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The effect of the partial substitution of Al for Ag in the glass forming ability (GFA) of the
Zr, ,Co, Al . Ag (x =8, 10, 12, and 14 at. %) family alloy are reported and discussed.
Cylindrical and conical ingots were obtained using the suction casting technique. It was found that
the Zr_, . Co,, ,,Al,,,Ag,, alloy showed a glassy structure, with a critical glassy diameter, D , of 2 mm
and AT = 41 K. The bulk metallic glass Zr, ,,Co, Al , Ag,, alloy was examined using scanning
electron microscopy, differential thermal analysis and mechanical compression test. This alloy showed
a Young's modulus (E) of 76.4 GPa and yield strength (Gy) of 1.58 GPa. The Glass Forming Ability

ofthe Zr_ _Co, . Al

57.52 21.247 779.24

and kinetic fragility index of the alloy.

Ag , was explained in terms of the topological model of dense packed clusters
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1. Introduction

The Zr-based bulk metallic glass alloys are characterized
by high strength (1.5 GPa), high elastic strain limit (~ 2%)
and relatively low Young’s modulus (50 - 100 GPa) and
excellent corrosion resistance. Therefore, these alloys have
already found some potential applications in the industry’.
On other hand, the high corrosion resistance and low in-vitro
cytotoxicity of Zr-Co-Al-Ag bulk metallic glasses (BMGs)
suggest an initial biocompatibility for biomedical applications?.

Zhang et al. reported the partial substitution Co for Ag
in Zr53C023.5—XA123.5
mold casting technique®. They identified the best glass forming
ability (GFA) atx =5 (Zr;,Co , Al
diameter (D ) of 10 mm, but with further increments of Ag

Ag (x=0,1,3,5,7,9at %) using copper
Ag,), which a critical

content, D decreased down to 5 mm, for x =7 and x = 9.
This alloy demonstrated the sensitivity of small changes in
chemical composition on the glass forming ability.

In order to explain the glass forming ability in metallic
glasses, criteria based on transformation temperatures have
been proposed, such as AT =T -T, parameter, among many
others*®. However, such parameters can only be calculated
after the glassy phase has been experimentally obtained. Also,
theoretical formulations have been proposed to explain and
calculate the glass formation in alloy systems, such as the
topological model of densely packed clusters’™. This model
has claimed to help designing the chemical compositions of
any alloy with high GFA. The topological model is based on
a sphere-packing scheme (solute-centered clusters occupying
an fcc cluster unit cell) and includes the calculation of three-

* e-mail: borjas.ce@gmail.com

dimensional coordination number NT, which is obtained for
aradius ratio, R, for maximum packing efficiency’. Base on
the model the packing efficiency can be calculated from the
chemical composition and cluster unit cell length®”.

On the other hand, Angell has introduced the concept of
fragility, which is defined as the increasing rate of the viscosity
of a supercooled liquid at the glass transition temperature,
during the cooling process. From this concept, the term
“kinetic fragility, m”, was proposed as a good indicator of
metallic glass formation. The magnitude of m, is defined in
terms of the shear viscosity!'®!!:

o dlogn(T) (1)
dlog(T,/T)|,_,

Therefore, m is an index that shows how fast the viscosity
increases while approaching the structural arrest at T, the
temperature at which the viscosity n= 10> Pa s °. The kinetic
fragility index, m, was used as a glass forming parameter,
being calculated as follows'%:

m=12(%,+067) (2)

where, m is the kinetic fragility index, K is the bulk
modulus (GPa) and G is the shear modulus (GPa).

Form the resulting value of m, the glass-forming liquids
can be classified into strong and fragile liquids. The upper and
lower limits of parameter are theoretically estimated between
16 for ‘strong’ systems with high glass forming ability and
200 for “fragile’ systems with low glass forming ability'>.
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The topological model of densely packed clusters and
the kinetic fragility index, m, have been used in the design
of BMG in quaternary alloys systems'®. Based on these
models, several Zr-Co-Al-Ag alloys were calculated, and
the effect of the partial substitution of Al for Ag in the glass
forming ability was experimentally investigated. In this work,
the GFA is explained in terms of the topological model of
densely packed clusters, kinetic fragility index and thermal
parameters. In addition, the mechanical properties for the
Zr, ,Co, ,,Al,, Ag,, glassy alloy are presented.

