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ABSTRACT

It has been found that the partial substitution of Fe, Al, Ag, Cu, Ni, V, or Cr for

Be effectively enhances the glass-forming ability of Ti–Zr–Be ternary alloy. The

influence of different alloying elements on crystallization kinetics of Ti41Zr25Be34

alloy has been investigated by isothermal and isochronal differential calorimetry

combined with X-ray diffraction. Among the selected alloying elements, Fe, Al,

Cu, Ni, or Cr can enhance the thermal stability, while the Ag- and V-containing

alloys exhibit a slightly narrower supercool liquid region. The crystallization of

all the eight alloys proceeds through at least two exothermic events. The

apparent activation energies of glass transition and crystallization have been

determined based on the Kissinger equation. The substitution of Al, Ag, Cu, or

Ni for Be does not change the product of the primary crystallization of the base

alloy. However, with the addition of beta stabilized elements (Fe, V, and Cr), the

formation of b-Ti as primary phase is promoted. The overall nucleation and

growth characteristics of the parent, Al-, Ag-, Cu-, Ni-, V-, and Cr-additive

alloys, are similar. Compared with the other seven alloys, Ti41Zr25Be28Fe6 alloy

exhibits much larger Avrami exponents with an average value of 5.26, indi-

cating a high-dimensional growth with increasing nucleation rate.

Introduction

Lightweight bulk metallic glasses (BMGs), which are

represented by Al- [1, 2], Mg- [3, 4], and Ti-based

BMGs [5–8], have attracted much attention due to the

modern concepts for lightweight construction. How-

ever, the glass-forming ability (GFA) of Al-based

BMGs is very poor while most of Mg-based BMGs are

very brittle. In this sense, Ti-based BMGs seem more

promising materials to be used in industry fields such

as aerospace. In the past decades, a series of Ti-based

BMGs, such as Ti–Cu–Ni [9], Ti–Zr–Cu–Ni–Sn [10],

Ti–Zr–Cu–Ni–Be [11], Ti–Zr–Cu–Pd–Sn [12], and Ti–

Zr–Hf–Cu–Ni–Si–Sn [13], have been successfully

developed. However, in order to improve the GFA,
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most of the available Ti-based BMGs always contain a

large portion of heavy elements (e.g., Cu, Pd, etc.),

resulting in the decrease of specific strength.

Compared with other developed Ti-based BMGs,

Ti–Zr–Be ternary alloys [14, 15] possess relatively

high specific strength because of the addition of light

element Be. However, the critical size for glass for-

mation of Ti–Zr–Be alloys is no more than 6 mm [15],

which is relatively small compared with that of some

well-known ternary BMGs (e.g., Zr–Ni–Al [16], Mg–

Cu–Y [17], etc.). In order to solve this problem,

alloying method, which is widely used to improve

the properties of alloys, has been adopted to enhance

the GFA of Ti41Zr25Be34 alloy. In previous work, it has

been found that the GFA of Ti41Zr25Be34 BMG can be

greatly improved by replacing Be by Al [18] or some

transitional elements (e.g., Fe [19], Ag [20], Cu [21],

Ni [22], V [14], and Cr [15]). Moreover, the optimized

alloying content for most of the selected elements is

around 6 at.%. Unfortunately, the underlying mech-

anisms of GFA improvement of Ti41Zr25Be34 alloy

induced by alloying have not been fully understood

yet.

As the glass formation is a competing process

between liquid phase and competing crystalline

phases, research on the crystallization kinetics of is

helpful to further understand the GFA [23–25]. In this

study, the crystallization behaviors of Ti41Zr25Be34

and seven representative quaternary BMGs with

different fourth elements have been investigated by

X-ray diffraction (XRD) and differential scanning

calorimetry (DSC) under both isochronal and

isothermal conditions. Based on the experimental

results, the roles of alloying elements on crystalliza-

tion kinetics of Ti41Zr25Be34 alloy have been exposed.

