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Abstract

The structural changes and mechanical properties of ZresCu22FesAlio bulk metallic glass (BMG),
and a ZresCuz27Ali0 glass made for comparison, were studied on annealing below the crystallization
temperature. The phase composition of the samples was studied by conventional X-ray diffractometry
and high-resolution transmission electron microscopy including the atomic-scale elemental mapping. The
samples were mechanically tested in compression. The ZrssCuz2FesAlio bulk metallic glass shows high
strength and good deformability at room temperature both in the as-cast state and after prolonged
structural relaxation below the crystallization temperature. The reasons for such behavior are discussed

in the present work.
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Metallic glasses (MGs) [1,2], particularly bulk metallic glasses (BMGs) [3,4] produced by casting [5]
or other methods [6], attract significant attention because of their high strength, high hardness, good
wear resistance [7] and large elastic deformation [8,9]. Although most BMGs lack plasticity even in the
as-cast state, there are several examples of monolithic BMGs with significant plasticity [10,11].

Typically, annealing of BMGs in the temperature range starting from about 200 K below 75 causes
structural relaxation [12] and embrittlement [ 13]. For example, significant embrittlement of the
Zrs2.5Cui17.9Ni14.6Al10Tis BMG was found in the temperature range 373-573 K [14]. Reduction of the excess
volume upon annealing can drastically embrittle metallic glasses by shrinking the plastic zone at crack
tips [15]. Hypoeutectic Fe-B glasses are reported to be sensitive to thermal embrittlement when B begins
to saturate the corresponding atomic cages in the disordered iron network [16]. It was also shown that
Cu-Zr-Al alloys are not sensitive to thermal embrittlement [17] owing to the formation of ordered
nanoscale areas and deformation-induced crystallization in the annealed glass. Similar ordered zones
were found in annealed Cu-Hf-Ti-Pd glassy alloys [18].

Here we report on a Zr-based BMG which is not prone to thermal embrittlement under low-
temperature annealing, yet remaining fully amorphous.

Ingots of ZresCuz7Ali0 and ZresCuzFesAlio (at.%) alloys were prepared by arc-melting high-purity
(>99.9 mass.%) elements in a Ti-gettered Ar atmosphere. Rectangular rods of 2x2 mm section and
several centimeters long were formed by injection-casting into a copper mold.

The density of the BMG samples was measured by the Archimedean method in liquid
tetrabromoethane. The phase composition of the samples was checked by conventional X-ray
diffractometry (XRD) with monochromatic CuKo radiation, while thermal stability was tested by
differential scanning calorimetry at a heating rate of 0.67 K s,

Rectangular samples 4 mm long and 2x2 mm cross section with parallel polished ends cut from
the as-cast and annealed samples were tested mechanically in compression using an Instron 5581
universal testing machine. Vickers microhardness (/) was measured at 2.94 N load with 15 s

indentation time, while each quoted value is an average of at least 10 independent measurements. The



95% confidence interval was determined using the student’s distribution (£). The value of ¢is a function

of the desired significance level g = 0.05 at /-1 degrees of freedom.

Transmission electron microscopy (TEM) observation of the samples was carried out using JEOL
JEM2010F and FEI Tecnai Osiris microscopes with field-emission gun TEM/STEM facilities operated at 200
keV, the latter one equipped with Super-X windowless EDX detector. The samples for TEM were prepared

by Ar ion polishing with a liquid-nitrogen cooling system.

Thermodynamic calculations of the phase diagrams were performed using the Thermo-Calc
software dataset taken from Ref. [19].

The as-cast samples were found to be fully glassy (Fig. 1la, insert). The relaxation and
crystallization behavior was studied by DSC (Fig. 1) and found to be very similar for both alloys. For
example, 7; values of 664 and 665 K were obtained, respectively, for Zrs3Cu27Al10 and ZresCuz22FesAlio. As
in the case of other Zr-Cu-system metallic glasses [20,21] the structural relaxation process starts at a

reduced temperature 7r about 200 K below 7.

