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The effect of Nb and Pd combination on the glass forming ability (GFA) and mechanical properties
of Zrs3CusgNbyPdg_xAlg (x=3.5-6.0) bulk metallic glasses (BMGs) were systematically investigated by
X-ray diffractometry (XRD), differential scanning calorimetry (DSC), transmission electron microscopy
(TEM), and compression test. TEM observation revealed that a nanocrystalline phase embeds in the amor-
phous matrix of the as-cast Zrs3CusgNbysPd4sAlg alloy. A tiny nano-crystalline phase (with size about
5-20 nm) embedded uniformly in the amorphous matrix of the Zrs3Cu3oNby45Pd45Alg alloy was observed

gﬁjl/kwrg;‘:;lic glass and identified to be the tetragonal structured NbPd; phase based on the analyses of nano beam elec-
Amorphous tron diffraction. According to the results of thermal analyses, the composition of Zrs3 CusoNbsPd4Alg and

Zrs53CuspNbysPd4sAlg present the optimum GFA as well as thermal stability in the Zrs;CuzoNbyPdg_xAlg
(x=3.5-6.0) alloy system. In addition, the result of compression test shows that the yield strength signifi-
cantly increases from 1700 MPa (Zrs3CusgNbsPd4Alg) to 1900 MPa (Zrs3CusgNbssPd45Alg). A remarkable
compression plastic strain (11.2%) occurs at Zrs3CusgNbg sPd4 5Alg BMG rod with 2 mm in diameter. This
significant increase in plasticity is presumably due to the restriction on shear banding by the nano-size

Glass forming ability
Thermal stability
Plasticity

second phase.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Based on the combination of high elastic strain limit (~2%), high
strength (~2 GPa), relatively elastic modulus (60-100 GPa), good
wear resistance, good biocompatibility, exceptional glass-forming
ability (GFA) for casting a precision net-shape component with near
perfect as-cast surfaces, and an extremely wide super cooled liquid
region (AT is above 50K, ATy is defined as the difference between
the glass transition temperature Tg and the onset crystallization
temperature Ty), Zr-based bulk metallic glasses (BMGs) are consid-
ered to be one of the most promising biomedical materials [1-7].
However, most Zr-based BMGs contain Ni as an important con-
stituent to maintain its high GFA. Since Ni-bearing alloys are usually
blamed for the occurrence of Ni-contact allergy, the existence of Ni
constituent has seriously limited the biomedical application of Zr-
based BMGs. Accordingly, a Ni-free Zr-Fe—Al-Cu BMG alloy system
was first reported by Jin and Loeffler [8], which shows excellent GFA
and satisfactory biocompatibility [9]. More recently, Qiu et al. has
also developed one Ni-free ZrggNbsCuy; 5PdsAl7 5 by substituting
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the Ni with Pd and Nb [6,10]. This BMG exhibits quite good mechan-
ical properties, good corrosion resistance in an artificial body fluid,
and reasonably good biocompatibility. However, there is no sys-
tematic investigation about the combination effect of Pd and Nb
on the GFA and mechanical properties of these Ni-free Zr-based
BMGs.

In the present study, a high GFA Zrs3CusgNigAlg alloy which
computationally designed by thermodynamics and deep eutectic
methodology [11-13] is selected as the base alloy for studying
the combination effect of Pd and Nb on the GFA, thermal stabil-
ity, and mechanical properties of the Ni-free Zr-based BMG alloy
system.

2. Experimental procedure

The alloy ingots based on the compositions of Zrs3CusgNbyPdg_xAlg alloy
(x=2.5-6.5) by atomic percentage were firstly prepared by arc melting of the appro-
priate mixture of pure elements, including Zr (99.8 wt.% purity), Ni (99.9 wt.% purity),
Cu (99.99 wt.% purity), Al (99.99 wt.% purity), and Si (99.99% purity), under a Ti-
gettered argon atmosphere. Then the alloy ingots were remelted in an arc furnace
under a purified argon atmosphere. After complete melting, the liquid alloy was suc-
tion cast into the water-cooled Cu mold to form alloy rods with diameter of 2-4 mm.
The differential scanning calorimetry (DSC) with a heating rate of 20 K/min, X-ray
diffraction (XRD, Scintag X-400 X-ray diffractometer, Cu-Ka radiation) and trans-
mission electron microscopy (TEM, Philip, Tecnai G2 at 200 keV) are used to ascertain
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Fig. 1. DSC plots of Zrs3CusgNbyPdg_yAlg alloy (x=2.5-6.5) alloy rods with 4 mm in
diameter by a heating rate of 20 K/min.

