Formation and properties of Pr-based bulk metallic glasses
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The data on the compositional dependence of glass-forming ability, glass transition,
and properties of bulk metallic glasses (BMGs) are important for understanding the
nature and glass-forming ability of metallic glasses and for their application. In this
paper, we report the formation of rare-earth-based Pr—(Cu,Ni)-Al pseudo-ternary
BMGs with a large bulk glass-forming composition range and distinct glass transition.
The compositional dependence of glass-forming ability, glass transition, and properties
were systematically studied. The contrasting effects of Al and Pr on glass formation
and glass transition, unique elastic properties, and phonon softening of the BMGs are

discussed from the structural point of view.

. INTRODUCTION

During the past decade, intensive efforts have been
made to investigate the magnetic rare-earth-transition
metal-based (RE-TM) bulk metallic glasses (BMGs).'™
However, unlike others, some RE-TM-based BMGs have
neither a distinct glass transition nor a large supercooled
liquid region in their differential scanning calorimetry
(DSC) traces,* although glassy samples with large diam-
eter can be prepared. It was first believed that a glass
transition temperature too close to the crystallization on-
set temperature might be the primary reason for this.
Later, careful microstructural investigations showed that
these RE-TM-based BMGs, such as NdFeAl(Co), are
actually a mixture of nanocrystalline clusters and glassy
matrix.” Recently, a series of different RE-TM-based
BMGs, which have a distinct glass transition and a fully
glassy structure, have been developed.®™ Independently,
Zhao et al.>® and Zhang et al.” have reported that full
bulk amorphous Pr-based alloys can be formed. The ex-
cellent glass-forming ability (GFA), stable supercooled
liquid region, distinct glass transition, and, especially, the
large glass-forming composition range make these
BMGs ideal candidates to investigate the composition-
dependent GFA, physical properties, and glass transition.
The BMGs are also promising for future applica-
tions.>®~?

To guide the development of BMGs, various criteria
have been proposed.'®™"? Turnbull'® predicted that as the
ratio of the glass transition temperature T, to the liquidus
temperature 7; of an alloy (referred to as the reduced
glass transition temperature 7,, = T,/T)) increased to
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values near 2/3, the homogeneous nucleation of the un-
dercooled melt should become very sluggish on the ex-
perimental time scale, and formation of BMGs should be
possible. Inoue et al.'? developed three empirical rules to
guide the formation of BMGs. Liu et al.'? recently pro-
posed a new criterion of y [y = T,/(T, + T))], where T is
the crystallization temperature. However, with the devel-
opment of BMGs, there is increasing evidence that these
criteria are not consistent with all experimental results.
Study of the criteria for GFA of an alloy attracts great
interest both in application and theory. A glass is formed
by cooling the liquid to solid without crystallization.
Therefore, the crystallization of undercooled liquid dur-
ing cooling process needs to be considered.

The metallic glass, which is different from the crys-
talline materials, is characterized by the existence of
short-range structural order without long-range structural
order. This intrinsic structural difference is the origin of
the anomalies, e.g., localization effects, diverse acoustic,
magnetic properties, and abnormal behaviors under low
temperature observed in amorphous materials.*'3"!7
BMGs are among the simplest glasses, whose structural
units are simple atoms interacting with metallic bonding,
and close to dense random packing of spheres. The
simple structure and large glass-forming composition
range offer a model for investigating the compositional
and structural dependence of the glassy properties.

In this work, glass formation and the compositional
dependence of the glass transition and properties (in par-
ticular the elastic properties) were studied in the BMG-
forming Pr—Cu-Ni-Al alloys. The experimental results
show that the optimum composition for the glass formation
in the Pr—(CuNi)-Al pseudo ternary system is at a eutectic
composition. The contrasting effects of Al and Pr on the
glass transition and properties, the unique elastic properties,
and the phonon softening of the BMGs are discussed.
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Il. EXPERIMENTAL