Fig. 1b shows the mechanical properties of both alloys at room temperature. The Zr-Cu-Al alloy
was quite brittle even in the as-cast state, while the Zr-Cu-Fe-Al alloy shows room-temperature plasticity
even after annealing at a high temperature close to 7g. No clear difference in the deformation behavior is
found. The magnitude of each stress drop as a function of strain is shown in Fig. 2c. The arrow shows a
transition from a deformation process proceeding by multiple bands to shear localization in a dominant
shear band [22]. As it is a stochastic process [23] the formation of a dominant shear band takes place at
different strain values but a transition threshold at about 25 MPa of the stress drop magnitude is seen in

all samples. The ZrezCuz7Alil0 BMG remains brittle after annealing.

The sample annealed at 623 K showed almost identical deformation behavior to the as-cast one
(Fig. 1b,c). SEM observation showed (Fig. 2) that, in case of the annealed samples, the minor shear
bands are localized in the vicinity of a dominant shear band which led to fracture, while in the as-cast

sample the shear bands are more widely distributed within the lateral surface of the broken sample.

The density and length changes of the studied alloys upon annealing nearly 25 K below 75 are

shown in Table 1. At a relatively large sample length of about 30 mm the precision in length-change
3



measurements is better than that in density changes. Both samples show densification after annealing,
though the densification process in both density and length changes is slower in the case of the
quaternary alloy. No detectable length changes were found after annealing at 573 K. The Vickers
microhardness of the ZresCu2:FesAlio glassy alloy changes from A 502+8 in the as-cast state to A
489+4 after annealing at 573 K for 1 h and A 489+5 after annealing at 623 K for 1 h. A small decrease
in the Vickers microhardness is correlated with the value of yield stress, decreasing from 1560 MPa in the
as-cast state to 1540 MPa after annealing at 573 K for 1 h and to 1500 MPa after annealing at 623 K for

1 h (Fig. 1b).

The structure of ZresCuxFesAlio was also studied by transmission electron microscopy in the
annealed state (623 K, 1 h). The as-cast structure looks homogeneous (Fig. 1), while some
inhomogeneities with a characteristic lengthscale of about 10 nm are clearly observed in the large-scale
HRTEM image (Fig. 2e) obtained after annealing at 625 K for 1 h, though the structure remains clearly

glassy without any traces of crystallinity (Fig. 2f).

Fig. 3a-d shows the atomic elemental maps of the Zr-Cu-Fe-Al sample annealed for 1 h at 623 K
produced using EDX technique. An inhomogeneous antiphase spatial distribution of Zr and Cu elements is
clearly seen. As marked with the circles, local maxima of Fe content also correspond to local minima of

Cu content which is expected from the slightly positive mixing enthalpy for this atomic pair.

A statistical analysis (Fig. 3e-h) indicates that all elements are distributed inhomogeneously (a
bimodal distribution is observed) while Al atoms are rather randomly distributed in the map as its content
follows a single-mode Gaussian distribution.

Separation into Zr- and Cu-rich areas (Fig. 3) is unusual taking into account the negative mixing
enthalpy in this system of about —17 kJ mol~ at equiatomic composition and —12 kJ mol at 3:1 Zr to Cu
ratio in liquid state [24], and no other local minima in this system except for the central one. However, a
non-monotonic behavior of the mixing enthalpy was found in a Zr-(Cu+Al) section of ternary Zr-Cu-Al
system [19]. In order to explain the observed separation, thermodynamic calculations were made and
indicated the existence of the metastable miscibility gap in Zr-Cu-rich area of Zr-Cu-Al system as shown

Fig. 4. Even though there are no atomic pairs with a positive mixing enthalpy in the Zr-Cu-Al system,



phase separation still can take place in the case of sub-regular solutions. The calculated Gibbs energy of
formation at 273, 373 and 473 K for the metastable liquid of the Cu-Zr binary system indicates a slight
curvature change at low temperatures on the Zr-rich side, which indicates a tendency for phase
separation into CuZr- and Zr-rich phases. This is not the case in Al-Zr or Fe-Zr binary alloys. Phase
separation was also observed earlier in a Zr-Cu-Fe-Al alloy on annealing in the supercooled liquid region
and at that time was believed to be a result of Cu-Fe interaction with positive mixing enthalpy [19]. It is
likely that Fe having a positive mixing enthalpy with Cu further promotes the low-temperature phase
separation process. The onset of phase separation was also observed in Zr-Cu-Fe-Al alloy on mechanical
cyclic loading before crystallization [25]. The tendency for Cu and Fe to separate is also seen on the

atomic distribution maps in Fig. 3.

