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Abstract

The softness of Zr65Cu17.5Ni10Al7.5 bulk metallic glass (BMG) in the super-cooled liquid range

(SCLR) is obviously improved by minor addition of 2 percent Er, which makes

(Zr65Cu17.5Ni10Al7.5)98Er2 (Zr65Er2) to be a very formable Be-free Zr-based BMG. It is

found the lower glass transition temperature of Zr65Er2 has an important contribution to the

improvement of formability, which is contrary to the general understanding that the larger

fragility and wider super-cooled liquid region (SCLR) are the major reasons for better

thermoplastic formability. This finding is well explained by using the linear simplification of

the SCLR in Angell plot. Zr65Er2 also has lower crystallization temperature and melting

temperature, which is believed to be related to the formation of short-range ordering with

lower transition energy rather than the composition shift to near eutectic. The above results

help understand the effect of minor addition of rare-earth to the formability of Zr-based bulk
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1. Introduction

Similar to many other glasses, bulk metallic glasses (BMGs) are hard at room temperature,

but viscous at above glass transition temperature Tg. The former characteristic ensures the

outstanding mechanical properties of the materials in practical use, while the latter can be

employed to fabricate complex components by using thermoplastical forming process [1-13].

In forming of BMG components, a paramount factor to be considered is the thermoplastic

formability, which determines whether a qualified component with complex geometries and

fully amorphous structure can be successfully formed. Theoretically, formability is

determined by viscosity and crystallization incubation time [14, 15]. But it is not convenient

to measure these two temperature-sensitive parameters accurately at the temperature in

super-cooled liquid range (SCLR) [16]. The deformation in the whole SCLR with constant

heating is thus usually used to compare the formability of different BMGs. The deformation

amount, on the other hand, can be represented by the diameter [16, 17] or the length

shrinkage[18, 19] of the pressed bulk samples, and the height[20] of the blow formed

membrane. In general, large fragility index m and broad the SCLR width x are considered

to be the most important factors for better formability [16], where m is defined as the rate of

viscosity drop at Tg in Angell plot ( 10log ~ gT T ) [21], i.e. 10( (log ) ( ))
gg T Tm d d T T  . m

and x determine how quick and how long the viscosity can decrease with the increase of

temperature in SCLR, respectively. However, with the advance of research on formability, it is
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found that only x and m are not sufficient enough to explain the different formability of

different BMGs. Similar to the research methodology used in study of glass-forming ability

[22, 23], some temperature based parameters are proposed for evaluation of the formability of

BMGs [16, 18, 24]. It is found that Tg has a clear effect on the formabilities of a series of

BMGs [16, 18], i.e. the BMGs with low Tg usually have good formability. This regularity,

although it happens in some BMG cases [25-27], has not yet been received enough attention

so far and thus deserves further investigation and in-depth study.

Among a dozen of BMG systems developed in the last decades, Pt-, Au- and Pd-based BMGs

have the best formability, followed by Zr-, Mg- and rare-earth based BMGs [16-19, 28-30].

Taking into account the formability, mechanical and corrosion-resistance properties, cost and

environment factors, Be-free Zr-based BMGs are the most potential candidate for wide

applications and mass production of BMG components. In Be-free Zr-based BMG systems,

Zr65Cu17.5Ni10Al7.5 (Zr65) has very good formability [18, 31, 32]. It is well known the minor

addition of rare-earth can improve the glass-forming ability of Zr-based BMGs by scavenging

the oxygen impurity of the melt and increasing the thermal stability of SCLR [33, 34].

Previous arts show the minor addition of several heavy rare-earth elements improves the

thermoplastic formability of Zr65 [19], especially for Er. In this paper, the fact that the

formability of (Zr65Cu17.5Ni10Al7.5)98Er2 (Zr65Er2) is better than that of Zr65 is analysed in

depth and it is found that it is caused not only by its larger x but also by its lower Tg.

2. Experimental procedure

BMG rods with the diameter of 2 mm were fabricated by copper mould casting and their
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amorphous state was confirmed by x-ray diffraction. The glass transition, crystallization and

melting behaviors were investigated by differential scanning calorimetry tests (Perkin Elmer

DSC7, Setaram SETSYS Evolution 1750), and the softness in SCLR was measured by

thermo-mechanical analysis test (Perkin Elmer TMA7).

3. Results

Fig. 1 shows the TMA results of Zr65 and Zr65Er2. The softness in the SCLR determined by

TMA test is proven to reflect the thermoplastic formability effectively and conveniently [18].

Addition of a small amount of Er results in the increase of softness by 43%, which makes

Zr65Er2 to have the best thermoplastic formability in Be-free Zr-based BMGs family [18, 19].

