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We report the formation of LaGa-based bulk metallic glasses. Ternary La—Ga—Cu glassy rods of 2-3 mm in diameter
can be easily formed in a wide composition range by the conventional copper mold casting method. With minor addition
of extra elements such as Co, Ni, Fe, Nb, Y, and Zr, the critical diameter of the full glassy rods of the La—Ga—Cu matrix
can be markedly enhanced to at least 5 mm. The characteristics and properties of these new LaGa-based bulk metallic
glasses with excellent glass formation ability and low glass transition temperature are model systems for fundamental
issues investigation and could have some potential applications in micromachining field.

Keywords: bulk metallic glasses, glass forming ability, La—Ga—Cu alloys

PACS: 81.05.Kf, 64.70.pe, 62.65.+k, 61.43.Dq

1. Introduction

Bulk metallic glasses (BMGs) are considered to be useful
in a wide range of potential applications because their unique
properties, including high strength, large elastic strain limit,
high hardness, and good soft magnetic properties, which have

attracted more and more attention.[!*

1n the past few decades,
alot of glass-forming alloys with excellent glass-forming abil-
ities have been successfully developed in Zr-,[>¢ Pd-,[7:8]
Fe-, (%101 Nj-, 11121 Tj_ [13] ¢y [1415] A [16] Mg [17] ¢, [18]
U-,1"1 and rare earth (RE)-based?*-33] systems, which has
significantly broadened the promise of amorphous alloys.
Recently, with the development of the imprinting, em-
bossing, and molding techniques using the viscous flow work-
ability to make micro- and nano-devices from BMGs,?*
tensive interest has been focused on developing BMGs with
low glass transition temperature (7;), high glass-forming abil-
ity (GFA), wide supercooled liquid region (ATy = Tx — Ty,
Tx represents the crystallization temperature), high stability,
and good mechanical properties. Besides, BMGs with lower
T, can provide a model system to investigate the slow dy-
namic and flow behaviors near room temperature of metallic
amorphous. Recently, Ce-,[20-22] yp.- 311 gp- 13536 Cal j-, 137
Zn-,1381 and Au-based**! BMGs with an exceptionally low T,
close to room temperature have been developed. However,
these MGs with low T, are too expensive or easily oxidized

in-

or react with the water quickly. So it is necessary to develop
some new low cost BMGs with strong oxidation resistance,
high corrosion resistance, and low 7.

Gallium (Ga) is with low density
(5.904 g/ecm?), low elastic moduli (its Young’s modulus is
9.8 GPa), low melting point (303 K), and strong oxidation
resistance. Considering the similarities of atomic radius and
atomic electronic negativity between Al and Ga elements, the

an element
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Ga element is always used to substitute the Al element.[404]

According to the elastic moduli criterion, 451 the metallic
glasses with the substitution of Al by Ga could have low
T, and unique mechanical and physical properties. 404!

In this work, we report the formation of La—Ga—Cu bulk
metallic glasses with low 7, and high glass-forming ability.
By selecting appropriate minor additions of elements M (M
represents a series of elements such as Co, Ni, Fe, Nb, Y, and
Zr), the critical diameter of the full glassy rods of the La—Ga—
Cu—M can be markedly enhanced to at least 5 mm. The char-
acteristics and properties of these new LaGa-based BMGs are
studied and compared.

2. Experiment

The ingots of the studied alloys in nominal composition
of La—Ga—Cu and La—Ga—Cu-M (M = Co, Ni, Fe, Nb, Y, Si,
and Zr) were prepared by arc melting the constituent elements
in a Ti-gettered argon atmosphere. The cylindrical samples
with the diameter of 2 mm, 3 mm, or 5 mm were fabricated
by the copper mold casting method and listed in Table 1. The
amorphous nature of the as-cast alloys was ascertained using
x-ray diffraction (XRD) with a MAC M03 XHF diffractometer
with Cu K, radiation and high-resolution transmission elec-
tron microscopy (HRTEM) using a TECNAIF20 instrument
operated at 200 kV. Thermal analysis was carried out using
differential scanning calorimetry (DSC; Perkin-Elmer DSC-
8000) at a heating rate of 20 K/min. The density was de-
termined by the Archimedean technique with an accuracy of
within 0.1%. Elastic constants of the BMGs, including Yong’s
modulus E, shear modulus G, Poisson’s ratio v, and bulk mod-
ulus K were measured using resonant ultrasound spectroscopy
(RUS).
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Table 1. Thermal properties (heating rate 20 K/min) and room temperature density of LaGa-based MGs.