Multicomponent Pr-based master alloys were prepared
by arc-melting in titanium-gettered argon atmosphere
starting from Pr, Al, Ni, and Cu elements with a purity of
99.9% or higher. To ensure homogeneity of the samples,
the ingots were remelted several times. From the pre-
alloyed ingots, bulk cylindrical specimens 1-5 mm in
diameter and 50 mm in length were prepared by suction-
casting into a water-cooled copper mold. The fully crys-
tallized sample was prepared by annealing the BMG at
663 K in vacuum for 1 h and the annealing temperature
is far above T,. The thermal properties were studied us-
ing a Perkin-Elmer DSC-7 (Perkin Elmer Inc., Wellesley,
MA) differential scanning calorimeter (DSC) under a
continuous argon flow. The melting was measured by a
Perkin Elmer DTA-7 (Perkin Elmer) under a continuous
argon flow. The calorimeter was calibrated for tempera-
ture and energy at various heating rates with high purity
indium and zinc. Firstly, an empty Al pan was performed
to establish a baseline, and then the same Al pan includ-
ing the sample was measured again in identical thermal
conditions. The values of 7, and the crystallization tem-
perature 7T,, were determined from the DSC traces with
the accuracy of +2 K.

The acoustic velocities of the BMGs were measured at
room temperature at a frequency of 10 MHz by using a
MATEC 6600 ultrasonic system (MATEC Inc., North-
borough, MA) with a measuring sensitivity of 0.5 ns. The
samples for ultrasonic measurements were cut from the
rod and the ends of cylinder were carefully polished flat

TABLE I. Compositions, critical diameter (R,

max

), and thermal properties

and parallel. The effect due to the bonding material used
between the transducer and the sample was neglected as
the typical thickness of the band was less than 4 pm. The
density p was measured by the Archimedean principle.
The elastic constants (e.g., the bulk modulus B, Young’s
modulus E, and shear modulus G) and the Debye tem-
perature @, were derived from the ultrasonic velocities
and density.'®"’

lll. RESULTS

A. Formation of Pr—(Cu-Ni)-Al
pseudo-ternary BMGs

Basic verification of amorphicity throughout the thick-
ness of the samples was examined by x-ray diffraction
(XRD). In samples below the critical diameters given in
Table I, the XRD patterns show only two broad maxima
associated with an amorphous phase and no detectable
Bragg peaks corresponding to crystalline phases (ex-
amples of XRD patterns from similar glasses can be
found in Ref. 6). High-resolution transmission electron
microscopy is more sensitive than XRD to minor volume
fractions of dispersed crystals but still shows only the
uniform contrast expected for a single glassy phase.
Figure 1 shows the compositional dependence of the for-
mation of the cylindrical Pr—(Cu—Ni)-Al pseudo-ternary
BMGs | mm in diameter produced by copper mold cast-
ing. As shown in Fig. 1, within a wide composition
range—Al content from 5 to 35 at.% and Pr content from
50 to 65 at.%—the alloys can be cast into BMG. Among

of the Pr—(Cuy ¢;Nij 33)-Al BMGs.

Compositions T,+2 T,x2 T,+2 T,£2 AT £2 R..x*0.5
(at.%) (K) (K) (K) (K) (K) Y T, (mm)
Prg,Cu,;Ni,Als* 389 431 703 720 42 0.389 0.540 0
PrgsCu,oNi, (Als* 390 421 704 720 31 0.379 0.542 1
PrssCu,sNi ALY 428 485 707 725 57 0.421 0.590 1
PrgoCu,oNi; oAl o™ 417 469 710 725 52 0411 0.575 5
PrgsCu,,NigAl, 4" 402 438 692 727 36 0.388 0.553 1
PrssCu,oNi pAl, 5" 445 510 705 736 65 0.432 0.605 2
PrgoCu,,NigAl,5* 424 510 708 754 86 0.433 0.562 3
PrgsCu,3Ni Al 5 421 464 715 752 43 0.396 0.560 1
Pr,;oCu,(NisAl, 5 412 451 699 720 39 0.398 0.572 0
PrssCu,;NigAl,,” 458 530 710 787 72 0.426 0.582 3
PrgoCu, ;5 3Nig ;AL" 446 494 704 786 48 0.401 0.567 2
Pr,5Cu,oNiyAl,s 510 562 712 788 52 0.433 0.647 0
PrsCu, 6 ,Nig 3Als" 485 553 762 785 68 0.435 0.618 1
PrssCu, 5 3Nig ;AL "¢ 473 532 758 788 59 0.422 0.600 3
PrgoCu,oNisAl,s" 451 510 758 838 59 0.396 0.538 0
Prs,Cu, 5 ;Nig ;AL" 509 574 762 820 65 0.432 0.621 1
PrssCu,NisAls,” 498 545 763 822 47 0.413 0.606 2
PrgoCug ,Niz 3Al, 491 561 762 845 70 0.420 0.581 0
PresCus 5Ni, ALy, 443 504 764 799 61 0.406 0.554 0