the amorphous nature of the as-cast alloys. Heating rates of 10-60 K/min were
selected for the non-isothermal DSC analysis to reveal the crystallization behav-
ior. Several temperatures between T, and T, were selected for the isothermal DSC
analysis to study the crystallization kinetics. The hardness was examined by using
Akashi MVK-H11 micro hardness tester. The rod specimens with an aspect ratio
of 2:1 (height/diameter) are tested in compression under an initial strain rate of
2x10"4s~1 at room temperature by using a MTS 810 universal testing machine.
Both ends of the specimens are polished to make them parallel to each other prior
to the compression test. Multiple compression tests were conducted for confirm-
ing the reproducible trend and the scattering of the stress and strain was less than
+5% (i.e., less than +100 MPa for engineering stresses and less than +0.5% for engi-
neering strains, respectively). The fracture surfaces of the deformed specimens are
examined by scanning electron microscopy (SEM, Hitachi S4700 FESEM).

3. Results and discussions
3.1. Thermal properties of the as-cast Zr-based BMG rods

The DSC scans of the Zrs3CuszgNbxPdg_xAlg alloy rods with
diameter of 4 mm are shown in Fig. 1. All of the samples exhibit
a clear glass transition followed by a supercooled liquid region
and then exothermic reaction due to crystallization. In addition,
the lowest liquidus temperature (about 1176K) occurs at the
Zrs3Cu3gNbsPdyAlg alloy, as shown in Table 1. This implies that
the Zrs3CusgNbsPd,4Alg alloy would posses the highest glass form-
ing ability in this Zrs3CusgNbyPdg_,Alg alloy system according to
the deep eutectic theory of Turnbull [14]. Other popular measures
of the GFA are y (y =Ty[Tg+ T;) [15] and (ym (ym = (2Tx — Tg)[T;) [16],
which exhibit irregular trend for the studied alloy system and their
different combinations of Nb and Pd additions. The measures of y
and ym have been reported to be more accurate than Tyg (Trg = Tg/T;)
for multiple component BMGs [17]. Based on the results of y and
¥m, it has therefore been found that the optimum GFA occurs at the
COITlpOSitiOH of Zrs53 CU30Nb5 pd4Alg and ZI'53CL130Nb4.5 Pd4.5A18.
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Fig. 2. (a)Kissinger plots of the DSC peaks for crystallization of Zrs3 CusoNbyPdg_,Alg
alloys, (b) the activation energy estimated by Kissinger plots as a function of Nb
content for Zrs3CusgNbyPdg_xAlg amorphous alloys.

The activation energy of crystallization for the
Zr53CuzgNbyPdg_xAlg alloys was determined by means of the
Kissinger plot [18]

In % = _RET(jp + constant @)
where b is the heating rate, T, is peak temperature of crystallization,
R is the gas constant, and Ej is the activation energy. The activation
energy of crystallization can be determined from the slope of a plot
of the In(b/Tg) against 1/T,. The In(b/TZ) as a function of 1/Tj is
plotted in Fig. 2(a). Fig. 2(b) shows the activation energy of crystal-
lization calculated by Kissinger plot as a function of Nb content for
Zrs3Cu3gNbxPdg_,Alg alloys. All of the activation energy of these
Zrs3CuzgNbxPdg_xAlg alloys locates around 240-275k]/mole and
does not present any regulation with the combination additions of
Nb and Pd.

By using the Johnson-Mehl-Avrami (JMA) isothermal analysis
for volume fraction x transformed as a function of time t based on

Table 1
Thermal parameters of the Zrs3CusgNbyPdg_Alg alloy (x=2.5-6.5) alloys obtained from DSC analysis.
Ty (K) Ty (K) AT, (K) T; (K) Ty y Yu

NbgPd3 689 748 59 1209 0.570 0.394 0.667
Nbs5Pd3 5 695 753 58 1188 0.585 0.400 0.683
NbsPd4 692 758 66 1176 0.588 0.406 0.700
Nby4s5Pdss 690 758 68 1178 0.586 0.406 0.701
Nb4Pds 698 753 55 1188 0.587 0.399 0.680
Nbs5Pds 5 697 754 57 1181 0.590 0.401 0.687
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Fig.3. Crystallization fraction as a function of annealing time within the supercooled
liquid temperature region for Zrs3CusoNbyPdg_yAlg alloy (x=2.5-6.5) amorphous
alloys.

the following Eq. (2):
x(t) =1 —exp[—(kt)"] (2)