Composition D/mm T,/K T/K AT /K T/K T/K Tio (T, /Th) NT/(Ty +Ti)] pl/g-cm™3
LaggGajoCupp 2 375 424 49 694 722 0.519 0.387 6.447
LaggGaj2Cuyg 2 380 432 52 690 713 0.533 0.395 6.467
LaggGaj4Cuig 2 391 435 44 691 715 0.547 0.393 6.437
La70Ga;oCuyg 2 379 409 30 695 733 0.517 0.368 6.433
La;0Gaj2Cuig 3 382 438 56 687 720 0.531 0.397 6.431
La;0Gaj4Cuig 2 394 433 39 692 762 0.517 0.375 6.486
La;0Ga;6Cuig 2 401 452 51 685 727 0.552 0.401 6.391
La7;Ga2Cuyg 2 384 406 22 694 752 0.511 0.357 6.388
La7;,Ga4Cuyg 3 388 450 62 681 735 0.528 0.401 6.441

Lagg 5Ga2CuigCop 5 >5 394 482 88 685 704 0.560 0.439 6.426
LagoGaj2CuizCoy >5 397 485 88 685 710 0.559 0.438 6.439
LaggGaj2CuigCoy >5 398 480 82 685 714 0.557 0.432 6.452
Lag7Gaj2CuigCos >5 398 486 88 682 716 0.556 0.436 6.465
LaggGajoCuizCoy >5 402 487 85 683 725 0.554 0.432 6.483
LagsGaj2CuigCos >5 405 480 75 682 733 0.553 0.422 6.498
LaggGajoCujgFe; >5 388 455 67 687 742 0.523 0.403 6.422
LaggGajoCuigNip >5 400 472 72 690 725 0.552 0.420 6.447
LaggGaj2CuigNby >5 395 466 71 691 748 0.528 0.408 6.533
LaggGajoCuigSis 3 408 479 71 693 718 0.568 0.425 6.384
LagsGaioCuisZrs >5 392 471 79 685 710 0.552 0.427 6.435
LaggGajoCuig Yo >5 387 448 61 684 706 0.548 0.410 6.416

3. Results and discussion

Figure 1 shows the ternary phase diagram for the com-
position region of the La—Ga—Cu BMGs. Nine typical bulk
glass alloys (filled circles), which can be quenched into a fully
glassy state rod of 2-3 mm in diameter, are located in the re-
gion. One can see that BMGs with a wide composition range
of 68-72 at.% La, 10-16 at.% Ga, and 14-22 at.% Cu can
be easily prepared by the copper mold casting method. The
La70Gai,Cu;s and La7;Gaj4Cu14BMGs are the best glass for-
mers in present La—Ga—Cu alloys, the critical diameter can
reach about 3 mm. Figure 2(a) shows the XRD patterns of
the typical as-cast La—Ga—Cu samples, the broad diffraction
maxima indicating the fully gassy structure of the alloys. Fig-
ure 2(b) presents the HRTEM image and selected-area electron
diffraction (SAED) pattern (the inset image of Fig. 2(b)) of the
as-cast Laj0Ga,Cu;g rod with a diameter of 3 mm. Both of
the homogeneous contrast in the HRTEM image and only a
broad halo ring in the SAED pattern confirm the amorphous
structure of the alloy. Figure 3(a) shows that the DSC curves
of the as-cast samples have distinct glass transition and sharp
crystallization peaks, further confirming the amorphous struc-
ture.

From the DSC traces in Figs. 3(a) and 3(b), the T, the on-
set temperature of crystallization T, the melting temperature

T}, the liquid temperature 7;, and the supercooled liquid tem-
perature range ATy = T, — T of the ternary La—Ga—Cu BMGs
are determined and listed in Table 1. As shown in Table 1 and
Fig. 3(a), LaggGajoCusy has the lowest 7; of 375 K among
these ternary La—Ga—Cu BMGs, and the T, increases from
379 K to 401 K with increasing Ga content from 10 at.% to
16 at.% in the La;0Gajo4+Cuo—, and Lajy—GajpCujgyy SYs-
tems, indicating that lower Ga content or higher Cu content
results in lower 7;. Generally, the LaGa-based BMGs have
exceptionally low T, (375-401 K) close to that of many poly-
meric glasses such as PVC (348-378 K).146]

Fig. 1. (color online) Ternary phase diagram shows the composition
region of La—Ga—Cu BMGs.
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Fig. 2. (color online) (a) XRD patterns of the as-cast rods of La—Ga—Cu
BMGs with the different diameters; (b) the HRTEM image and SAED
pattern (the inset image) of the as-cast LajoGaj,Cu;g sample of 3 mm.
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Fig. 3. (color online) DSC traces concentrated on the glass transition
(a) and melting (b) for the typical La—Ga—Cu BMGs at a heating rate of