“BMGs taken into account in group 1 (dot circle in Fig. 1).
"BMGs taken into account in group 2 (solid circle in Fig. 1).
‘BMGs with best GFA within their group.
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FIG. 1. Glass-forming composition range of Pr—(Cu,, ¢,Ni, 33)—Al al-
loy system. Open circles represent the occurrence of completely crys-
talline phases in these compositions; the solid circles represent com-
pletely glassy phase; and the half open circles means the existence of
nano-crystallization in these alloys. The star-shaped point represents
the composition with the best GFA in this BMG.

them, the Prq,Cu,Ni,(Al,, alloy (indicated by the star in
Fig. 1) is found to have the best GFA, with critical diam-
eter of at least 5 mm. Apart from this composition, the
critical diameter will decrease. The results imply that the
Pr—(Cu-Ni)-Al alloy has large glass-forming composi-
tion range and the GFA is composition dependent.

Table I lists the compositions, critical diameter R, .
and the various parameters to evaluate the GFA (T, AT,
and v'?) of Pr—(Cu, «;Nig53)—Al alloys. As listed in
Table I, the calculated values of 7,, and AT within
the limits of experimental errors do not fully agree
with the experimental results. For example, R, of
PrssCu,5Ni ,Al, and PrsCu,q ,Nig ;Al5 alloys with
larger AT (57 and 65 K, respectively) is only 1 mm, while
R...x of PrggCu,oNi ,Al,, with smaller AT (52 K) is
5 mm. The PrgoCu,oNioAl;, alloy with 7., = 0.575
can form a BMG with diameter of 5 mm, while
Pr5oCu; 3Nig ALy, with 7, = 0.62 can form a BMG
only 1 mm in diameter. The phenomenon has also been
found in some other BMG-forming systems.'*">

The T,, criterion is based on some suppositions, par-
ticularly that 7; has a strong dependence on composition,
but 7, does not. Eutectic liquids have the lowest 7, their
interval between T, and T; is the smallest, and they have
the largest value of 7,,. Thus, the probability of cooling
this supercooled liquid to avoid crystallization is en-
hanced, i.e., a better GFA. In this sense, T, is a guide to
GFA (the larger the value of T,,, the better GFA of the
glass former). The inconsistency of the T, criterion with
the experimental results indicates that the above suppo-
sition of the compositional dependence of T, and T, does
not work as assumed in this alloy system. This can be
attributed to two factors: first, the experiments show that

the 7, depends on the composition strongly in some
BMG systems,”'® and second, the 7, of an eutectic alloy
is the lowest compared with that of its corresponding
off-eutectic alloys. Therefore, more attention should be
paid to the compositional dependence of T, and T,.

Turnbull'" supposed that eutectic alloys have better
GFA, and the GFA worsens for off-eutectic alloys. For
the formation of BMGs it is necessary to determine the
eutectic composition. However, this is not easy for com-
plex multicomponent BMG-forming alloys. To check the
relation between the GFA and the eutectic composition,
the alloys were divided into two groups as shown in
Fig. 1: group 1 is represented by dotted circles and group
2 by solid circles. The values of T, T,,, and T, for dif-
ferent alloys are listed in Table 1. Within experimental
error, 7, is almost independent of the composition varia-
tion of the alloys. In contrast, 7, is more sensitive to the
composition. For the Pry,Cu,,Ni, Al,, alloy, the tem-
perature interval of the melting (7, — 7,,) is about 15 K,
which is the smallest in group 1. This indicates that
the Pry,Cu,oNi, (Al alloy is very close to the eutectic
composition, and the compositions around it correspond
to off-eutectic compositions. The Prq,Cu,,Ni;y Al,
alloy has the best GFA in group 1. This indicates that
the eutectic composition has a better GFA than the
corresponding off-eutectic compositions. Similar re-
sults are exhibited for group 2, marked in Fig. 1.
Prs5Cu, 5 5Ni, ;AL is another composition close to eu-
tectic composition with better GFA. In agreement with
above-mentioned T, criteria, the PrssCu5 3Nig ;Aly5 al-
loy should have a better GFA than Prg,Cu,,Ni, Al,,,.
However, on the contrary, Prg,Cu,oNi,,Al,, has the bet-
ter GFA. With the limited experimental results for the
given system, we assume that the eutectic alloy with
lower liquidus temperature has a better GFA. The lower
T, indicates the liquid is relatively stable against the
crystalline phases. Correspondingly, the GFA should be
better.