Zrs3Cu3gNbxPdg_yAlg amorphous alloys were annealed isother-
mally at several temperatures between Ty and Tx. To construct
the JMA plots, the volume fraction of crystallization at time t was
assumed to be the same as that of heat released. Therefore, the
crystallization fraction, x, which obtained by measuring the partial
area under the DSC peak up to time t as a function of anneal-
ing time is plotted as shown in Fig. 3. In addition, the incubation
time as a function of isothermal annealing temperature exhibits
a similar decreasing trend for the entire Zrs3CusgNbyxPdg_,Alg
alloys as shown in Fig. 4. Only the Zrs3CuzgNbsPd4Alg and
Zr53CuzgNby 5Pd4 5Alg alloys present slightly better thermal stabil-
ity. Since the atomic radius of Nb (0.146 nm) Pd (0.137 nm) [19] is
just between the atomic group of Zr (0.160 nm) and Cu (0.128 nm),
that the combination additions of Nb and Pd, which substitute the
Ni constitute (0.125nm), would increase the packing density of
the base alloy. In addition, both of the Zr-Pd (—91 kJ/mole) and
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Fig. 4. Incubation time as a function of isothermal annealing temperature for
Zrs53CusgNbyPdg_xAlg alloy (x=2.5-6.5) amorphous alloys.
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Fig. 5. (a) X-ray diffraction patterns of the as-cast Zrs3CusoNbyPdy_xAlg alloy
(x=2.5-6.5) amorphous alloy rods with 4 mm in diameter.

Cu-Pd (—-14kJ/mole) [20] binary system has a large negative heat
of mixing which can form strong atomic bonding of Zr-Pd and
Cu-Pd atomic pairs. On the other hand, the other two binary sys-
tems, Zr-Nb (+4 kJ/mole) and Cu-Nb (+3 kJ/mole) [20] present a
small positive heat of mixing which may results in deteriorating
the strong atomic bonding configuration. Therefore, the total effect
of topological packing and atomic bonding of the combination addi-
tions of Nb and Pd on thermal stability for the base alloy is suggested
to be compensated each other and exhibits slight decrease in ther-
mal stability finally.

3.2. Microstructure of the as-cast Zr-based BMG rods

Fig. 5 shows the X-ray diffraction (XRD) patterns obtained from
the Zrs3CuzgNbyxPdg_xAlg alloy rods with 4 mm in diameter. The
diffraction patterns of these Zrs3CusgNbyxPdg_,Alg alloy rods all
exhibits a broad maximum 26 around 40°. However, the XRD data
does not allow any conclusion about a possible presence of a small
volume fraction crystalline phase in the material. Therefore TEM
analysis was done to investigate the microstructure more detail. A
tiny nano-crystalline phase (with size about 5-20 nm) embedded
uniformly in the amorphous matrix for the Zrs3CuzgNbysPd4 5Alg
alloy was revealed by TEM observation, as illustrated in Fig. 6(a). In
addition, it was found that most of these nanocrystals have the size
(D) less than 10 nm and the interparticle spacing (I) is about 30 nm.
If we use the equation of C, = D/I?, the calculated volume fraction
of the crystals is about 1.1%, which, given the size of the crystals, is
very unlikely to contribute to any signal in the shown XRD spectra.
Based on the analyses of nano beam electron diffraction as shown in
Fig. 6(b-d), the d-spacing of these nano particles relatively matches
with that of the tetragonal structured NbPd3; phase. The formation
of NbPd3 phase is suggested due to the very large negative heat of
mixing (—53 kJ/mole) of Nb-Pd binary system, which may favorable
to form intermetallic compound during solidification.

3.3. Mechanical performance

According to the results of hardness test for these
Zrs3CuzgNbiPdg_xAls BMG rods, a small increase in macro
hardness was revealed when the Pd content exceed 4.5at.% of
these BMGs. All of the hardness is within 490-520 Hv as shown in
Fig. 7. However, the result of compression test exhibits different
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Fig. 6. TEM images and electron diffraction patterns of the as-quenched Zrs3CusoNb45Pdg45Alg alloy, (a) dark filed TEM image of nanocrystalline phase which reflected from
the inner ring of the insert selected area diffraction pattern, (b) high resolution TEM image, (c) nano beam electron diffraction pattern of NbPd3 phase with B [13 0], and (d)

nano beam electron diffraction pattern of NbPd; phase with B [010].

trend of yield strength from the hardness test, the yield strength
significantly increases from 1700MPa (Zrs3CusgNbsPd4Alg) to
1900 MPa (Zrs3Cus3gNby 5Pd4 5Alg) as shown in Fig. 8. A remarkable
compression plastic strain (11.2%) occurs at Zrs3CusgNby 5Pd4 5Alg
BMG rod with 2mm in diameter. This significant increase in
plasticity is presumably due to the restriction on shear banding
by the nano-size second phase. It has been reported that the
formation of nano-sized second phase, either in situ precipitation
[21-24] or phase separation [25-30], is an effective approach to
enhance the plasticity of BMG. Similar to the composite materials,
the structural heterogeneities in the amorphous phase can act

as both initiation sites for shear bands as well as obstacles to
shear band propagation. This leads to form multiple shear bands,
and consequently results in improving of the total plasticity.
Schuh et al. [31] also suggest that nanocrystals may slightly
enhance shear band initiation and increased plastic strain in
compression.