20 K/min.
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Minor alloying addition has shown dramatic effects

on glass formation and various properties of bulk metal-
lic glasses.[*’31 To further improve the GFA of ternary
La7;,GajgCug alloy, a series of elements with different

atomic sizes were selected to add into the alloy. Ac-
cording to the atomic radius, these elements can be classi-
fied into three groups: large atoms (Goldschmidt radii: Y,
0.182 nm; Zr, 0.16 nm), intermediate atoms (Nb, 0.147 nm;
Fe, 0.126 nm; Co, 0.125 nm; Ni, 0.125 nm), and small atoms
(Si, 0.115 nm)."*”) Figure 4(a) shows the XRD patterns of the
as-cast rods of Lazg_,GajpCugCox (x=0.5, 1, 2, 3, 4, 5) with
the diameter of 5 mm, and figure 4(b) shows the XRD patterns
of LaggGajpCuigM, (M = Fe, Co, Ni, Zr, Nb, Si, Y) BMGs
with the different diameters. The XRD patterns of the as-cast
alloys exhibit only broad diffraction peaks typical for an en-
tirely amorphous structure. From the DSC traces in Fig. 5, the
Ty, Ix, Tn, Ti, and ATy = Ty — T of the ternary La-Ga—Cu-M
(M represents addition elements) BMGs are determined and
listed in Table 1. Besides, the critical diameters D, of the fully
glassy La—Ga—Cu—M alloys are also listed in Table 1.
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Fig. 4. (color online) XRD patterns of the as-cast rods of (a)
La70,xGa12Cu18C0x (x = 0.5, l, 2, 3, 4, 5) and (b) LaﬁgGanCulgMz
(M = Fe, Co, Ni, Zr, Nb, Si, Y) BMGs with different diameters.

From Table 1, we find experimentally that both the large
and the intermediate atoms even with minor addition have
great positive effect on the GFA of the ternary La7;Ga;oCuys
alloys. Replacing 2 at.% La with Fe, Ni, Nb, Zr, or Y, the D,
of La7pGajoCuyg is drastically enhanced from 3 mm to at least
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5 mm. For Co, even a minor addition of 0.5 at.% can greatly
improve the GFA of La;;GajgCu;g from 2 mm to at least
5 mm. However, the small atoms have no obviously positive
effect on GFA. Substituting 2% La with Si in La7;GajoCu;sg,

the GFA of La;,Ga;oCuyg is not obviously increased. These
results are quite different from those of the previous studies,
where more than 2% additions of Si in Cu-based alloys were

detrimental to the GFA.4
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Fig. 5. (color online) DSC traces concentrated on the glass transition (a), (b) and melting (c), (d) for the typical La—Ga—Cu-M (M = Fe, Co,
Ni, Zr, Nb, Si, Y) BMGs at a heating rate of 20 K/min.
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Fig. 6. (color online) Relationship between the atomic radius and (a)
the glass forming ability parameter y and (b) thermal stability parame-
ter AT. (c) Relationship between 7y or ATy and Co additive content.

Both of glass-forming ability and thermal stability are
important parameters for machining in the supercooled lig-
uid region. We choose the thermodynamic parameter y =
Ty/(Ty + Ti) to characterize the GFA, and AT, = T, — T, to
characterize the thermal stability. Figures 6(a) and 6(b) show
the effect of minor alloying on the GFA and thermal stability.
We can find that after minor alloying, both ¥ and AT increase,
which confirms that minor alloying is an effective method for
improving the GFA and thermal stability of the alloy system.
Figure 6(c) shows the effect of Co additive content on 7y and
AT. It can be seen that both ¥ and ATy show a “A” shape
relationship with the additive content. Such a phenomenon is
rarely seen in the known metallic glasses and contrasts with
previous findings that the beneficial addition of transition met-
als to improve GFA is usually higher than 3 at.%.[4?!

To further understand the mechanism of glass transition
and evaluate the GFA of the La—Ga—Cu alloy, we study its
crystallization behavior by using DSC. Figure 7 shows the
DSC curves of the La70GajoCujg BMG at different heating
rates. The crystallization peak shifts to higher temperature
with increasing heating rate as shown in Fig. 7, indicating the
obvious kinetic behavior of crystallization. The inset shows
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the dependence of T; and T upon ¢ at different heating rates
from 5 K/min to 160 K/min. The crystallization kinetics of the
MGs can be evaluated by Kissinger’s equation>>!