B. Composition dependence of T

In Table I, T, is found to be composition-dependent.
Usually, T, depends also on the experimental time scale.
However, within the available experimental time scale
range, T, does not change much. T, is usually considered
to be an important intrinsic characteristic of a glass.
Figure 2(a) shows the change of T, T, T,,, and T; for
the Pr.(Cugy¢;Nig33)gs_Al;s (55 =< x < 70) BMGs
relative to Prss(Cug ¢7Nig 33)30Al;s BMG. In Fig. 2, Y
(Y = T, T, T, or T)) is normalized by AY/Y, = (¥ -
Yy)/Y,, where Y, was set as the value for the
Pr55(Cug 7Nig 33)30Al;5 BMG listed in Table L. T, T,
T, and T, are determined by DSC at a heating rate of
40 K/min. For Prss(Cuy ¢,Nig 33)30Al5s BMG, T, T, T,,,,
and T, are 445, 510, 705, and 736 K, respectively. With
the increase of Pr concentration from 55 to 70 at.%, T,
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decreases up to 7.4% gradually, while the changes of
T,, and T with Pr content are irregular. 7, of the
Prs5(Cug 7Nig 33)45_Al, alloys increases almost linearly
from 428 to 498 K (16.4%) with Al increasing from 10 to
30 at.%. Compared with the effect of Pr, the effect of Al
content on the change of T, is more obvious.

It is understood that the glass transition means a failure
of the material to support shear stress on the typical
laboratory timescale. Similar to the melting of a crystal,
the structural units in glasses will be translated freely
from their original positions when the temperature is
above Tg. That is, at or above Tg, thermal activation can
overcome the energy gaps restricting the structural units
in glasses and make the glassy structure fail to shear
stress. In fact, more and more evidence is accumulating
that the glass transition can be considered as a disorder-
driven melting process. A universal approach is proposed
for melting and amorphization.”**' So the glass transi-
tion is associated with a certain density of packing of the
atoms and the energy state associated with the packing.
The increasing Al content in Pr-based BMGs may stabi-
lize the short-range structure as well as increase the en-
ergy needed to change the energy state of the system, i.e.,

20
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FIG. 2. Compositional dependence of the glass transition temperature
T, crystallization temperature T, the melting temperature 7,,,, and the
liquidus temperature 7} in (a) Pr,(Cu ¢;Nij 33)g5_ Al;5 (55 < x < 70)
and (b) Prs5(Cug 7Nig 33)45_,Al, (10 < x < 30) BMGs. ¥ = T, T,,
T, or T,, Y is normalized by AY/Y, = (Y — Y,)/Y,, where Y, was set
as the value for the Prs5(Cug 4;Nij 33)30Al;5 (see Table I).

make atomic diffusion more difficult, leading to a higher
T,. Recently, Gao et al. proposed that the effect of sta-
bilization of Al content may partially be attributed to the
covalent bonding trend between Al atoms and other at-
oms.*?