Based on the Stefan equation [17, 35], the viscosity  with the geometrical correction of

viscous flow is calculated as

2 2 2
0 02 ( / 3 ) / (1 / 8 (1 ) )nd l      & (1),

where ,&, d0, l0 and n are true stress, strain rate, initial diameter, initial length and nominal

strain, respectively. Stress is calculated by 0 0( / ) ( / )F S l l   , where F and S0 are the

applied load and the initial cross-sectional area, respectively. Strain n is calculated as

0 0( ) /n l l l   . Fig. 2 shows the logarithm values of viscosity derived from the TMA results.

When the temperature approaches Tg, the relaxation time is about in the magnitude of several

minutes [36]. At the heating rate of 20 K/min, the change of viscosity is slower than the

change of temperature, resulting in the step-like traces in 600-630 K shown in Fig. 2. In

addition, due to the slow relaxation, the measured viscosity in 600-630 K is about an order of

magnitude lower than 1012 Pa·s that is deemed as the equilibrium viscosity at glass transition
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[21]. The measured viscosity changes continuously and smoothly with the elevated

temperature above 640 K due to the faster relaxation in SCLR. Until about 720 K, the

viscosity increases suddenly for crystallization. For the two BMGs, except the different

fluctuation in 640-680 K, the most difference shown in Fig. 2 is that the Zr65Er2 has a lower

viscosity before crystallization. As shown in Fig. 2, (Log10) is used to quantify the total

viscosity drop before crystallization, which is also an indicator of the thermoplastic

formability [17].

Fig. 1 TMA traces of Zr65 and Zr65Er2 BMGs.
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Fig. 2 Viscosities of Zr65 and Zr65Er2 BMGs.

Fig. 3 Glass transition and crystallization of Zr65 and Zr65Er2 BMGs.

Fig. 4Melting traces of Zr65 and Zr65Er2 BMGs.
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Fig. 5 DSC traces of Zr65 and Zr65Er2 BMGs at different heating rate.

Fig. 6 The fitted relationship of Tg and Lnby VF equation.

Table 1 Thermal properties of Zr65 and Zr65Er2 BMGs.

BMGs Tg
(K)

Tx
(K)

Tx
(K)

Tm
(K)

Tm
(K) D* Tg0

(K) m softness (Log10)

Zr65 627 741 114 1097 1167 0.304 579 20.7 0.28 3.5

Zr65Er2 614 735 121 1074 1152 1.161 524 20.1 0.40 3.7
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The onset glass transition temperature Tg, crystallization temperature Tx, onset melting

temperature Tm and offset temperature Tl are shown in Figs. 3 and 4, respectively. With

addition of Er, Tg and Tx decrease 13 K and 6 K respectively, resulting in 7 K increase in Tx

(Tx=Tx-Tg). Compared with the obviously improvement in formability, the increase in Tx is

relatively small. The other factor, i.e. the fragility index m thus need to be investigated to

explain the better formability of Zr65Er2. Since the viscosity relaxation and the glass

transition measured by calorimetric methods occur on the same time scale, the heating rate 

dependent glass transition can be used as a convenient way to determine the fragility of the

glasses [37]. The relationship of Tg and Lnin case of not fast is usually linearly and can

be expressed by Lasocka’s relation, although with a fast heating rate above 80 K/min, the

relationship is usually nonlinear and fitted more well by the Vogel–Fulcher (VF) equation in

the following [38-41]

0Ln Ln - / ( )g g gB D T T T    (2),

where B is a constant, D* is the strength parameter which can be used to describe how closely

the relationship obeys the Arrhenius law [21] and Tg0 is the VF temperature. From the VF fit,

m at a particular Tg can be estimated as

0 0 2( / Ln10) ( / ) / (1 / )g g g gm D T T T T   (3).

The glass transition behaviors of Zr65 and Zr65Er2 at different heating rate are shown in

Fig. 5. The fitted curve of Zr65Er2 shown in Fig. 6 is less curving and located in the lower

temperature range, indicating it has a larger D* and lower Tg0 than those of Zr65. The fitted

results and the m at the heating rate of 20 K/min are listed in Table 1. It is worth pointing out
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that both two BMGs have quite small m when compared with other BMG systems [42-47].

The quite small m is also reported in a group of Zr-Cu-Ni-Al BMGs[48] and maybe due to the

network microstructures of this BMG system [48, 49]. In addition, m decreases slightly upon

addition of Er as the addition of rare-earth in Zr-based BMGs usually results in the

improvement of glass-forming ability, which is believed as the characteristic of strong liquid

[33, 34, 45, 50]. On the other hand, it is not appropriate to explain the better formability of

Zr65Er2 from the perspective of fragility index.

4. Discussion

Wide SCLR and large fragility are generally considered as the main reasons for better

formability, while the effect of Tg on formability has not received much attention. The

contribution of Tg to formability can be simply explained based on the feature of Angell plot

as described in this paper. In Angell plot, the SCLR of most BMGs with an intermediate to

strong liquid behavior and a relative narrow width (0.85<Tg/Tx<1), can be simplified to be

linear with the slope of m, which is contrast to the obviously curving SCLR of the very fragile

liquid [51], as shown in Fig. 7. This linear simplification can be applied for Zr65 and Zr65Er2

since they have obviously strong liquid feature with small m and their Tg/Tx are 0.846 and

0.835 respectively. By using the linear simplification, the viscosity drop in the whole SCLR,

which is also an indicator of the formability [17], can be estimated as:

10 10(Log Log ) (1 )
g x

g x
T T

x g x

T m Tm
T T T

  
    

 
(4).
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Fig. 7 Linear simplification of SCLR in Angell plot.