Zr-Cu-Fe-Al bulk metallic glasses [26,27] do not contain pre-existing nuclei, and crystallize by
nucleation and growth type reaction. The embrittlement of metallic glasses upon annealing is associated
with a reduction in the excess “free” volume [28] or reduction in the Poisson’s ratio [29,30], thus
degrading its capacity for plastic flow. Although the majority of metallic glasses embrittle on heating
during structural relaxation, here it is found that the ZrssCux:FesAlio alloy is insensitive to thermal
embrittlement in the relaxed state. Moreover, one can observe a slight decrease in hardness and vyield
strength even though the samples are reduced in length and volume on relaxation. The observed
increase in density of about 0.2 % is again quite typical for the relaxed Zr-based bulk metallic glasses

[31].

It is proposed that such behavior in the Zr-Cu-Fe-Al alloy is connected with the nanoscale phase
separation within the glassy phase which is confirmed by the elemental mapping in TEM (see Figs. 2 and
3) and suggested by thermodynamic modeling (Fig. 4). Aluminum is rather homogeneously distributed
while other elements, especially Zr and Cu, exhibit clearly an inhomogeneous spatial distribution (Fig. 3).
The distribution of Fe is also inhomogeneous. The reason for homogeneous distribution of Al is unclear,
though Al was also found to be insensitive to variation in Zr and Cu content on the boundary between the
metallic glass and surface oxide [32]. On the other hand the addition of Al was found to be the reason
for the non-monotonic behavior of the mixing enthalpy found in a Zr-(Cu+Al) section of ternary Zr-Cu-Al

system [19].



Phase separation is observed in many metallic glasses. In many cases, it is caused by positive
mixing enthalpy between a couple of alloying elements [33]. Phase separation was found to improve
plasticity of the Zr-Cu-Co-Al [34] and Cu-Zr-Al-Co [35] bulk metallic glasses in the as-cast state
(nanoscale phase separation) and can be a possible source of good plasticity of Zr-Cu-Ni-Al BMGs [36].
Also, in view of the current results, it is not clear whether phase separation in the Zr-Cu-Co-Al and Cu-Zr-
Al-Co alloys was caused by positive mixing enthalpy in the Co-Cu atomic pair. Also, inhomogeneous
binodal-type phase separation was observed in the CussZrssAlzAgz [37] and CussZrssAlsAgs bulk glassy
alloys on heating [38]. The phase separation in the as-cast Cu43Zr43AlzAgz bulk metallic glass was related

to its good plasticity [37], yet the latter BMG did not show plasticity after annealing [39].

Phase separation was observed in Ni-Nb-Y glasses on cooling [40] and by severe plastic
deformation [41] owing to repulsive Nb—Y atomic interaction, but these alloys did not show significant
plasticity. Pd-Ni-P [42] and Pd-Ni-Si-P glassy alloys [43] also showed some chemical inhomogeneity and,
while the later alloys are deformable in compression, the former alloys are usually brittle and become

ductile at high Ni content [44].

Rather surprisingly, structural inhomogeneity was observed in the nearly eutectic FesoZrio metallic
glass [45] and in the ZrsoCuso one [46] on annealing below the crystallization temperature. Phase
separation is not expected in these systems with strongly negative mixing enthalpy between the
constituent elements. What is the thermodynamic stimulus of such a phase transformation? For example,
the enthalpy [47] and Gibbs free energy [48] curves in the Zr-Cu system as a function of composition
have a monotonic character. By analogy with our recent work on Ti-based alloy [49] one can suggest
that chemical inhomogeneity in these alloys is caused by local chemical ordering within the incubation

period as a trigger for nanocrystallization of a glassy phase or highly supercooled liquid.

However, phase separation into Y-rich and Zr-rich amorphous phases found in the Cu4eZra7-xY,Al7
alloys above 15 at.% Y content caused extreme brittleness of the samples while the single-phase
amorphous alloys at x = 2 and 5 were ductile in compression [50]. Phase separation in a Fe4oNisoB20 alloy
did not prevent its embrittlement [51]. Although the CusoZra: metallic glass shows phase separation on
annealing at 710 K (at about 50 nm of the characteristic lengthscale) its strain to fracture values drop

drastically after some seconds of annealing.



