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a b s t r a c t

In the present paper, the influence of minor additions of Si, Pd and La with representative atomic sizes on
glass forming ability (GFA) and thermal stability of Zr–Ni-based amorphous alloys has been investigated
using X-ray diffraction (XRD), differential scanning calorimetry (DSC), transmission electron microscopy
(TEM) and high resolution TEM (HRTEM). The results show that minor additions of La, Pd and Si can
improve GFA of Zr–Ni-based alloys and La exhibits the optimum effect on enhancing GFA. The efficient
cluster packing model can well explain the correlation between atomic sizes of additional elements
and GFA of amorphous alloys. In addition, the relationship of the atomic size between the additional
inor addition
elt spinning
lass forming ability
hermal stability

element and Zr has a more important effect on GFA than that between the additional element and Ni. The
activation energy for crystallization of the Zr–Ni-based amorphous alloys with Si, Pd and La additions is
obviously higher than that of the Zr66.7Ni33.3 amorphous alloy, and increases with decreasing distance
between neighboring atoms. The thermal stability has a relation with topological short-range ordering
of amorphous alloys. The proper addition of small atoms is preferential to enhance thermal stability
of amorphous alloys due to stronger short-range ordering. Moreover, the small or intermediate atom

n bet
addition can produce eve

. Introduction

To this day, many researchers have great interest in the origin
f glass forming ability (GFA) of amorphous alloys. Minor alloy-
ng additions or microalloying technologies are key metallurgical
ractices and dominant concepts for developing new metallic crys-
alline materials in the late half of the 20th century. It has been
ecently reported that appropriate minor alloying additions are
ery effective in increasing GFA, and enhancing thermal stability
nd mechanical properties of some metallic glasses [1–6]. More-
ver, the minor addition approach can also represent a feasible way
o develop and design novel amorphous alloys. Although Wang and
o-workers [7–10] have studied the influence of additions of ele-
ents with different atomic sizes on formation and properties of

ulk metallic glasses (BMGs), the origin of additional effects has not
een well addressed. Our previous findings have shown that minor
dditions of C or Au can effectively improve GFA of Zr–Ni-based

lloys by mechanical alloying (MA) [11,12]. However, the mech-
nism of the minor addition lacks a fundamental theory in glass
ormation and properties tailoring. It has been suggested that the
dditional atomic number, size mismatch or chemical affinity with
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ter effect on thermal stability than the large atom addition.
© 2010 Elsevier B.V. All rights reserved.

constitutional elements may affect the metallic glass formation and
its properties. To further study the correlation between atomic size
and GFA or thermal stability of Zr–Ni amorphous alloys prepared
by melt-spinning, the additional elements Si, Pd and La with dif-
ferent atomic sizes have been designedly selected to substitute for
Zr. According to atomic radii, these elements can be classified into
three groups [13]: large atoms (La, 0.18790 nm; Zr, 0.16025 nm
[14]), intermediate atoms (Pd, 0.13754 nm; Ni, 0.12459 nm [14])
and small atoms (Si, 0.11530 nm [14]). The additions of a suitable
amount of Si, Ni and La would lead to a sequential order in the
atomic size (La > Zr > Pd > Ni > Si). In the present work, we report
the effect and mechanism of microalloying on GFA and thermal sta-
bility of Zr–Ni-based amorphous alloys. In addition, the correlation
between atomic sizes of additional elements and related effects has
also been discussed in order to further improve GFA and thermal
stability of Zr–Ni amorphous alloys.

2. Experimental

Ingots of Zr66.7−xNi33.3Mx (M = Si, Pd and La and x = 0, 1, 3 at.%) alloys were
obtained by melting nominal amounts of pure Zr (99.9 wt.%), Ni (99.9 wt.%), Si
(99.99 wt.%), Pd (99.9 wt.%) and La (99.9 wt.%) in a vacuum arc furnace. Using a sin-

gle roller melt spinning apparatus, the pre-alloyed ingots were remelted in a quartz
tube by high-frequency induction heating and then melt-spun onto a copper roller
with a diameter of 0.22 m at rotation speeds of 1000, 2000 and 3000 revolutions
per minute (rpm). The temperature of the ejected melt was controlled as the same
for any Zr66.7−xNi33.3Mx alloy at different applied rotation speeds. Here, different
rotation speeds were utilized to obtain different cooling rates during rapid solidi-