Experimental procedure

Master ingots with nominal compositions of Ti41

Zr25Be34 and Ti41Zr25Be28M6 (M = Fe, Al, Ag, Cu, Ni,

V, and Cr) were prepared by arc melting high purity

([99.9 wt%) constituent elements under a Ti-gettered

argon atmosphere. From the ingots, cylindrical alloy

rods with different diameters were prepared by

copper mold casting method. The amorphous nature

of as-cast samples was ascertained by X-ray diffrac-

tion (XRD, Rigaku D/max-RB) with Cu Ka radiation.

Thermal analysis was carried out in a differential

scanning calorimeter (DSC, NETZSCH 404 F1

Pegasus). The DSC system was calibrated for tem-

perature and enthalpy using indium and zinc stan-

dards. Continuous heating was carried out at

different heating and cooling rates (5, 10, 20, and

40 K min-1) with a flow of purified argon gas using a

platinum pan with alumina liner. In the case of

isothermal annealing, the samples were put in alu-

minum pan and heated to the selected temperature at

a heating rate of 150 K min-1, and then held until the

crystallization completed. In order to eliminate the

sample size effect, the DSC samples were cut from /
3 mm as-cast rods and the weight of each sample was

between 10 and 20 mg. In order to find out the

crystalline phases corresponding to different crystal-

lization steps, 3 mm diameter samples were heated to

the selected temperatures in DSC at a heating rate of

20 K min-1. After cooling, the annealed samples

were polished to remove the oxide layer on the sur-

face and examined by XRD.

Results and discussion

Figure 1 shows the XRD patterns of Ti41Zr25Be34 and

Ti41Zr25Be28M6 (M = Fe, Al, Ag, Cu, Ni, V, and Cr)

rods with their critical diameters (Dc). All the pat-

terns consist of only a broad diffraction halo peak

without any sharp Bragg peak, indicating the amor-

phous structure of the as-cast rods. The critical

diameter of ternary Ti41Zr25Be34 alloy (base alloy) is

only 5 mm. However, with the addition of different

fourth elements, the glass-forming ability can be

improved in varying degrees. Among all the seven

selected elements, Cu and Ni are the best choices for

improving the GFA as Ti41Zr25Be28Cu6 and Ti41Zr25

Be28Cu6 alloys possess a relatively large critical

diameter of 15 mm, which is three times as that of the

base alloy. Even for the worst element V, the critical

size can also be enhanced from 5 to 6 mm. The above

results confirm that alloying method is really effec-

tive to enhance the GFA of Ti–Zr–Be ternary alloy.

Figures 2 and S1 show the continuous heating DSC

curves of Ti41Zr25Be34 and Ti41Zr25Be28M6 (M = Fe,

Al, Ag, Cu, Ni, V, and Cr) glassy alloys measured at

the heating rates of 5, 10, 20, and 40 K min-1. The

characteristic temperatures such as Tg (the glass

transition temperature), Tx (the onset temperature of

crystallization), and Tp1 (the first crystallization peak

temperature) are marked on the DSC curves and their

values are listed in Table 1. It is worthwhile to note
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that the crystallization behavior can be changed by

the addition of some alloying elements. As shown in

Fig. 2, the base alloy has a two-stage crystallization

with a relatively sharp second exothermic event.

With the addition of Al, Ag, Cu, V, or Cr, the corre-

sponding quaternary alloys exhibit similar crystal-

lization behavior. In turn, the Fe bearing alloy has a

two-stage crystallization with a relatively sharp first

peak and the Ni containing alloy shows three-stage

crystallization. It can also be found that the super-

cooled liquid region (defined as DTx = Tx–Tg)

increases with the addition of Fe, Al, Cu, Ni, or Cr.

