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The results of database based on the efficiency packed model for metallic glasses. The database
contains the atomic radii information as well as elastic properties of the most commonly used alloying
elements, permitting composition, packing efficiency and elastic property predictions to be made
for binary, ternary and quaternary bulk metallic glasses. Twenty different alloys per system (binary,
ternary and quaternary) experimentally reported in the literature were compared with those estimated
by the database. Comparison charts and diagrams showed good agreement between the composition
predictions and those reported from the experimentally processed metallic glasses. The elastic properties
predictions could be used to elaborate Blackman diagrams in order to know, in advance, the intrinsic
toughness that the investigated alloys might present. The database is intended for designing bulk
metallic glasses. Finally, some quaternary alloys were experimentally produced based on the prediction
obtained with the database, showing a glassy phase. The microhardness values obtained experimentally
of the Zr, ,Ag, Al .Co Zr Al _Ni _Cu, b and Hf Al  Cu, Ni__ alloys,are 3.8, 4.0

57.52 .l 0.62 21.24° 57.19 10.7 10.7 21.41 60.,22 9.?5 9.95 19.89
and 3.6 GPa, respectively. The Young’s modulus calculated using microhardness values (E/H = 20)

are closed to the values obtained by the “mixing rules”.

Keywords: Bulk metallic glasses, Packing efficiency, Glass formation

1. Introduction

Despite new metallic glass systems being continuously
investigated and reported, and a broadening of the number
of engineering applications for this kind of material, the
discovery, development and manufacture of bulk metallic
glass (BMG) systems is still a complex and long process.
Materials science and engineering states that when a new
material is to be produced, prior to this, some properties
would be expected from that new material, from its shape,
component materials, structure, etc. The other way around
would be, knowing the structure, component materials and
production of new materials in order to fit some specification.
However, for metallic glasses, the structure is still an
unsolved puzzle, even though the international community
has witnessed their advantageous properties and behaviour
i.e. high strength, corrosion and wear resistant, chemical
inertness, high toughness, among others.

In 1926, Goldschmidt' correlated the ability to form a
glass with the value of the radius ratio r, /r,, for oxides A O,.
He found that for all the oxides which had been prepared
in the vitreous form, the radius ratio was around 0.2 - 0.4.
Zachariasen?, proposed a model where the SiO, polyhedron
is repeated to produce a continuous random network (CRN).
Regarding the study of BMG structure, different structural
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models have been proposed in the past 50 years; Bernal’s
“dense random packing” model and Miracle’s “efficient
solute-centred cluster packing”, amongst many others.
The results of the latter are consistent with the high densities
measured in bulk metallic glasses. Table 1 summaries some
historical ideas pertaining to atomic packing and glass
formation.

Packing in BMG is very dense with melt viscosities
that are several orders of magnitude higher than in pure
metallic melts. The dense packing accomplished by
structural and chemical atomic ordering below the glass
transition temperature also brings the BMG-forming liquids
energetically and entropically closer to the corresponding
crystalline state. These factors lead to slow crystallisation
kinetics and consequentially to high glass forming ability
(GFA)'. Since GFA is an influential factor in studying the
formation of BMG, the search for systems with sufficiently
high GFA is a critical task in this field.

The mechanical behaviour of metallic glasses is also
one of the most important topics, attracting a huge amount
of research effort. Given its large practical relevance to
the implementation of BMG as structural materials in real
applications, it is important to know whether a material shows
plastic deformation or brittle rupture under certain loading
conditions. As a tool for this, the use of Blackman diagrams
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Table 1. Summarised historical events of atomic packing and glass formation.