Interaction of shear bands with structural inhomogeneities in the form of crystalline nanoparticles
precipitated from the glassy matrix was systematically analyzed in Ref. [52]. At a particle size below 35
nm the absorption mechanism was suggested to be predominant, that is the shear bands propagate
though such a structure basically in the same way as through the monolithic glassy phase. However, as
the propagation speed of the shear bands was not determined it is possible that such a composite
structure leads to a decrease in the shear-band propagation speed. Also, no clear difference in the
morphology of shear bands can be seen from Fig. 2 between the as-cast and the annealed sample. Only,
in the annealed sample the shear steps on the surface made by shear bands are more concentrated in

the area close to the dominant shear band formed at the later deformation stage.

Thus, one could suggest that a number of factors: the lengthscale of the separated area as well
as the elastic and plastic characteristics of the separated regions determine the plasticity of the samples.
The variation of the composition causes variation in density and properties: the local shear modulus and
Poisson ratio are also different in these areas of different composition. It is known that Cu-rich BMGs are
in general harder and less plastic than Zr-rich, and phase-separated areas should have different
mechanical properties [9]. The elastoplastic crack-tip instability of relaxed glasses was suggested to
cause thermal embrittlement of metallic glasses [53]. Following that, one can suggest that the absence of
embrittlement and even softening observed in the alloy is connected with the phase separation
lengthscale of ~10 nm. This lengthscale exactly corresponds to the suggested thickness of the shear
bands [54], though the affected region by the excess volume diffusion can be larger [55,56]. Larger
phase separation lengthscales, such as ~50 nm found in the Cu4eZra7xYxAl7 alloys, are harmful from the

viewpoint of high plasticity [50].

In conclusion, the studied Zrs3Cu22FesAlio metallic glass, even in the relaxed state, exhibits nearly
as high plasticity as in the as-cast state. Also, no hardening but even mechanical softening is observed
after annealing even though the samples showed a reduction in size and volume typical for fully relaxed
Zr-based alloys. The reason for such behavior is connected with nanoscale phase separation at about 10
nm lengthscale within the glassy phase which is comparable in size to the thickness of shear bands.

Formation of Cu- and Zr-rich areas on annealing at low temperature is also suggested by thermodynamic



calculations while Al is homogeneously distributed. Fe is also placed in antiphase with Cu and likely

further promotes phase separation.
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Figure captions

Fig. 1. (a) DSC traces of both alloys. The insert shows an HRTEM image together with the SAED
pattern of the Zrs3Cu22FesAlio BMG in the as-cast state. (b) Engineering compressive stress-strain curves
of the Zre3Cuz7Al10 (as-cast) and ZresCuzzFesAlio (as-cast and heat-treated, as indicated) glassy alloys. (c)

The magnitude of stress drops in the stress-strain curves after yielding as a result of each serration.

Fig. 2. SEM images of the lateral surfaces of the as-cast sample (a,b) and the sample annealed at
623 K (c,d) after fracture. (a,c) are obtained near the fracture surface and (b,d) at a distance from that.
HRTEM images of the Zr-Cu-Fe-Al sample annealed for 1 h at 623 K (e) at low magnification together

with a SAED pattern, insert and (f) at high magnification.

Fig. 3. (a-d) The elemental maps for Zr, Cu, Fe and Al, respectively, plotted for the Zr-Cu-Fe-Al
sample annealed for 1 h at 623 K. (a-d) Frequency distribution of the concentration of the constituent
elements Zr, Cu, Fe and Al, respectively, obtained from the data shown in Fig. 4. Zr, Cu and Fe show
bimodal distributions while Al rather follows a single-mode Gaussian distribution. Some variation from the
exact chemical composition is observed owing to calibration difficulties of the EDX machine.

Fig. 4. () Calculated metastable phase separation region of a highly supercooled liquid in the Al-

Cu-Zr ternary system at different isotherms ( 7= 200, 300, 400 °C, i.e. 473, 573 and 673 K). There is no
11



miscibility gap above ~430 °C. (b) Calculated Gibbs free energy of formation at 273, 373 and 473 K for

the metastable liquid of the Cu-Zr binary system. Thermodynamic data are taken from [19].

TABLES

Table 1. The density (p) values of the studied alloys in the as-cast state (ac) and after annealing (an) as
well as the corresponding percentage changes (A%) of the samples annealed at 640 K for 1 and 2 h, as

indicated. The measurement error for the density values is +0.003 g cm=3.