To study the effect of Al on the microstructure of
Pr-based BMGs, the ultrasonic technique, which is very
sensitive to the change of microstructure, was applied.
Figure 3 shows the T, dependence of the Debye tempera-
ture ®p shear modulus G, and the number of the atoms
in unit volume n (defined as n = p/A, where A is the
average atomic weight) of the Pr-based BMGs. For
PrgCu,gNi | yAl,y, PrgoCu,,NigAl,s, PrssCu,,NigAl,,,
and PrssCu,5 3Nig ;Al,s BMGs, T, increases from 417 to
473 K as the Al content varies from 10 to 25 at.% (see
Table I). The relative change Y (Y = O, n, or G) was
calculated as follows: AY/Y, = (Y - Y,)/Y,, where Y, was
set as the value for the Pry,Cu,,Ni, Al,, BMG (see
Table II). The change of ®p and G with Al content is
consistent with that of Tg. That is, ®p and G increase
with increasing 7,. The change of ®p and G with T,
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FIG. 3. Relative change in Debye temperature O, number of atoms
in unit volume n, and shear modulus G as a function of glass transition
temperature for PrgoCu,oNi (Al , PrgqCu ;NigAl, s, PrssCu ;NigAl,,
and PrssCuys 5Nig ;Als BMGs. AT, is the change of T, relative to
that of PrgyCu,(Ni (Al,; BMG. Y (Y = Oy, n, or G) is normalized
by AY/Y, = (Y — Y )/Y,, where Y, was set as the value for the
PrgCu,Ni, 4Al,, BMG (see Table II).

TABLE II. Comparison of the acoustic velocities, elastic constants, and the Debye temperature of the Pry,Cu,(Ni,,Al,, samples in glassy (¥,)

and crystallized states (¥,) and the elastic moduli calculated by M~ =Y £M;

p £ 0.005 v = 0.005 v, = 0.005 E+1 K=+1 G=1 O, x1
(g/em?) (km/s) (km/s) (GPa) (GPa) (GPa) (K)
Glassy state 6.875 3.032 1.403 36.9 452 13.5 160
Crystallized state 6.899 3.294 1.643 49.7 50.0 18.6 166
(Y, = Y)Y, (%) 35 8.6 17 34.7 10.6 37.8 17
Calculated 50.8 41.7 20.3
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confirms that the short-range microstructure is dependent
on the Al content in the BMGs. As shown in Fig. 3, with
increasing the Al content, n first decreases (3.2%) and
then increases (up to 1.8%); nevertheless the increase of
®p and G are monotonic. Therefore, the O and G are
not related to n in the studied BMGs. For ZrTiCuNiAl
BMG, the high-pressure experiments showed similar re-
sults; i.e., the increase of G and ® induced by the in-
corporation of Al could not mainly be attributed to the
change of the atomic packing density.'® Wang et al.*'
proposed that the relationship between T, and ®y, should
obey a rule similar to that of melting temperature. For
various BMGs, the value of 1000Tg/A®D2 converge into
a constant (where A is the average atomic weight), which
is within the 0.136-0.153 range.?' For Pr-based BMGs
studied in this paper, the values of IOOOTg/A('DD2 are
between 0.136 and 0.153 further confirming the correla-
tion between T, and O,

The correlation between 7, and 0% in BMGs may
mean that the glass transition of the bulk glass-forming
alloys has certain characteristics of melting. In fact, a
unified approach has ever been proposed for melting
and amorphization.”® The glass transition, approaching
from the solid and inducing the transition of the glass
state to supercooled liquid state, may be regarded as a
melting process of a metallic glass. In fact, the typical
Zry, 5Ti,5 gCu 5 sNij o Be,y, s BMG can be directly trans-
formed to melt state by glass transition, and the crystal-
lization process can be prevented when the heating rate is
above 200 K/s** or heating under high pressure.>* On the
other hand, the correlation more or less indicates that the
glass transition is in connection with anharmonicity cou-
pling of the vibration, and configurational energy mani-
folds as suggested by Angell.”

It worth noting that a rule of thumb was proposed by
Turnbull: T,/T) larger than 2/3. That is, good glass form-
ers like the bulk metallic glasses require 7,/7; to be
higher than 0.67.'" It is a good empirical rule for finding
new metallic glass. However, the Tg and 7, are not cor-
related well with glass forming ability, at least in bulk
glass-forming alloys. The values of the ratio T,/T, vary
for the Zr-based alloys between 0.59 and 0.69 and even
more for the other glasses.” The La- and Mg-based alloys
have a value of T,/T; = 0.70, but their glass-forming
ability is not as good as that of Zr-based alloys with
T,/T, = 0.65. Therefore, even though the 7,/7; is a good
criterion for developing new bulk metallic glass, T, and
T, cannot be considered to have good correlation. This
indicates that the correlation of 7, and 07 found in this
work is different from the 7,/T; criterion.