T E E
In— = =2 +41In——,
¢ T kgKo
where T is the crystallization characteristic temperature, kg is
the Boltzman constant, Kj is the frequency factor, and E, is
the apparent activation energy. From the data inset, the activa-

tion energy of crystallization is evaluated to be about 1.61 eV,

which is fairly small compared with that of other MGs.!5°!
1.5
T 0
R
T
°0 LarGaioCusg
-
\R 5 m=38(£1) 10 E, =1.61(£1) eV
D —1.5 —%\4 :'g
< = g0
=3 BT E & 1000/T;,
] — VFT fitting 8 —— linear fitting)
2 T,/K . (1000/T) /K
375 380 385 390 395 400 220 225 230 235
_3 O 1 1 N 1 1 1 1
' 350 400 450 500 550

Temperature/K

Fig. 7. (color online) DSC traces of La;0Gaj;Cujg BMG at different
heating rates from 5 K/min to 80 K/min. The inset shows the Kissenger
plot of T and VFT relationship between T, and ¢.

Fragility shows the intrinsic features of the supercooled
liquid and can be used to classify glass-forming liquid into
three general categories: strong, intermediate, and fragile. The

fragility can be quantified by the fragility parameter m defined
asl7!
_ dlog()

where () is the average relaxation time, and T is the tem-
perature. From the VFT fit, the m at a particular 7, can be
calculated from[8!

DTyT,

N T —Tp)2m10°

From the data inset, the fragility m can be evaluated to be about
38+1, which is very close to the strong limit and similar to that
of Pr-, La-, Tm-, and Mg-based MGs.[>%>]

A lot of features and properties of metallic glasses corre-
late remarkably well with the elastic modulus.[%%¢!1 We also
study the elastic properties of LaGa-based BMGs by using the
resonant ultrasound spectroscopy (RUS) and the results are
shown in Table 2. Figure 8(a) shows the various BMGs in the
form of Poisson’s ratio versus fragility of the glass-forming
liquid. There is a clear linear relationship between m and pos-

sion’s ratio, which is matched with the results of Novikov. [0

Figure 8(b) shows the various BMGs in the form of 7, ver-
sus E. There is a clear linear relationship between 7, and
E. From the data in Fig. 8(b), we confirm that the obtained
LaGa-based BMGs have lower elastic modulus and lower T,
compared with other BMGs.

Table 2. The elastic constants of La—Cu-Ga—M MGs.

Composition E/GPa G/GPa K/GPa Y
LaggGajoCup, 31.9 11.8 40.8 0.352
LanganCugo 32.2 11.9 40.5 0.353
L363G314CU]8 32.7 12.1 41.5 0.351
La70GajoCuyg 31.5 11.6 40.4 0.357
La7oGa12Cu13 31.9 11.8 40.1 0.352
La70Ga4Cuyg 32.6 12.1 41.8 0.347
La70Ga;6Cuyg 32.7 12.2 41.2 0.341
La75Ga2Cuye 314 11.5 39.8 0.365
La7,Ga4Cuys 32.3 11.9 41.3 0.357

La69‘5Ga12Cu13C005 32.1 119 40.3 0.349
La(,gGauCulgCO] 32.2 11.9 40.5 0.353
LaGgGanCulgCOz 324 12.0 40.7 0.350
La67Ga12Cu13C03 32.6 12.1 40.9 0.347
LagsGa2Cu;3Coys 32.7 12.1 41.0 0.351
La65Ga12Cu13C05 32.8 12.1 41.2 0.355
La6gGa12CulgFe2 334 12.3 41.6 0.358
LaggGajoCu;gNip 334 12.4 41.2 0.347
LaggGajoCuigNby 329 12.2 40.9 0.348
LaggGaj2Cu;gSiz 322 11.9 40.3 0.353
LaggGaoCu;gZry 32.5 12.1 40.5 0.343
LaégGalzCungz 32.3 12.0 40.4 0.346
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Fig. 8. (color online) (a) A linear relationship between the fragility m
of metallic glass-forming liquids and the Poisson’s ratio of BMGs. (b)
A linear relationship between T, and E.
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4. Conclusion

In summary, we report the formation of LaGa-based bulk

metallic glasses with extremely low 7, high glass-forming

ability, wide supercooled liquid region, high stability, and

good properties. The LaGa-based MGs with excellent glass

formation ability and extremely low glass transition temper-

atures could have potential applications in micromachining

field.
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