve and modify the final fracture mode, yielding a large number of
irregular fragments. Also, the appearance of the fracture surface is modified, yielding both supposed mode-I (normal)
and mode-1l (shear) fracture opening areas, the former exhibiting dimpled cones generated upon fracturing the
crystalline phase. The lack of serrations suggests that alloy B undergoes a more homogeneous deformation, which may
arise from a much larger number of much smaller microscopic deformation events, none of which can be individually
detected by the test apparatus here employed.

The fragmentation fracture behavior of the Y alloyed material may derive from different causes, including its
microstructural inhomogeneities; e.g., the formation of the crystalline phase may have been associated with freevolume
inomogeneities in the amorphous matrix, which in a recent study on Co-based BMGs has been proposed as possible
multiple crack initiation sites causing a fragmentation fracture.*”

V. CONCLUSIONS

The CusessZrassAlz BMG tested in compression exhibit an almost elastic—perfectly plastic behavior, with a limited
plastic deformation (up to 0.015) occurring through a series of discrete deformation bursts (serrations), each attributed
to the transitory activation of a shear band. The fracture strength is close to 1850 MPa. The fracture occurs on one
dominant shear plane, showing a veinlike pattern. However, minor shear bands also occur and can be cut through by the
dominant shear plane; these shear band intersections can be decorated by melted and resolidified material, which
probably melts inside the minor band and then spills out and resolidifies when the same band is cut. This phenomenon
is consistent with previous observations of both large temperature rise and melting on BMGs’ fracture surfaces.

Careful analysis of the serrations obtained during deformation of the ternary amorphous alloys allows estimation of
their energy content and relates it to the portion of the sample where the shear band operates.

The partially crystalline CusssZra1sAl7Ys BMG does not show serrations and exhibits a fragmentation fracture with
distinctly different fracture surface morphologies (with supposed mode-I normal and mode-I1 shear opening regions);
hence, it is hypothesized that in this alloy a larger number of weaker shear bands, none of which becomes dominant, are
produced.
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Fig. 1—X-ray diffractograms (a) of the fully amorphous CuygsZ-
ry6.sAl; alloy and (b) of the partially crystalline Cuyg sZry sAl;Ys al-
loy, the latter showing diffraction peaks belonging to the CuZr
phase.
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Fig. 2- Qs static compression tests. (@) Details of the engineering

curves of CusssZre <Al and Cug <774 sA LY specimens, () xdent.

fication and interpolation of the releding segments in the Cug <Z-
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Fig. 3—Fracture surface of the Qu Zry, Al A7 specimen afler quaststatic monotonk comprasson test. (a) Overall view and (5) typical vein-
like pattem. Isolated shear band miersections: (¢) with melted and resolidified materizl and (d) with deformation lines apparently superimposed
on the vein pattem.

Fig 4—Fracture surface of the Cuu s Zrq sAlyY s B3 specimen afler quasistatic monotonic compression Lest. (a) Low magnification overall view,
(b) and (o typical pattem al meressing magmfications with supposed mode [ (¢, top) and mode I (¢, bottom) fraclure areas, and (d) polished
and etched cross section cut trough a mode I fracture area
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