2. Theoretical calculations and experimental
procedure

2.1 Theoretical chemical compositions
calculations

Chemical compositions of the Zr-Co-Al-Ag system
were calculated using the topological model of densely
packed clusters’™. First, the calculations of atomic radii
ratios, R = r/r,,, between the solute atoms, r, (i=oa,pand
y) and solvent atoms, r,, were carried out. Depending on
the R value, the number of coordination, N, was calculated
using equations (3-5).

NT = 4n

;
6 arccos(sin(%)[l — ﬁr) -
0.225 <R < 0.414 (3)

4T

_L
8 arccos(sin(%)[l — ﬁ]z ) -2
0.414 <R < 0.902 (4)

NT=

4

10 arccos(sin(%)[l - ﬁr) —3r
0.902<R (5)

NT=

For the quaternary system, it was considered that each
atomic specie was accommodated in its corresponding place
of the fcc cell clusters. Therefore, the number of solvent
atoms, N, was calculated as follows’:

No

No=—5 (6)
12
1+

where, N_is the number of coordination calculated with
equation (4).

The chemical composition was obtained with the total
number of atoms resulting from the sum of N+ la + 1§ +
2y, because in the fcc packing, there is 1 8 site and 2 vy sites
for each a site®. The a and B concentrations are the same
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and it is possible to obtain various chemical compositions
considering different positions of the solute atoms in the
cluster cell.

2.2. Efficiency packing calculations

In order to determine the cell cluster volume, V__ for

cell”
each calculated composition, equations (7-9) were used’.
The d_ ., d_, .. ¥ d_,,,. distances were compared and the
distance of greater magnitude, A , was used to calculate the

cell cluster volume, A *.

dow = 21/ (Rat 1/ =3+ /(Re+ 17 - 3] (7)

—
deipo> = 4rQ|:\///(R& + 1)2 _%] (8)

\/(Ra+1)2—%+\/(RB+1)2—%+

d<ins = 2ro 4 (9)
2,/(R, +17 -4

where, R , Rﬂ y RV are atomic radii ratios of r/r,, i =
a, B and y.
The packaging efficiency value, EP, is directly proportional
to the glass forming ability. EP is calculated as follows:
Vi
EP =<

cell

(10)

where, V, is the volume of the atoms in the fcc cluster
celland V_ is the volume occupied by the cell clusters.

2.3. Fragility index calculation

The fragility index for the calculated composition was
obtained with equation (2). The values of bulk modulus, K
(GPa) and shear modulus, G, (GPa) were determined with the
“rule of mixtures” '* and finally, the calculated compositions
were classified according to the resulted m value obtained
from the equation (2).

2.4. Experimental procedure

Alloy ingots with nominal composition of
Zrg, ,Co, , Al ,, Ag (x=38,10, 12 and 14 at %) were
prepared from elemental metals of pure Zr, Co, Al, Ag
(purity > 99.8) by arc — melting, under a Ti gettered Ar
atmosphere. The ingots were remelted five times to ensure
chemical homogeneity. The alloy compositions represent
the nominal values since the weight losses in melting were
negligible (<0.1 %). Conical alloy ingots of length 30 mm,
minimum diameter of 1 mm and maximum diameter of
8 mm, were produced by copper mould suction-casting
within the argon arc furnace. Similarly, ingots of 2 mm in
diameter and 37 mm length were produced. The conical
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ingots were cut crosswise in 2 - 3 mm of diameter and
verified by X-ray diffractometry by means of a Siemens
D5000 diffractometer using Cu Ka radiation to determine
the critical glassy diameter, D . Cylindrical samples were
used for compression test, being performed at a strain
rate 0f 0.016 s™!
room temperature. Scanning electron microscopy (SEM)
JEOL JMS 600 equipped with an energy dispersive X-ray
spectrometer EDX was used for elemental mapping

, using a Zwick Roell testing machine at

(chemical homogeneity) and microstructural analysis;
thermal behaviour was investigated by using a differential
scanning calorimeter TA instruments SDT-Q600 in a flow
of argon atmosphere at a heating rate of 0.67 K s™'.

3. Results and discussion

3.1. Glass formation

Figure 1 Shows the conical and cylindrical ingots
obtained by the suction casting technique. The suction
casting technique is normally used in order to obtain a
glassy phase and has been used by other scientists'> 6.
The ingots showed metallic luster, which indicates that the
preparation process did prevent the oxidation of the alloys.
The Zr_, . Co

57.52 21. 24 9 24
mechanical testing and the conical ingots were useful for

Ag , cylindrical bar was useful for

determining the critical glassy diameter.