From Eq. (4), a BMG with a significantly lower Tg has thus a better formability even though it

does not have the obviously large m and Tx. To name a few of this type of BMGs,

Mg65Cu25Y10 (Tg=155 ○C) [25], Au49Ag5.5Pd2.3Cu26.9Si16.3 (Tg=130 ○C) [26] and Ce70Al10Cu20

(Tg=68 ○C) [27] are some of them. The last one is labeled as the so-called “amorphous

metallic plastic” as it can be imprinted by hand in nearly-boiling water. For more BMGs with

a wide distribution of Tg, Tx and m, there is still a considerable correlation between Tg and

formability. Such as 18 Be-free Zr-based BMGs [16] and 10 Zr-, Pd-, Pt-, Au-, Mg-, Fe-based

BMGs [18]. For the two BMGs investigated in this research, by putting the values of Tg, Tx

and m into Eq. (4), the 10 10(Log Log )
g xT T  of Zr65 and Zr65Er2 is calculated as 3.2 and

3.3, respectively. This is in a good agreement with the experimental (Log10) value of 3.5

for Zr65 and 3.7 for Zr65Er2. Therefore, addition to the larger Tx, the lower Tg has also

important contribution to the better formability of Zr65Er2 than that of Zr65.

Except Tg, other transition temperatures, including Tx, Tm and Tl also decrease after addition of

Er, as listed in Table 1. This synchronous decrease in the transition temperatures is a common
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phenomenon when adding minor heavy rare earth elements into Zr-based and Cu-Zr based

BMGs to achieve better glass-forming ability, such as addition of Gd, Ho and Y into

(CuZr)93Al7 [52], Y and Er into Zr50Cu30Ni5Al10 [53], Gd, Y, Dy and Lu into Cu47Zr45Al8 [54],

Dy, Gd and Er into Zr62.5Cu22.5Fe5Al10 [55], Gd into Zr46Cu46Al8 [37], Zr48Cu45Al7 [56],

Zr52.2Cu39.1Al8.7 [57] and Cu50Zr42Al8 [58], Y into Zr55Cu20Ni10Al15 [59], Zr58Nb3Cu16Ni13Al10

[60] and Zr50Cu25Ni10Al15 [61], etc. Another notable common feature in the above cases is that

the lower melting point after addition of rare-earth is not caused by the composition shift to

eutectic [37, 54-60], although the deep eutectic composition usually has a lower melting point

and a better glass-forming ability [62]. This is also the case for Zr65Zr2, as shown in Fig. 4.

Both Zr65 and Zr65Er2 have obviously off-eutectic feature and the later has a more

endothermic peak.

The atom radius of most heavy rare earth elements is 0.17-0.18 nm (0.17558 nm for Er),

larger than those of Zr (0.16025 nm), Cu (0.12780 nm), Ni (0.12459 nm) and Al (0.14317 nm).

Minor addition of rare-earth atom increases the constituent atoms space misfit and favors the

formation of short-range ordering with a closer packed local structure. In addition, the heat of

mixing of Cu-Er, Ni-Er and Al-Er are -23, -34 and -38 KJ/mol respectively. The large negative

heat of mixing enhances interaction among the components and also favors the formation of

short-rang ordering. Compared with the long-range ordering, the atom redistribution of the

short-range ordering is easier and needs lower energy and thus lower temperature in the

thermal excited transitions, including glass transition, crystallization and melting. The extra

endothermic peak of Zr65Er2 is very likely related to the melting of some phases evolved

from the short-range ordering. Based on the above explanation, the lower Tg, Tx, Tm and Tl
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after minor addition of rare-earth is mostly attributed to the formation of short-range ordering

with lower transition energy rather than composition shift to near eutectic.

5. Conclusions

The softness of Zr65Er2 is 43% larger than that of Zr65, which makes Zr65Er2 to be a very

formable Be-free Zr-based BMG. Except the lager Tx, the obviously lower Tg has the most

significant contribution to the improvement of formability. This phenomenon is well

explained by the linear SCLR simplification in Angell plot. In addition, the addition of large

Er atom is believed to favors the formation of short-range ordering with lower transition

energy, resulting in the lower transition temperatures including Tg, Tx, Tm and Tl. These

findings help understand the effect of minor addition of rare-earth to the formability of

Zr-based bulk metallic glasses, and provide an effective way to further develop new Be-free

Zr-based BMGs with better formability comparable to the Be-added Zr-based BMGs and

noble-metal-based BMGs.
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