Who When What Related to
Goldschmidt!' 1926 Tetrahedral configurations were necessary for the formation of Oxides of the type A O,
a glass
Zachariasen® 1932 Continuous random network (CRN) Sio,
Sun’® 1946  Model to obtain long range or network of atoms to form a glassy Oxides of the type M-O single bound
phase
Bernal, Mason® 1959  Model of dense random packing (DRP) or rigid spheres Bernal holes
Polk® 1972 Model to describe transition metal — metalloid glassy systems ~ Metallic glasses
Egami 1984  Relation between glass formability and atomic size mismatch ~ Binary metallic glassy alloys
Waseda’
Granato® 1993  The main roles of interstitial atoms is in destabilising the Frozen glassy and liquid states alloys
crystalline phase
Egami’ 1997  Topological instability applied to local atomic structure Metallic elements and alloys
Senkov, Miracle'® 2001  Interstitial model for glass formation Prediction of glass formation
Egami'! 2003  Identified several conditions that would favour multicomponent Prediction of BMG-formation
bulk metallic glass formation
Miracle* 2004  Model to determine the alloy constituent concentration based on Dense packing of atomic clusters for

a topological atomistic approach

glass formation

have been suggested and employed" to explain the tendency
for permanent deformation that a system may exhibit.

The work presented in this manuscript is based on several
theoretical models for metallic glasses in terms of glass
formation and elastic properties, and is intended to offer an
alternative route to design and obtain BMG by estimating
the system with GFA from a structural perspective (densest
atomic packing) and predict its theoretical elemental elastic
properties, from which some indication of plasticity can be
obtained. In addition to the above, quaternary alloys were
experimentally produced in order to get bulk metallic glasses.

2. Experimental and theoretical calculations

2.1 Theoretical chemical composition calculation

Chemical compositions were calculated based on a
sphere-packing scheme (solute-centred clusters occupying
an f.c.c. cluster unit cell)*. The Miracle’s model includes the
calculation of the three-dimensional coordination number
N, which is obtained for a radius ratio R* for maximum
packing efficiency'. The efficiency packing was calculated
from the chemical composition'* and cluster unit cell length®.

2.2 Theoretical elastic properties calculation

The elastic modulus predictions were also carried out
for different glassy alloys systems taken from the literature.
The estimations were made by applying the “rule of mixtures”
approach 7 once having estimated the composition for the
alloy using the efficient cluster-packing model. In the same
way as before, theoretical estimations were compared to
experimental values reported in the open literature. Twenty
different values for Poisson’s ratio for typical BMG were
taken from !7; for these twenty systems elastic constants
¢, ¢, and c,, were also predicted in order to elaborate a
Blackman diagram (plotting ¢, /c,, vs. ¢, /c,,). The elastic

constants ¢, were calculated with 1 - 3 equations'™ 8.

c“:K+(%)G (1)

¢ =(3K-c;;)/2 2)

cy=G (3)

The transition between brittle and tough regimes is at
v, =031 -0.32". Higher values of v give higher fracture
energy". In other words, the larger the v is, the more ductile
the BMG become, and small variation of v will significantly
change the ductility'’. Several theoretical compositions
obtained from the database were compared to those reported
in the literature, and twenty different alloys per system
(binary, ternary and quaternary), reported in the literature,
are considered here.

2.3 Experimental method

Alloys with nominal compositions Zr,, ,Ag ~Al - Co, ..,
Zr57.1‘)A110.7Ni10.7cu21.41’ and Hf60.22A19.95cu9.95Ni19.89 were
prepared with pure elements (purity > 99.99%). The alloys
were prepared under Ti-gettered inert atmosphere of argon
(high purity > 99.9) using the arc-melting technique. All the
ingots were re-melted five times in order to achieve a chemical
homogeneity. Then, the molten alloys were poured into a
copper mold with an internal cylindrical cavity of 2 mm
diameter X 12 mm length by suction casting technique.
The structure of the samples was characterized by means
of X-ray diffraction with a Siemens D5000 diffractometer,
using Cu K radiation. Finally, the hardness of the samples
was carried out with a HMV-G21D hardness tester, in order
to calculate the Young’s modulus values.