dx.doi.org/10.1016/j.jallcom.2010.12.035
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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cation, and further to examine GFA of Zr–Ni alloys with elemental additions. The
hase constitution of the as-quenched ribbons was identified by X-ray diffraction
XRD, Rigaku D/max-RB) using Cu K� radiation (� = 0.15406 nm). The peak position
or the first maximum on the XRD pattern was determined by fitting the peak to a
aussian profile using one Origin software. The thermal stability was investigated by
differential scanning calorimetry (DSC, Netzsch 404) at various heating rates of 5,
0, 15, 20 and 30 K min−1 under a continuous flow of purified argon. The microstruc-
ure of the ribbons was characterized using transmission electron microscopy (TEM,
hilips CM20) and high resolution TEM (HRTEM, FEI Tecnai G2). The foils for TEM
nd HRTEM observations were punched directly from the melt-spun ribbons and
repared by ion milling.

. Results and discussion

Fig. 1 shows XRD patterns of the melt-spun Zr66.7−xNi33.3Mx

M = Si, Pd and La and x = 0, 1, 3 at.%) alloy ribbons quenched at
ifferent rotation speeds. The melt-spun Zr66.7Ni33.3 alloy contain-

ng no additional element is composed of a mixture of amorphous
nd crystalline phases at 1000 rpm, the latter being bcc-Zr2Ni
Fig. 1A(a)). The as-quenched structure of the Zr–Ni alloy with 1 at.%
i or Pd addition is similar to that of the Zr66.7Ni33.3 alloy at this low
otation speed, which is not a fully amorphous phase (Fig. 1A (b and
)). With the 3 at.% Si or Pd addition, however, the melt-spun alloys
uenched at 1000 rpm comprise a fully amorphous phase (Fig. 1A
c and e)). In addition, a fully amorphous phase can be identified in
he melt-spun Zr–Ni alloys with 1 and 3 at.% La additions quenched
t 1000 rpm (Fig. 1A (f and g)). It is obvious that minor additions
f La, Pd and Si can improve the GFA of the Zr66.7Ni33.3 alloy. For
a, 1 at.% addition is enough for formation of a fully amorphous
hase in the melt-spun Zr–Ni alloys. For Pd and Si, 3 at.% addition

s necessary to obtain a fully amorphous phase in the as-quenched
lloys. With increasing rotation speed to 2000 and 3000 rpm, the
RD patterns of the melt-spun Zr–Ni-based alloy ribbons are shown

n Fig. 1(B and C). All the patterns show diffuse broad peaks, indi-
ating that all the melt-spun alloys are fully amorphous. However,
heir diffraction angles (2�) for the first maximum on the XRD
atterns have different shifts, and this will be discussed in the
ollowing.

To verify the XRD results, some samples were selected to be
xamined using TEM and selected-area electron diffraction (SAED).
ig. 2 shows TEM bright-field images and corresponding SAED pat-
erns of the melt-spun Zr66.7Ni33.3 and Zr65.7Ni33.3La1 alloy ribbons
btained at the rotation speed of 1000 rpm. Fig. 2a shows some fine
andomly dispersed nanocrystals in an amorphous matrix from the
elt-spun Zr66.7Ni33.3 alloy. The SAED pattern consists of several

right diffraction spots superimposed on a diffuse halo, indicat-
ng a mixture of crystalline and amorphous phases, as shown in
ig. 2b. Fig. 2c shows a typical microstructure of the melt-spun
r65.7Ni33.3La1 alloy obtained at the rotation speed of 1000 rpm,
nd the corresponding SAED pattern is a diffuse halo indicating the
morphous characteristic of the alloy (Fig. 2d). HRTEM observations
urther verify the above results. Fig. 3a shows a nanocrystal with
size of around 30 nm embedded in the amorphous matrix of the
elt-spun Zr66.7Ni33.3 alloy. The corresponding fast Fourier trans-

ormation (FFT) pattern consists of sharp diffraction spots together
ith a diffuse halo, consistent with the microstructure (inset of

ig. 3a). Fig. 3b shows an isotropic maze pattern of the melt-spun
r65.7Ni33.3La1 alloy, which is typical of an amorphous structure.
he corresponding FFT pattern exhibits a diffuse halo (inset of
ig. 3b).