Alloy (1 h) pac, g CmM> | panl", g cm3 (A%) | pan®, g cm (A%)
Zrs3Cu27Al10 6.664 6.683 (+0.29 %) 6.688 (+0.36 %)
Zre3CuzzFesAlio 6.635 6.643 (+0.12 %) 6.651 (+0.24 %)

Table 2. The length (L) values of the studied alloys in the as-cast state (ac) and after annealing (an) as
well as the corresponding percentage changes (A%) and approximate volume change (Al%%) of the

samples annealed at 640 K for 1 and 2 h. The measurement error for the length changes is +0.001 mm.

Alloy (1 h) Lac, mm Lan™™, mm (A%) ~A AN % Lan®", mm (A%) ~A Y%
Zre3Cuz7Al10 30.271 30.246 (-0.08%) | -0.25 % 30.243 (-0.09%) | -0.28 %
Zre3Cuz2FesAlio 30.005 29.986 (-0.06%) | -0.19 % 29.984 (-0.07%) | -—0.21 %
FIGURES
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Fig. 1. (a) DSC traces of both alloys. The insert shows an HRTEM image together with the SAED
pattern of the Zres3Cuz2FesAlio BMG in the as-cast state. (b) Engineering compressive stress-strain curves
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of the Zrs3Cu27Al10 (as-cast) and Zrs3Cu22FesAlio (as-cast and heat-treated, as indicated) glassy alloys. (c)
The magnitude of stress drops in the stress-strain curves after yielding as a result of each serration.

)

5 (e)

Fig. 2. SEM images of the lateral surfaces of the as-cast sample (a,b) and the sample annealed at
623 K (c,d) after fracture. (a,c) are obtained near the fracture surface and (b,d) at a distance from that.
HRTEM images of the Zr-Cu-Fe-Al sample annealed for 1 h at 623 K (e) at low magnification together
with a SAED pattern, insert and (f) at high magnification.

14



y axis (nm)
L

y axis (nm)
.
&

Zr

o
atomic percent of Zr Signal
- r
W Fg -
w4 " m
L '\n ] 5
o il 5
v ' . A gy
-::! -“ [ .':‘ N
- A
. - ."-'.‘f ’
5k B weorhe
R R b ik s
o N o
» . Ty = -
1 - ‘,F'*.. e
- ] B L 1
- Lt " 4o
o= e S
S R T
35
Fe
12
atomic percent of Fe Signal
[ _4_. e -
1° -
DG fi-
|t
BEI:
g
. = > - 8
L F. A -
. s
. ’

Counts

180

Counts

[ (9 Fe

at% Fe

R’= 0.98725

Counts

[}

10

Cu

atomic percent of Cu Signal

RGE‘J

b
. |

20 107 40

e |
E vt

j s - i 2 =
kT f‘~ :l_ ';@ L =
B

25
atomic percent of Al Signal ’
. s
8- gt A=
" gl %
- . 8
e
- L
i
- . 1 4
y |
™ 3
. 3
o D 20 3 & % 6 7w & iy
x anis (nm)
250
R'=0.99014

(f) Cu

at% Al

Fig. 3. (a-d) The elemental maps for Zr, Cu, Fe and Al, respectively, plotted for the Zr-Cu-Fe-Al
sample annealed for 1 h at 623 K. (e-h) Frequency distribution of the concentration of the constituent
elements Zr, Cu, Fe and Al, respectively, obtained from the data shown in (a-d). Zr, Cu and Fe show
bimodal distributions while Al rather follows a single-mode Gaussian distribution. Some variation from the

exact chemical composition is observed owing to calibration difficulties of the EDX machine.
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metastable liquid miscibility gap in Al-Cu-Zr
2019.01.16.16.02.39
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Fig. 4. (a) Calculated metastable phase separation region of a highly supercooled liquid in the Al-
Cu-Zr ternary system at different isotherms (7 = 200, 300, 400 °C, i.e. 473, 573 and 673 K). There is no
miscibility gap above ~430 °C. (b) Calculated Gibbs free energy of formation at 273, 373 and 473 K for
the metastable liquid of the Cu-Zr binary system. Thermodynamic data are taken from [19].
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