3. Results and discussion

3.1 Chemical composition

The prediction for the binary Pd-Si, referred to in Table 2
as alloy 1, being the compositions Pd,,Si and Pd,  Si . .,
which are the reported and predicted, respectively, showed
very good agreement. Other examples are the binaries

Co-B, Al-Cu, Co-Zr, Au-Si, where the difference between



Composition, Elastic Property and Packing Efficiency Predictions for Bulk Metallic Glasses in Binary,

2016; 19(2)

the reported and predicted composition was small. From the
twenty binary alloys investigated, about five showed a
significant difference between the reported and predicted
compositions. Composition predictions for the twenty
different binary alloys were obtained; these alloys are listed
in Table 2. It can be observed that the calculated packaging
efficiency for the majority of the alloys was approximately

40%. The packing efficiency for Co7761 22300 B AL L,
B 77 09zn22 91° B 77 09zn22 91 and Fe77 79772221 blnary alloys was
about 50%. Figure 1 shows the absolute difference between
calculated and reported compositions alloys. The absolute
difference of chemical composition for most alloys compared
is less than 14%. The Ni-Nb (Ni,, Nb, ., Ni, Nb ..
Cu,, Zr,  and Cuy, Zr, ) binary system, showed 30% of
difference, approximately.

Table 3 shows 20 ternary metallic glass compositions
reported, it also includes the compositions and packing
efficiency calculated with the database. The 4, 5, 7, 11,
15, and 20 alloy systems showed good agreement between
calculated and reported ternary compositions as shown
in Figure 2. However, for the Cu-Zr-Al, Mg-Gd-Cu and
Cu-Zr-Be ternary alloy systems a significant difference was
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evident. On the other hand, the packing efficiency calculated
for the Fe_ .. Y, B, alloy was exceptional, i.e. 96.41%.
In addition, the difference between the calculated and reported
composition was very small.

Table 4 shows the quaternary compositions of BMG
reported and calculated. Figure 3 shows good agreement
of quaternary compositions. The chemical compositions
difference of the alloys reported and calculated was less

than 10% for most of the alloy systems studied.

3.2 Elastic properties

The elastic modulus (E) and shear modulus (G) estimations
for twenty different alloys were also calculated and compared
with those reported in the literature. The corresponding
alloys are listed in Tables 5 and 6, respectively and plotted
in Figure 4. (It was possible to estimate values for bulk
modulus (K), too, but these are not included in this work).

Regarding the Young’s modulus, E, the Mg, Cu, Tb
system reports 51.3 GPa while its predicted value was
54.8 GPa; the Hf, Ni Al reports 117.63 GPa'"* and the
predicted value is 113.8 GPa (Hf, Ni, Al ). In general,
the similarity between the reported and predicted elastic

Table 2. Predicted and reported alloy compositions for binary systems?-%.

Ne. alloy Reported Predicted %Pack. Eff. Ne. alloy Reported Predicted %Pack. Eff.
composition composition Composition ~ Composition
1 Pd,,Si ¢ Pdg, o Si,, o, 44.76 11 Al Erg Al EBry o 41.38
2 Pd, Si Pd,, ,Si,, ., 44.76 12 Aug Si . Aug, o Si o, 41.69
3 Pd805120 Pd,, Si,, o, 44.76 13 Aug,Si, Aug, o Sig o 41.69
4 Ca Al Ca, Al 44.76 14 Aug Si Aug o Sio, 41.69
5 Ni59.5Nb40.5 8969Nb1031 4575 15 Au7SSIZS A 819881]802 4169
6 Cu,, Zr,, CUyg 0,25, 4 4222 16 Ba,Al, Ba Al, 51.85
7 Cu,Zr,, Cuy 0,27, 42.22 17 Ba, Ga,, 77nSGaZZ()5 50.37
8 CO77B23 CO77 GIBZZ 39 5 1 65 18 Ba7ézn24 Ba77.09zn22 91 5046
9 182 7C:u 184 Zlcul5 78 41 75 19 C387 iAgllS CaXO,O()AgIQ.% 46 1 7
10 CO‘)]Zr‘) C091 ,222r8.78 4 l " 14 20 Fe78B22 Fe77.79B22.21 5207
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Figure 1. Difference of chemical compositions of binary alloys. (a) Absolute difference of composition predictions for twenty different
binary alloys and (b) Difference of solvents predictions for twenty different binary alloys.
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Table 3. Predicted and reported alloy compositions for ternary systems 3+,