Generally, large negative heat of mixing (�Hmix) among con-
tituent elements is a factor that may benefit GFA. Large negative

alues of �Hmix can enhance interactions among components and
romote chemical short-range ordering, which can improve local
acking efficiency and restrain long range diffusion of atoms. The
alues of �Hmix between Zr and other elements in the Zr–Ni–Si,
r–Ni–Pd and Zr–Ni–La systems are available in Ref. [15] and listed
Fig. 1. XRD patterns of the melt-spun Zr66.7−xNi33.3Mx (M = Si, Pd and La and x = 0,
1, 3 at.%) ribbons obtained at different rotation speeds. (A) 1000 rpm, (B) 2000 rpm
and (C) 3000 rpm.

in Table 1. In spite of the positive �Hmix (13 kJ mol−1) between
Zr and La [15], the La addition (1 or 3 at.%) can improve GFA
of Zr–Ni–La alloys. In comparison to Zr–Ni–La, the Zr–Ni–Si and

−1
Zr–Ni–Pd systems have more negative �Hmix (Zr–Si: −84 kJ mol
and Zr–Pd:−91 kJ mol−1) [15] and should have higher GFA. In fact,
however, the GFA of the Zr–Ni–Si and Zr–Ni–Pd systems is not
better than Zr–Ni–La. Therefore, the negative �Hmix criterion is
not effective to explain the effect of elemental additions on GFA
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Fig. 2. TEM bright-field images showing the microstructure of the melt-spun (a) Zr66.7Ni33.3 and (c) Zr65.7Ni33.3La1 alloy ribbons quenched at 1000 rpm. (b and d) SAED
patterns corresponding to (a and c), respectively.

Fig. 3. HRTEM images showing the microstructure of the melt-spun (a) Zr66.7Ni33.3 and
patterns.

Table 1
The values of heat of mixing (�Hmix) between two constituents for the Zr–Ni–Si,
Zr–Ni–Pd and Zr–Ni–La alloy systems [15].

Alloy systems (A–B–C) �Hmix (kJ mol−1)

A–B A–C B–C

o
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t
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w
b
w
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c
t
a
i
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Z
[
i
t

be observed in favor of more efficiently packed icosahedra. Fur-
ther, clusters with N = 13 and N = 14 are not common. Table 2 lists
the atomic size ratio R, the closest value R∗

N for the ratio R, coor-
dination number N and the specific value between (R∗

N − R) and

Table 2
Calculated radius ratio R = (rsolute/rsolvent), the closest R∗

N
for the ratio R, correspond-

ing coordination number N and the specific value between (R∗
N

− R) and R for the
Zr–Ni–Si, Zr–Ni–Pd and Zr–Ni–La alloy systems.

Solvent–solute R R∗
N

[20] N [20]
∣∣R∗

N
− R/R

∣∣ × 100%

Zr–Ni 0.810 0.799 10a 1.36
Zr–Si 0.646 0.617 8a 4.49
Ni–Si 0.800 0.799 10a 0.13
Zr–Pd 0.892 0.884 11 0.90
Zr–Ni–Si −49 −84 −40
Zr–Ni–Pd −49 −91 0
Zr–Ni–La −49 13 −27

f Zr–Ni-based amorphous alloys. As it has already been demon-
trated by several authors, the negative �Hmix cannot explain
he additional effect on improving GFA of some amorphous alloys
16,17]. Moreover, it has been argued that the addition of elements
ith positive heat of mixing can also increase GFA [18]. It should

e noted that a miscibility gap may occur in a ternary alloy system
here the �Hmix for any couple of constituent elements is negative.
be et al. [19] have pointed out that if the �Hmix for the various
ouples of elements in a ternary system is significantly more nega-
ive than the others, a miscibility gap may occur in the liquid phase
nd will reduce the GFA of the ternary system. The �Hmix of Zr–Si
s much more negative than that of either Zr–Ni or Ni–Si in the
r–Ni–Si system, and a similar scenario can also be found in the

r–Ni–Pd system (Table 1). According to the argument of Abe et al.
19], it is reasonable to assume that a miscibility gap may appear
n the liquid phase of Zr–Ni–Si and Zr–Ni–Pd, which thus decreases
heir GFA.
(b) Zr65.7Ni33.3La1 alloy ribbons quenched at 1000 rpm. Insets: corresponding FFT