C. Lower elastic moduli of Pr-based BMGs

Besides a low T, the Pr-based BMGs have low elastic
moduli. Table III lists the acoustic data and elastic

TABLE III. Acoustic data and elastic modulus and Poisson ratio o for
ProAl, oNi, (Cu,, BMG, non-metallic glasses, and some typical me-
tallic glasses. The data for other BMGs are from Ref. 3.

E=+1 G=1 K=1
Glasses (GPa) (GPa) (GPa) o+ 0.01
PrgCu,Al, oNi; o 37.2 13.6 45.2 0.360
Window glass 67.2 27.7 38.8 0.211
Fused quartz 72.9 31.3 36.4 0.166
Zr,,Ti; ,Cu,, sNi ,Be,, 5 97.8 36.1 113.0 0.356
Pd; 1NijoCsg oPsg o 98.6 353 159.4 0.397
Mg, Cu,sGd, 5 522 19.9 46.6 0.313
CugyZr,oHf |, Ti; 101.1 36.9 128.2 0.369
CusyZr,sAls 91.2 333 117.3 0.370

moduli for Prg,Al,(Ni;,Cu,, BMG as well as non-
metallic glasses and other typical BMGs. It can be seen
that the PrgpAl oNi,(Cu,, BMG possesses the lowest E,
G, and K among all glasses. They are comparable to
those of amorphous carbon and oxide fused quartz® and
close to those of polymers,”® indicating that these BMGs
exhibit elastic properties similar to those of non-metallic
glasses, and have much “softer” elastic constants than
other BMGs.? The extremely small value of ® also
reveals that these BMGs are much less rigid than other
BMGs. However, the value of Poisson’s ratio, o (see
Table III) of the Pr-based BMG is much larger than that
of non-metallic glasses and similar to that of other
BMGs. The o value directly reflects the bonding forces
of a material. The result reveals that the BMG’s short-
range structure is still based on metallic bonds as other
BMGs.® The Pr-based BMG with structural characteris-
tics of a metallic glass exhibits elastic constants similar
to those of non-metallic glasses. The above results are
partially caused by the major Pr component, which
possesses much lower elastic moduli compared with
that of other components indicating a weaker bonding
between Pr and other atoms. After fully crystallization
of the BMG, E, K, and G increase from 36.9, 45.2, and
13.5 GPa (glassy state) to 49.7, 50.0, and 18.6 GPa (crys-
tallized state), respectively (the E, K, G, and ®p of the
BMG are respectively 34.7%, 10.6%, 37.8%, and 17.0%
smaller relative to the crystallized state). This indicates
that the long wavelength phonons in the BMG are mark-
edly softened.”’*® The softening effect was believed
closely related to the change from a periodic distribution
of atoms to the heterogeneous regrouping of atoms dur-
ing the amorphization process. Due to the absence of
long-range order in metallic glasses, the interactions be-
tween the atoms are restricted to short-range region. Thus
when metallic glasses are shear deformed, the changes in
the local atomic density may be non-uniform. This may
finally result in the large reduction of elastic moduli. For
a glass-forming alloy, its elastic constants agree well
with the calculated value from its constituent elements as
follows>’
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M7= DM M)
where M is an elastic constant and f; is the atomic per-
centage of the component elements. The calculated elas-
tic constants of the Prg,Cu,Ni,(Al,, alloy according to
Eq. (1) are also listed in Table II. It is obvious that the
calculated elastic constants of the Pr-based alloy are very
close to those of its crystalline state, but much higher
than those observed in glassy state. This could further
support the assumption that the large softening of the
Pr-based BMG should be attributed to its intrinsic glassy
structure.

IV. CONCLUSIONS

We analyzed the GFA of Pr-based Pr—Cu-Ni-Al
BMG system. The experimental results show that for the
Pr-based pseudo-ternary system, there is more than one
eutectic composition, and among them, the eutectic com-
position with the best GFA has the lowest melting point.
The glass transition temperature and physical properties
of Pr-based BMGs are composition dependent. Com-
pared with the major element Pr, the Al content has more
obvious effect on the properties of the BMGs. Moreover,
the relationship between T, and ®p, upon the composi-
tion and the softening of phonons in the Pr-based BMGs
further supports the idea that the glass transition ob-
served by DSC is the melting of glass. The finding of the
Pr-based BMG with a large bulk glass-forming compo-
sition range is of significance for study of the metallic
glass-formation and for their applications.
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