Ne. Reported Predicted %Pack. Eff. Ne. alloy Reported Predicted %Pack.
alloy  composition composition composition composition Eff.
1 Gd55A120C025 Gd60,24A1]3,25C026.51 6564 1 1 SmGOAIIOFeJU Sm60.24A113.25F626.51 6564
2 Cu46zr46A18 Cu7ﬁ.gézr7,7lAll 543 6064 12 Gd56A124C020 Gd60,24A113,25C026.51 65 64
3 MgGSGdZSCLllO Mg73.53Gd8.l lcu24.32 5928 1 3 GdSSAIZSN iZO Gd60.24A113 25N i26 51 65 64
4 Mg75Gd10Ni 15 Mg73.53Gd8.82Ni 17.65 7 1 . 8 1 14 NdéUAl 10C030 NdSé,XlAl 10v8C032,39 45 7
5 Zr58A112C030 r56.81A110.8C032,39 45 7 1 5 CemAllOCHZO Ceﬁ‘),AMAlI S,ZRCHISAZS 6 1 57
6 (:u47.5Z1‘40Be 125 Cu76 SGZr7.7lBe] 543 6974 1 6 PréOAllﬂFe 10 Pr63.68A112. 1 ]FCZ4.2] 67 1 5
7 ZrSSAl 1 Zcu30 ZrS(),XI Al IOYXCU'}Z,}‘) 45 7 1 7 TbGSAl 1 OFeZS Tb60,24A1 IlZSFeZ(xSI 6059
8 Hf62A1]3Ni15 Hf66.67A11 1.1 lNi22.22 6722 1 8 Y56A124C020 Y60.24A113.25C026.52 65 64
9 Fe72Y6B22 Fe75.7(yY6.U(JB 18.18 964 1 19 Fe80P1 1 C9 Fe72,4bP13.77C] 3.77 3779
1 0 Sm55A125C020 Sm60.24A1 I3,25C026451 65 64 20 L362A114cu24 La60 24All 3 ZSCUZG.SI 65 64
95 55
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Figure 2. Difference of chemical compositions of ternary alloys. (a) Composition predictions of solvents for twenty different ternary
alloys and (b) Difference of ternary large solutes for the predicted and calculated alloys.

Table 4. Predicted and reported alloy compositions for quaternary systems

36,37, 40, 42, 54 - 60

Ne. Reported Predicted composition %Pack.  N°. Reported Predicted Composition %ZPack.

alloy composition Eff. alloy Composition Eff.
1 Pt Cu, Ni P . Pt,,,Cu, Nig Py o 50.23 11 Zr AgAl, Co,. — Zr, ,Ag, Al Co, . 4537
2 Ce Al Nb, Cu,,  Ce, Al Nb Cu. = 46.64 12 Gd Al MnNi,, Gd Al Mn Ni. 4827
3 Mg, Y,Gd Cu,, Mg, Y, .Gd Cu,, 52.92 13 Zr, Ti,Al, Cu, Zr g, Tig Al Cu o 48.39
4 Mg, Gd  AgNi, Mg, Gd, Ag Ni ., 5813 14 Ni Pd, P B, Nig, Pd P B ., 66.95
5 Mg, .Gd  AgNi, Mg, Gd, Ag Ni . 5813 15 Fe, ,DyMo, B, Fe, Dy Mo, B, 61.51
6 Mg, Gd  AgNi. Mg_ Gd, Ag Ni . 5813 16 Fe Y W,B,, Fe, .Y, W, B, ., 61.78
7 Mg, Gd  AgNi, Mg, Gd, Ag Ni ., 5813 17 Zr, Ag, Al Cu, . Zrg Ag Al Cu, 447
8 Mg Gd  AgNi, Mg, Gd, Ag Ni o 5813 18 Fe Y Mo,B,, Fe, Y Mo, B, o, 61.94
9 Mg, Gd  AgNi, Mg Gd, Ag Ni o 5813 19 Fe Y NiB,, Fe, Y, Ni B, 66.48
10 Zr Ag Al Co, Zr,,Ag, Al ,Co,,, 4537 20 Fe, Y CoB,, Fe .Y . Co, B, o, 66.27