Recently, a structural model has been proposed by Miracle [20]
for metallic glasses based on efficient filling of space by solute-
centered clusters. The model shows that solutes possess specific
sizes relative to solvent atoms to produce efficient atomic pack-
ing. Efficient packing is enabled for N solvent atoms when the
solute-to-solvent radius ratio R attains to specific and predictable
values R∗

N . Clusters with N = 11 and N = 12 (such as icosahedron or
defective icosahedron) have solutes that are nearly topologically
identical, and so it is proposed that clusters with N = 11 will not
Ni–Pd 1.102 1.116 15a 1.27
Zr–La 1.184 1.183 16a 0.08
Ni–La 1.461 1.433 20a 1.92

a Clusters typically expected in metallic glasses.



nd Co

R
t
r
a
Z
(
R
R
a
l
Z
m
v
t
i
(
t
o
t
G

a
d
m
c
M
o
t
a
Z
p
t
t
a
l
I
D
m
c
t
o
t
h

Z
K

l

w
g
o
p
c
t
r
T
o
e
w
t
a
i
m
l

Y. Wang et al. / Journal of Alloys a

for two arbitrary alloying elements. It is necessary to point out
hat the atomic sizes of studied elements during this discussion are
eferred according to the literature [20]. Based upon calculated data
nd experimental results, Miracle’s model can well explain GFA of
r–Ni–Si, Zr–Ni–Pd and Zr–Ni–La alloys. The least specific value
0.08) between (R∗

N − R) and R is obtained for the Zr–La system. The
value of Zr–La (1.184) highly approaches to the predictable value
∗
N (1.183), so the Zr–Ni–La alloy system possesses more efficient
tomic packing than other alloy systems in this paper. These calcu-
ated data are in agreement with our experimental results that the
r–Ni–La alloy has the highest GFA when using the melt-spinning
ethod. Although both Zr–Ni–Pd and Zr–Ni–Si have low specific

alues (0.90 and 0.13, respectively), the clusters with N = 11 for
he former will not be observed in favor of more efficiently packed
cosahedra and the low specific value of the latter is shown by Ni–Si
not Zr–Si). Therefore, it can be suggested that the relation between
he matrix (Zr) and additional element has a more important effect
n GFA of Zr66.7−xNi33.3Mx alloys than that between Ni and the addi-
ional element. Thus the Zr–Ni–Pd and Zr–Ni–Si systems have lower
FA than Zr–Ni–La (Fig. 1A).

Fig. 4 shows DSC curves of Zr66.7−xNi33.3Mx (M = Si, Pd and La
nd x = 0, 1, 3 at.%) amorphous alloys quenched at 3000 rpm at
ifferent heating rates of 5, 10, 15, 20, and 30 K min−1. Exother-
ic peaks can be observed on each DSC trace corresponding to

rystallization of the amorphous phase in these melt-spun alloys.
oreover, one, two and even three exothermic peaks can be seen

n the DSC traces, indicating one-step or multi-step (two-step,
hree-step) crystallization behaviors of the present Zr66.7−xNi33.3Mx

morphous alloys. The crystallization process is one-step for the
r66.7Ni33.3 amorphous alloy without any addition (Fig. 4a). In com-
arison, a three-step crystallization behavior can be discerned for
he Zr65.7Ni33.3Pd1 amorphous alloy despite the overlapping of
hree exothermic peaks (Fig. 4d). It is obvious that the elemental
ddition of Si, Pd and La has a significant influence on the crystal-
ization behavior of the present Zr66.7−xNi33.3Mx amorphous alloys.
n addition, it should be noted that the exothermic peaks on the
SC traces of the Zr65.7Ni33.3La1 amorphous alloy show an abnor-
al profiles (Fig. 4f), which may be associated with its unique

rystallization behavior. The underlying reason needs to be fur-
her clarified in the later work. From Fig. 4, it can be seen that the
nset crystallization temperature (Tx) and the crystallization peak
emperature (Tp) of the maximum exothermic peak increase as the
eating rate increases (as marked by arrows in Fig. 4).