Figure 2 displays the X ray diffraction patterns of alloys
with 3 mm section. The patterns of XRD shows the presence
of sharp peaks in 20 ~ 30° - 50°, which indicates that the
alloys analysed have a partly crystalline structure.

Figure 3 shows the XRD patterns of cast alloys with 2
mm cross-section. The Zr, ., Co, , Al , Ag . alloy shows a
diffuse diffraction pattern localized between 20 ~ 35° - 50°
without a detectable sharp Bragg peak. Therefore, this alloy
can be considered as BMG with a critical diameter, D, of 2
mm. These showed that the substitution of Al for Ag increased
the glass formation for a silver content of 12 at %. However,

the rest of the alloys had partly crystalline structure.

Figure 1: Conical and cylindrical ingots obtained for suction casting.
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Figure 2: XRD patterns for Zr-Co-Al-Ag alloys of 3 mm cross-section.
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Figure 3: XRD patterns for Zr-Co-Al-Ag alloys of 2 mm cross-section.

Figure 4 shows an elemental EDS mapping taken from
the scanning electron microscope. The EDX analysis indicates
the chemical homogeneity in the Zr,, ,Co,, ,,Al,,,Ag,, lower
zone ingot (2 mm diameter). From this figure, it is evident
that no atomic segregation was found, the mapping shows a
homogeneous atomic distribution in the as cast bulk metallic
glass sample.

Table 1 shows the packing efficiency values, PE, for the
calculated compositions with the topologic model reported
in references 7-9. The different compositions resulted in the
position interchange of the solute atoms of the cell clusters.
Table 1, also includes the estimated values corresponding to
the fragility index. The Zr,, Al o Ag - Co, ,, calculated
composition showed the highest PE value (45.35%) and a
57.52Al10,62Ag10,62C021.24
alloy can be classified into the category of strong liquids,

fragility index close to 16. Thus, Zr

according to Angell’s classification'® ',
The Zr,, ,Ag,; ,AL10,CO

10.62 21.24 10.¢ 62 21 24
calculated compositions have the same fragility index

andZr,  Ag, ,Co
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Figure 4: EDX Mapping of Zr_, . Co, ,,Al

. 57.52721.04 9,24Ag12 BMG in 2 mm
cross-section.

Table 1: Compositions, packaging efficiency and fragility index
in Zr-Co-Al-Ag system

Chemical composition Paligr(iiger};y% Fragility index m
Zr57 oAL1060AL062C01 24 45.37 40.1
Zr; 19AL70A81070C0,, 4, 44.96 411
Zr, o AL,0.0 0,0 AL, 24 4337 40.1
Zrg; 14Al1720C0 0 10AL, 4 42.86 41.6
Zr 1238C01191Ag11v9]A123_g| 37.9 41.1
Zrg,34C0, 0 AL o Ay 37.8 416

value (40.1). However, for the Zr,, ,Ag, - Al - Co, ,, the

10.62 21.24

EP value was higher (45.37 EP %). This indicates that the
Zr Al Co, ,, couldhavea higher GFA. On other

57.52Ag10 62 10.62 21.24
hand, the Zr,  Ag, Al Co, ,, andZr Ag,,.,Co

57.52 10.62 21.24 57. 19 10 70 21.41
calculated compositions are practically the same, but

Zr Al _Co,, ., hadslightly higher GFA, according

57.52 glO()Z 10.62 21.24
to the EP % and m parameters.

The fragility index for Zr,, T1 Cu Ni, Be

12.5 22.5 (50)’
Zr, Ti, Cu,,Be,, .. (60) and Zr, Cu, N1 .Be

46. 75 825 27.5 (44)
glasses was higher than Zr-Ag-Al-Co (40.1) calculated

compositions. This indicates that the investigated compositions
have higher GFA. The values of m normally range from 20
to 70 for the BMGs'.

The Zr, ,Ag,, AL, CO

57.52 10.62 21.24

closedto Zr_ _Co,, Al

57.52 21.247 779.24
addition, the similarity in concentration of Zr and Co between

the Zr,  Ag Al Co

10.62 21.24
to Zr, Al Co,, reported ternary system with a near-eutectic

calculated composition is
Ag,, experimentally obtained. In

calculated composition respect

composition is significant’.
Figure 5a shows the thermal analysis of the
57 52C021 24Al9,24
1ndlcates the transformation temperatures, such as glass