moduli is rather good. However, it can be noticed that some
of the composition predictions, even though they did show
a slight deviation from those reported in literature, kept
a narrow correlation with regards to the elastic modulus
values. The elastic property predictions also showed good
correlation with the corresponding experimentally reported
data (Tables 5, 6 and Figure 4). The Mg, Cu, Tb, ternary
system reports a shear modulus, G, of 19.6 GPa®® and its

corresponding prediction gives 20.8 GPa (Mg, .Cu, . Tb )
the quaternary Gd, Y Al Co,, reports a G of 23.5 GPa"’
and its predicted value is 27.3 GPa (Gd, Y, ,,Al . .Co, ).

The Poisson’s ratio estimations for twenty different alloys
were also calculated and compared with those reported in
the literature. The corresponding alloys are listed in Table 7;
italso includes the elastic constants ratios (¢, /c, and ¢ /c, )

calculated by the database. The absolute difference percentage
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Figure 3. Difference of chemical compositions of ternary alloys. (a) Composition predictions of solvents for twenty different quaternary
alloys and (b) Difference of quaternary large solutes for predicted and calculated alloys.

Table 5. Predicted and reported G for several alloys; alloys 1-12 7 and 13-20".

Ne. alloy Reported composition Predicted composition Reported G (GPa) Predicted G (GPa)
1 Cuy Zr, Hf Ti | Cu, 21, HE , T, 36.9 442
2 Mg, Cu, Tb Mg 50 TH 19.6 20.8
3 Gd, Y AL, Co Gd,, Y, Al ;Coy o 23.5 273
4 Er50A124C020Y6 Er,, Al .Co, Y, 27 31.8
5 Ca, Mg Zn,, Ca, ()M‘MgsZBZnH28 10.1 14.3
6 Ho,,Al,.Co,Y L AL Cog Yo 26.2 30.5
7 Ho Al Co,, o, 61Al32 56CoL s 25.42 34.1
8 Er Al Co,, sﬁzsA12917 s 27.08 34.4
9 Mg,.Cu,Gd,, Mg, .Cu, Gd, 19.3 20.5
10 Mg, Cu,.Y,, Mg, 6sCU o Yo o 19.4 20.8
11 CaLi, Mg, Zn . Ca Li, Mg . Zn, . 8.95 16.4
12 Ni, Nb, Sn, Ni, , Nb, . Sn 66.3 63.7
13 Mg, Cu, .Y | Mg, 6sCU o Yo o 20.4 20.8
14 Fe Mo, ,C B, Fe, Mo, ,.C . By 73 79
15 Zr,,Cu, Al | Zr,, . Cu,, (Al 343 37.1
16 Mg, Cu, Y, Nd,, Mg, ..Cu . Y, o, Nd, 20.7 22.6
17 Hf, Ni Al Hf Ni, Al 47 434
18 Hf Ni Al Hf, Ni, Al 43.7 434
19 Zr,,sCu, Al Sn, Zr,,Cu, Al Sn, 35.7 422
20 Zr, Cu, Al Zrg, Cuyyn Al 28.7 35.8

of the Poisson’s ratio in most alloys compared in this work
was between 3.8% - 12%. Compositions 3, 7, and 8, show
smaller values than 3%, due to chemical composition
similarity. Compositions 10 and 17, show a greater value
than 13%, due to greater discrepancy between reported and
calculated compositions.