The effective activation energy for crystallization of the
r66.7−xNi33.3Mx amorphous alloys can be evaluated by the
issinger equation [21]:

n

(
T2

ˇ

)
= Ea

RT
+ C (1)

here T is the specific temperature, ˇ is the heating rate, R is the
as constant, and Ea is the activation energy. It is known that the
nset crystallization temperature is associated with the nucleation
rocess, and the peak temperature is related to the growth pro-
ess. It may presume that the activation energies deduced from
he onset crystallization and peak temperatures respectively, rep-
esent the activation energy for nucleation and growth [22]. The
x value of the main exothermic peak on the DSC traces cannot be
btained accurately, but the Tp value corresponding to the main
xothermic peak can be well determined from the DSC traces and
as used to evaluate the activation energy for crystallization of
he present Zr66.7−xNi33.3Mx (M = Si, Pd and La and x = 0, 1, 3 at.%)
morphous alloys quenched at 3000 rpm. By substituting Tp for T
n the Eq. (1), the activation energy for crystallization can be deter-

ined from the slope of a plot of the ln(T2
p /ˇ) against 1/Tp. The

n(T2
p /ˇ) as a function of 1/Tp is plotted in Fig. 5. On the whole,
mpounds 509 (2011) 3262–3268 3265

a good linear relationship can be obtained for all the Kissinger
plots of the Zr66.7−xNi33.3Mx (M = Si, Pd and La and x = 0, 1, 3 at.%)
amorphous alloys, especially for the Zr66.7Ni33.3, Zr65.7Ni33.3Si1,
Zr65.7Ni33.3Pd1 and Zr63.7Ni33.3La3 amorphous alloys (Fig. 5). And
for the Zr63.7Ni33.3Si3, Zr63.7Ni33.3Pd3 and Zr65.7Ni33.3La1 amor-
phous alloys, some data points deviate from the linear relationship,
but well distribute at both sides of the linear plot (Fig. 5c, e and f).
The calculated Ea values are shown in Fig. 6. It can be seen that
the Ea value for the Si, Pd and La additions is obviously higher than
that of Zr66.7Ni33.3, except the 1 at.% La addition. This indicates that
the addition of Si, Pd and La can enhance the thermal stability of
Zr–Ni–based amorphous alloys. It is worth noting that partial sub-
stitution of La for Zr exhibits the optimum effect on improving GFA,
but the as-obtained amorphous alloy does not possess the highest
thermal stability. On the other hand, Zr63.7Ni33.3Si3 has the high-
est Ea value (441 ± 48 kJ mol−1), implying that the 3 at.% Si addition
has the best effect on the thermal stability of the amorphous alloy
against crystallization. In addition, the effect of the Pd addition on
the thermal stability is also superior to the La addition. So it can be
noted that the small or intermediate atom additions produce even
better effects on thermal stability than the large atom additions.
This demonstrates that GFA has no positive correlation with ther-
mal stability for the present Zr66.7−xNi33.3Mx (M = Si, Pd and La and
x = 0, 1, 3 at.%) amorphous alloys. Madge and Greer [23] have dis-
cussed the reasons for Mg-based glasses based upon the appearance
of quenched-in nuclei.

It is known that the diffraction angle for the first maximum on
an XRD pattern is related to the nearest interatomic distance, fol-
lowing the relation 1.23� = 2dmsin � (where � is the wavelength
of X-ray and equals to 0.15406 nm here, � is the peak position
corresponding to the first maximum on the XRD pattern, dm is
the distance between neighboring atoms, and 1.23 is a correc-
tion factor used for liquid and amorphous solids) [24]. The value
of dm obtained from the above relationship can be considered
as an average TM–TM (for example, Zr–Zr, Zr–Ni and Ni–Ni in
this work) nearest-neighbor distance determined by 2�. Here, we
would study the relation between variation tendency of dm and
Ea for the Zr–Ni-based amorphous alloys, and further analyze the
relationship between thermal stability and topological short-range
ordering of these amorphous alloys with different atomic sizes of
elemental additions. Fig. 6 shows the variation of Ea values as a
function of dm for the melt-spun Zr66.7−xNi33.3Mx (M = Si, Pd and
La and x = 0, 1, 3 at.%) amorphous alloys obtained at 3000 rpm.
From Fig. 6, it can be seen that the distance between neighboring
atoms (dm) for the present Zr–Ni-based amorphous alloys follows
an approximately contrary tendency compared to the variation of
activation energy for crystallization (Ea) of these amorphous alloys
with different elemental additions. Namely, the amorphous alloy
has a larger Ea value and also has a smaller dm value. However, the
1 at.% La addition leads to an exceptional variation trend, which
may be correlated with the unusual profiles of the main exother-
mic peaks on the DSC traces of the Zr65.7Ni33.3La1 amorphous alloy
(Fig. 4f). The thermal stability (Ea) increases with decreasing aver-
age nearest-neighbor distance (dm). Thus it can be suggested that
there exists a correlation between thermal stability and topological
short-range ordering of amorphous alloys. This result obtained is
in good agreement with the reports by Inoue et al. [25–27] and
Park et al. [28]. They have argued that the thermal stability of
an amorphous phase can be enhanced with increasing topological
short-range ordering.