The extent of plastic deformation in BMGs is quite dependent on
the density of shear band. Therefore, it was expected that the two
specimens, Zl'53CU30Nb4‘5Pd4.5A13 and ZI'53CL130Nb5Pd4A18 BMGs,
would differ in their density and morphology of shear bands. From
the SEM images (which taken from the side surfaces near the
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Fig. 7. Hardness as a function of Nb addition for Zrs3;CusoNbyPdg_yAlg BMG rods
with diameter of 2 mm.

fracture area) shown in Fig. 9(a and b), different shear band mor-
phologies can be observed. In addition, the fracture surface of the
Zrs3Cu3gNby 5Pd4 5Alg BMG specimen reveals a mixed morphology,
consisting of vein-like pattern and highly rough regions, as shown
in Fig. 9(c). The mixture of vein and rough regions is much dif-
fer from the flat vein-like pattern, which is the main part of the
compressive fracture surfaces for most monolithic BMGs and the
Zrs53CuzgNbsPd4Alg BMG sample (as shown in Fig. 9(d)). In addition,
the highly rough region of fracture surface indicates that the shear
bands are highly branched and their movement is rather wavy in
nature, implies that there exists strong interaction between shear
bands and the nano-precipitates. It was reported that the shear
band formation can be suppressed by nanocrystalline particles with
aband-like arrangement [32]. This would result in the formation of
multiple shear bands and decrease the stress concentration for fur-
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Fig. 8. Compression stress—strain curves of the Zrs3 CuzoNbyPdg_yAlg BMG rods with
diameter of 2 mm.

ther propagation of shear band, and so as to significantly improve
their plasticity.

4. Conclusion

Based on the results of thermal analyses, X-ray diffraction, and
SEM and TEM observation for the Zrs3Cu3gNbyPdg_,Alg (x=3.5-5.5)
amorphous alloys, the combination effect of Nb and Pd on
the thermal and mechanical properties can be summarized as
follows:

(1) The value of GFA index, y and yy, all exhibit irregular trend with
the combination of Nb and Pd additions. The optimum GFA was

W B e = i

{ 200um

Fig. 9. SEM images of the specimen surface near the fracture area for (a) Zrs3CuszgNbssPdssAlg and (b) Zrs3CusoNbsPdsAlg BMG rods; SEM images of different type vein
pattern at some area of the fracture surface for (c) Zrs3CuzoNbss5Pds5Als and (d) Zrs3 CuzgNbsPd4Alg BMG rods with diameter of 2 mm after compression test.
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found to occur at the composition of Zrs3CuzgNbsPd4Alg and
Zr53CU3QNb4.5Pd4.5A13.

(2) Zrs3CuzgNbsPd4Alg and Zrs3CusgNbysPdssAlg alloys present
slightly better thermal stability. However, the total effect
of topological packing and atomic bonding of the combi-
nation additions of Nb and Pd on thermal stability of the
base alloy is suggested to be compensated each other and
exhibits slight decrease in thermal stability than the base alloy
finally.

(3) TEM observation revealed that a nanocrystalline phase
co-existing in the amorphous matrix of the as-cast
Zrs3Cu3gNby 5Pd45Alg alloy. One tiny nano-crystalline phase
(with size about 5-20 nm) embedded uniformly in the amor-
phous matrix of the Zrs3CusgNby s5Pd45Alg alloy was observed
and was identified to be the tetragonal structured NbPds3
phase according to the analyses of nano beam electron
diffraction.

(4) The result of compression test shows that the yield strength
significantly increases from 1700 MPa (Zrs3CusgNbsPd4Alg)
to 1900 MPa (Zrs3Cu3gNbysPd4 5Alg). Moreover, a
remarkable compression plastic strain (11.2%) occurs at
Zrs3Cu3gNby 5Pd45Alg BMG rod with 2 mm in diameter. This
significant increase in plasticity is presumably due to the
restriction on shear banding by the nano-size second phase.
This would result in the formation of multiple shear bands and
decrease the stress concentration for further propagation of
shear band, and so as to significantly improve their plasticity.
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