Figure 5 shows a Blackman diagram constructed using
the data from twenty different predicted alloys (listed in
Table 7), with the Poisson’s ratio. Concerning to the intrinsic
toughness estimated for the twenty different predicted alloys,
the Poisson’s ratio was consistent with the ductile behaviour
in most of the alloys. These results could provide an insight

into the tough-brittle behaviour that the system might present.
Those values at the upper left, such as: Pd, ,Cu , ,Si,, ;(0.216,
0.676, 0.403; c,/c,, c /c,, Poisson’s ratlo respectively)
and Ni,  Nb, . Sn (0 274, 0.590, 0.371) corresponds to
higher Poisson’s ratio values (low ¢, /c , and high ¢ /c )
and so those systems would be expected to display ductile
behaviour.

The Poisson’s ratio reported and predicted for Ho,,Al,.Co, Y
are 0.319 and 0.328, respectively. These are down to the
right on the Blackman construction and the transition from
brittle to tough behaviour would be expected at v ~ 0.32,
which is consistent with the criterion reported. '

11°



290

Soto et al.

Table 6. Predicted and reported E for several alloys; alloys 1-12'" and 13-20".
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Ne. alloy Reported composition Predicted composition Reported E (GPa)  Predicted E (GPa)
1 Cu, Zr, Hf Ti | Cu, o Zr,, HE Ti, 101.1 117.7
2 Mg65cu25Tb]O Mg79.03cu10.48Tb10.48 5 1 3 548
3 Gd4UY]6AIZ4C020 Gd63.7Y9 USAIIS 15C09 08 622 703
4 Er50A124C020Y6 Er64 61A117 7C08.85Y8.85 7 1 N 1 8 1 7
5 H039A125C020Y16 H064,4A117.8COX.9Y8,9 69 1 784
6 Tm}‘)ZrlSAIZSCOZO Tm64.6SZr8.84A1]7.68C08,84 75 865
7 YbﬁZ,SZHISMgﬂ.ScuS Yb54.]3znlI.47Mg22.94cull.47 265 503
8 Pr Al Co,, Pry, Al .Co,, 459 71.9
9 HOSSAIZSCOZO H051.61A132.26C016.13 6664 89
10 Er Al Co,, Er,, Al .Co,, 5 70.72 90.2
11 MgGSCUZSGdIO Mg80.65cu9.68Gd9.68 506 54
12 Ca65L19,96Mg8.54zn]6,5 Ca53.7L111.58Mg11.582n23.15 234 415
1 3 Mg58.xcu30.5Y 1 Mg80,65cu9 68Y9,68 53 9 54
14 Zr46.25cu46.25Al7.5 Zr56.8]Cu32.39A110.8 9381 99
15 Mg57cu31Y6,6Nd5,4 Mg67.84cu16.08Y8.04Nd8.04 544 595
16 Hf, Ni Al Hf, Ni, Al 125.6 113.8
17 Cu, Zr, Al Cu,, . Zr,, Al 92.4 113.6
18 Hf Ni Al Hf Ni, Al | 117.63 113.8
19 Zr,,Cu,, Al Sn, Zr,,Cu,, Al Sn, 97.3 112.8
20 Zr, Cu, Al Zr, Cu, 5 Al 78.85 95.5
160 100
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Figure 4. Predicted and reported elastic proprieties values for several alloys. (a) Elastic modulus and (b) Shear modulus.

With the database, it was possible to make other predictions
based on elastic properties, such as the kinetic fragility index,
m, which was calculated with equation (4)*.

m= 12(%+0.67)

4)

The kinetic fragility index is recently used to know

0.70-
v=0.403
0.651
v=0.374
— 0.60- "
S "
~ v=0.356
o~ 0.55- "
Q 5..
0.50 - - v=0.328
-
0.45 ; ; ; .
0.20 0.25 0.30 0.35 0.40
Caa /€11

Figure 5. Blackman diagram of twenty different predicted alloys.

whether an alloy will present high or low GFA®. Since
elastic moduli can be potentially correlated to a wide range
of physical, mechanical and thermal properties in BMGs,
the way the database has been used here may be considered
a starting point for how it can be implemented in future
studies. Additionally, the database performs three different
composition predictions for the ternary systems, the one that
considers the gamma sites to be empty, another in which
gamma sites are half occupied by ,By anti-site defects and
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Table 7. Poisson’s ratios for different alloys!’, and their respectively predicted elastic constants ratios.