Ag,, glassy alloy composition. This

transition temperature, Tg, crystallization temperature, T ,
melting temperature, T and liquidus temperature, T,. The
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crystallization peaks, P, and P, are clearly displayed. The
first crystallization peak is evident in the derivative curve
of heat flow, as shown in Figure 5b.
Table 2 shows the values of transformation temperatures
and the GFA parameters. The AT and D, values in
57 SZCOZI 24A19.24
has lower GFA regarding to reported glasses in the same
system, such as Zr_,Co,,, Al Ag (x=0,1,3,5,7,9)
family alloys, whose values are between AT = 52-69 K
and D_ = 3-10 mm’. However, the Zr_ ,Co, , Al , Ag,,
GFA is very similar to Zr,Co ,Al.LPdNb, BMG with
AT =37K".
Figure 6 shows the microstructural evolution depending on

Ag ,are 41 K and 2 mm, respectively. It

the conical diameter ingot of the Zr . Co, , Al .,

Itis also possible to observe qualitatively the suppression of

Ag ,alloys.

crystalline phases with decreasing longitudinal section due
to increase in the cooling rate. The advantage of casting in
a conical shaped mould is that the cooling rate varies for top
bottom, i.e. the cooling rate is much faster at thinner sections
that thicker ones, therefore, the study of the critical glassy
diameter is more precise. According to Figueroa, the cooling
rate for glass formation in sections of 2 mm is between
770 - 885 ks™!, for an Al-Cu alloys, obtained by means of
measuring the secondary dendrite arm spacing (v,)". It is
important to notice that although the alloys investigated in
this work are different, the cooling rate reported for the Al
based alloy could give a good approximation of the actual
system. In other words, the cooling rate is a function of
both the alloy composition and casting parameters used;
therefore, these rates give only an indication of the cooling
rate attainable when casting BMG's.

3.2 Mechanical properties

Figure 7 shows a compression stress-strain curve of the
Zr, ,Co, Al , Ag , bulk metallic glass. The yield stress
is similar to those reported for Zr-based glassy alloys (1.58
GPa)'. The compressive modulus and the elastic deformation
values were 76.4 GPa and 2 %, respectively.

The Young’s modulus (80.2 GPa) was calculated by the
“rule of mixtures” %, which is closed to the experimental
value (76.4 GPa). Both, the yield stress, 6, and the Young’s
modulus values were quite similar to those reported for Zr-
based multicomponent glassy alloys'*: Zr,.Cu Ni Al (1.4,
80), Zr,Ta,Cu NiAl (1.8, 96), Zr, ,Ti Cu, Ni Be,
(1.7, 97) -values given in GPa-.

4. Conclusions

It was possible to obtain the Zr, ;,Co,, ,, Al ,,

with glassy structure with the substitution of Al for Ag in
Co,,,, AL, ,, Ag (x=28,10, 12, and 14 at. %) family

57 52 21.247 721.24-x
alloy. The critical glassy diameter for the vitrified alloy was

Ag,, alloy



90 Soto et al.

T Zrg75500, 54Aly A9y,

Heat flow (a. u.) Exo —»

T T T ; T T T T
700 800 900 1000 1100 1200

Temperature K

Materials Research

Zrg, 5,C Al

0,1.24Al5 2491,

|b)

P2

N\

Dev. Heat flow (a. u.) - Exo —=

T T T
800 900 1000

Temperature K

T T
600 700

Figure 5: Thermal analysis of Zr-Co-Al-Ag BMG, with a D, =2 mm, at heating rate of 0.67 K s™'.

Table 2: Transformation temperatures and GFA parameters of the

Zr, ,Co, ,, Al Ag, BMG, witha D_=2 mm.
Transformation temperatures GFA parameters
T,K) T(K T, (K) T,X) AT (K) D, (mm)
710 751 1146 1197 41 2
Upper zone
Middle zone
Lower zone

Figure 6: Conical ingot microstructures observed by scanning
electron microscopy of the Zr, . Co,, ,,Al ,,Ag , BMG.

57.52 21.24 9.24

found to be 2 mm and AT =41 K. The criterion of compact
packing model was useful to determine the chemical composition
range in order to obtain a BMG. The Zr_, ,,Co, , Al | cAg
composition, theoretically calculated with this model presented
a high packing efficiency, which can be found between the
experimentally obtained partly crystalline Zr  Co, , Al , Ag
alloy and the fully Zr_ Co, , Al , Ag, vitreous alloy. In
this work, the usage of the compact packing criterion and
fragility index resulted rather useful in designing the chemical

composition for obtaining a bulk metallic glass.
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Figure 7: Stress-strain curve of the Zr_, . Co,, , Al

57.52 21.24 9.24Ag12 bulk
metallic glass (D, = 2 mm).
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