It should be noted that the atomic radius of Si is smaller than that

of both Zr and Ni, and it is predicted that Si has a higher diffusivity
in Zr and Ni. So the substitution of Si for Zr in the Zr–Ni amor-
phous alloys can cause more obvious lattice contraction leading to
more compact configuration and markedly increase thermal stabil-
ity of the amorphous phase. The 1 at.% Si substitution for Zr does not
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Fig. 4. DSC curves of the Zr66.7−xNi33.3Mx (M = Si, Pd and L

emarkably enhance thermal stability, which may be explained by

weak hindering effect of a small quantity of Si atoms on the atomic
obility of diffusing species in the matrix. In comparison with the
at.% Si addition, the addition of 3 at.% Si may further enhance the
acking density. In addition, due to their strong atomic bonding
ith metallic elements, proper additions of metalloid atoms (such
x = 0, 1, 3 at.%) amorphous alloys quenched at 3000 rpm.

as Si in the present work) can enhance the short-range compo-

sitional ordering (chemical short-range ordering). Therefore, the
rearrangement of atoms in the Zr–Ni–Si amorphous alloys becomes
much more difficult and the Si addition is beneficial to thermal
stability of amorphous alloys. Pd as an intermediate atom can
easier diffuse into the interstice of Zr atoms than large atom La,



Y. Wang et al. / Journal of Alloys and Compounds 509 (2011) 3262–3268 3267

Fig. 5. Kissinger plots (ln(T2
p /ˇ) vs. 1/Tp) for the Zr66.7−xNi33.3Mx (M = Si, Pd and La and x = 0, 1, 3 at.%) amorphous alloys quenched at 3000 rpm.
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ig. 6. Variation of Ea values as a function of dm for the melt-spun Zr66.7−xNi33.3Mx

M = Si, Pd and La and x = 0, 1, 3 at.%) alloys quenched at 3000 rpm.

hich can improve the packing density and stabilize the amor-
hous alloy against crystallization. The strong interaction of Zr–Pd
�Hmix, −91 kJ mol−1[15]) may also enhance the thermal stabil-
ty of the amorphous alloy during heating. Therefore, to a certain
xtent, selecting additional elements with appropriate atomic sizes
an effectively improve GFA and/or enhance thermal stability of
morphous alloys.

. Conclusions

In summary, there exists the correlation among atomic sizes
f additional elements, GFA and thermal stability of Zr–Ni-based
morphous alloys with different elemental additions. Minor addi-
ions of La, Pd and Si can improve GFA of Zr–Ni-based alloys and La
xhibits the optimum effect on improving GFA. The efficient clus-
er packing model shows that elemental additions with appropriate
tomic sizes can be effective to enhance GFA of amorphous alloys.

The activation energy for crystallization of the Zr–Ni-based
morphous alloys with Si, Pd and La additions is obviously higher

han that of the Zr66.7Ni33.3 amorphous alloys, and increases with
ecreasing distance between neighboring atoms. The thermal sta-
ility has a relation with topological short-range ordering of
morphous alloys. Moreover, the addition of small atoms is ben-
ficial to thermal stability of amorphous alloys due to stronger

[
[
[
[
[

mpounds 509 (2011) 3262–3268

short-range ordering. The effect of Pd addition on the thermal sta-
bility is also superior to La addition. So the small or intermediate
atom addition can produce better effect on thermal stability of
amorphous alloys than the large atom addition.
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