Ne. Reported Predicted Reported v  Predicted v v Predicted  Predicted
alloy composition composition % Difference c,/¢c, c,/c,
ABS

1 Zr Al Ni, Cu, Zr,, Al Ni Cu, 0.355 0.374 5.1 0.598 0.268
2 Nd, Al Co, Fe,, Nd,, ,Al,,,C 1OglFemz 0.306 0.346 11.6 0.528 0.315
3 Pd775Cu Si Pd Cu, Si, 0.411 0.403 2.0 0.676 0.216
4 Gd, Y Al Co,, Gd,,,Y, Al sCoy 0.321 0.340 5.6 0.515 0.324
5 Ca, Mg 7Zn, Ca, Mg . 7n . 0.300 0.337 11.0 0.509 0.328
6 Ce, Al Ni, Cu, Ce,, (Al (Ni,, . Cu, . 0.313 0.356 12.1 0.552 0.299
7 Pr Al Ni, Cu,, Pr, Al Ni .Cu, . 0.360 0.363 0.8 0.571 0.286
8 Ho, Al CozﬂY]6 Ho,, Al Co, Y, 0.319 0.328 2.7 0.489 0.341
9 Tm, Zr Al Co,, Tm, Zr, Al Cog o, 0.307 0.330 7.0 0.492 0.339
10 Yb,,Zn Mg, Cuy Yb54 5Zn, Mg, Cu, 0.276 0.368 25.0 0.582 0.279
11 La Al Co,, ag Al ,.Cop o 0.327 0.356 8.1 0.553 0.298
12 Pr Al Co,, Pry, Al ,Co,, 0.324 0.359 9.7 0.560 0.294
13 Tb, Al Co,, Tb,, Al ,,Coy 0.302 0.347 13.0 0.533 0.311
14 Dy,,Al,Co,, Dym ALy ,Co o 0.304 0.343 11.4 0.523 0.318
15 Ho Al, Co,, 04, 5,A1,5,,C0 0 s 0.311 0.340 8.5 0.513 0.325
16 Er Al Co,, Er,, ,Al, .Co,, . 0.306 0.343 10.8 0.521 0.319
17 Mg, .Cu,Gd Mg, Cu,, .Gd, 0.310 0.373 16.9 0.596 0.270
18 Mg“Cu75Y]0 Mg, ..Cu,, .Y, 0.329 0.372 11.6 0.593 0.271
19 CaylLi Mg Zn Cale sME, 520y, s 0.307 0.329 6.7 0.490 0.340
20 Ni Nb, Sn, 236D, 4 ST 0.385 0.371 3.8 0.590 0.274

the last one that assumes all gamma sites are occupied by
the presence of ﬁ,/ anti-site defects. Thus, the best prediction
approach was chosen to be compared with the reported data
in the ternary systems.

3.3 Experimental results

In order to test the database, some glass alloys in the form
of bulk were experimentally obtained. Figure 6 shows the XRD
pattem Ofthe Zr57 SZAgIO 62A110 62C021 24’ 57 19A110 7Ni10.7cu21.41’
and Hf Al Cu, Ni o alloys. The XRD patterns are
constituted by a single broad peak (located between 20 ~
35 and 55°) typical of a metallic glass. These results confirm
the usefulness of the work presented in this manuscript,
where it was possible to design, model and produce bulk
metallic glasses a-priori, reducing the experimental work
time associated with standard experimental processes.

Table 8 shows packing efficiency values and kinetic
fragility index m of alloys produced. The efficiency packing
values were between 45% and 50%. According to Angell %2,
glass-forming liquids can be classified into strong and fragile
liquids, depending on their fragility. The upper and lower
limits of parameter are theoretically estimated between 16 for
‘strong’ systems and 200 for ‘fragile’ systems®. The alloys
obtained are strong systems with high glass forming ability.

Table 9 shows compositions calculated by “mixing
rules”, elastic properties, and elastic constants ratios
(c,/c, and ¢ /c ). The typical BMGs have Young’s modulus
E ~ 25 GPa - 250 GPa, shear modulus G ~ 9 GPa - 88 GPa,
and bulk modulus K ~ 20 GPa - 243 GPa "".

A good correlation between microhardness, H , and
Young’s modulus, E, has been reported elsewhere'’, in that
work, it is reported an E/H_ ~20.

— Hfgp.20Alg 95CUg g5Nifg gg
— Zr57.52Al10.62CU10.62N121.24
Zr57 52A110.62A910.62C021.24

Intensity (a. u.)

T T T T T T T

1
30 40 50 60 70 80 90 100
20

Figure 6. XRD patterns of the experimentally obtained bulk
metallic glasses.

The microhardness values obtained experimentally in

thlS WOrk szr57 52Ag10 62A1106 COZI 24’ 57 19A1107 10. 7cu21 41
and Hf Al .Cu,,Ni, alloys, are 3.8, 4.0 and

3.6 GPa, respectively. If these values are substituted in the
E/H, =20 relationship found in the previous research'’, then
the Young’s modulus values calculated are 76, 80 and 73 GPa.
These values are closed to the calculated values with the
“mixing rules” (table 9).

The elastic constants ratios were used to plot a Blackman
diagram. Figure 7 shows the Blackman diagram of alloys
mentioned above with their corresponding Poisson’s ratio.
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Table 8. Compositions, packaging efficiency and kinetic index of fragility, calculated with the database for the obtained BMGs.

Alloy Efficiency packing % Kinetic fragility index, m
Zr57.52 AgIO.GZ AllO.()Z C021.24 4537 401
Zr57.l‘) A110,7 Ni]0,7 Cu21,4l 4656 408
Hf60.22A19.95cu9.95Ni19.89 498 46

Table 9. Elastic properties calculated with the “mixing rules” for the obtained BMGs.

Elastic proprieties (GPa)

Elastic constants ratios

Alloy

E G K c,/c, c/c,

7t A2, AL 0COy e 714 40.9 109.3 0.591 0.272

Zr,, AL, Ni, Cu, 83.8 40.1 109.5 0.597 0.268

Hf, ,Al,,.Cu, Ni, 77.8 37.8 119.5 0.640 0.240
determined and reported in the literature. They additionally
8 Zrs7 55A010,62A110.62C021 24 provide valuable information regarding the mechanical
0.68 4 —0— Zr57 16Al19.7Niqg 7CUsq 41 behaviour that these alloys might present. This illustrates
—A— Hfgg 55Alg g5CUg g5Niyg gg the usefulness of these theoretical models. In relation to the
0.66 packing efficiency calculations, particularly those obtained
064 A’ 0.390 for the quaternary systems, it can be noticed that some
- other factors such as chemical affinity, bonding and/or the
3‘_ 0.62 enthalpies of mixing, must play a key role in the BMG-forming
o~ v=0.374 systems. The database enclosing the methods used in this
g 0607 ¢ . v=0371 work has been developed; incorporates the elemental elastic
0.584 constants for the most common alloying elements as well
as their atomic radii information. The quaternary alloys
0.56 experimentally obtained are strong systems with high glass

024 025 026 027 028 029 0.30
Cus/Cpq

Figure 7. Blackman diagram of the experimentally obtained bulk
metallic glasses.

It shows the values at the upper left (low ¢, /c, and high ¢, /c, )
and high Poisson’s ratio values, suggest ductile behaviour.

4. Conclusions

The results of the database presented here for estimating
composition and elemental elastic properties in metallic glasses
have been able to closely approach those experimentally
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