Among all the alloys listed in Table 1, Ti41Zr25Be28Fe6

alloy possesses the widest supercooled liquid region

of over 100 K, which is larger than that of most

developed Ti-based BMGs. However, the GFA of

Ti41Zr25Be28Fe6 alloy is not as good as Ti41Zr25Be28

Cu6 and Ti41Zr25Be28Ni6 alloys which possess a

smaller DTx value. Moreover, DTx decreases slightly

with Ag or V addition but the GFA has been

improved. In this sense, although DTx is always used

as an indicator of the GFA for BMGs, the relationship

between DTx and GFA of Ti–Zr–Be–M glassy alloys

seems weak. Similar phenomena have been reported

in some other alloy systems [26].

From Figs. 2, S1 and Table 1, it can also be seen

that the characteristic temperatures of all the listed

alloys are shifted to higher temperature side with

increasing heating rates. The activation energy of the

glass transition or crystallization reaction under

continuous heating condition can be calculated by the

Kissinger equation [27]:

ln
b
T2

� �
¼ � E

RT
þ C; ð1Þ

where b is the heating rate, E is the apparent activa-

tion energy for the process, R is the gas constant,

T represents the characteristic temperature (such as

Tg, Tx, and Tp1), and C is a constant. Figure 3 shows

the Kissinger plots of glassy alloys calculated by Tg,

Tx and Tp1, respectively. The calculated activation

energy of the glass transition and crystallization are

listed in Table 1. For all the eight alloys, Eg is higher

than Ex and Ep1, indicating that the glass transition

needs more activation energy than the crystallization

reaction. It has been presumed that Ex and Ep1 rep-

resent the activation energy for nucleation and

growth, respectively [28]. As shown in Table 1, Ep1 of

Ti41Zr25Be28Ag6 alloy is slightly higher than Ex, which

means the growth process of the crystalline phases is

more difficult than the nucleation process. Corre-

spondingly, the other seven alloys are just the

reverse. From Table 1, we can also find that Eg, Ex,

and Ep1 of the present alloy series have no obvious

relationship with DTx and GFA. Among all the listed

eight alloys, Ti41Zr25Be28V6 alloy has the largest Eg,

while Ti41Zr25Be28Ag6 alloy has the largest Ex and

Ep1. However, the critical diameter Dc and DTx of

these two alloys are not the largest according to the

experimental results provided in Fig. 1 and Table 1.

It has been reported that Ag addition enhances the

glass-forming ability and enlarge the supercooled

Figure 1 XRD patterns of Ti41Zr25Be34 and Ti41Zr25Be28M6

(M = Fe, Al, Ag, Cu, Ni, V, and Cr) as-cast rods with their critical

diameters.

Figure 2 Isochronal DSC curves of Ti41Zr25Be34 alloy at differ-

ent heating rates.
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liquid region of Cu–Zr [29] and Cu–Zr–Al [30] alloys

but decreases the activation energy of crystallization,

which is attributed to a microstructural heterogeneity

induced by Ag addition. In this sense, the addition of

alloying elements may also induce inhomogeneity in

Ti–Zr–Be alloy.

In order to find out the precipitation phases cor-

responding to different crystallization stages, sam-

ples were heated to the extrapolated end

temperatures of different crystallization peaks,

respectively, at a heating rate of 20 K min-1, and

cooled to room temperature. Figures 4 and S2 illus-

trate the crystallization behaviors of these eight

BMGs. The corresponding crystalline phases of dif-

ferent alloys have been summarized in Table 2. For

Ti41Zr25Be34, Ti41Zr25Be28Al6, Ti41Zr25Be28Ag6, and

Ti41Zr25Be28Cu6 alloys, the primary phase is indexed

as a-Ti2Zr. After complete crystallization beyond the

highest crystallization peak temperature, more crys-

tallization products such as Be2Zr and a-Ti (a-TiZr

for Ti41Zr25Be28Ag6 alloy) can be detected. For Ti41

Zr25Be28Ni6 alloys, the first and second crystallization

events are associated with the precipitation of a-Ti2Zr

and Be2Zr phases, while a-Ti is detected after the

third exothermic event. However, for Ti41Zr25Be28Fe6,

Ti41Zr25Be28V6, and Ti41Zr25Be28Cr6 alloys, the

Table 1 Thermal data, activation energy, and glass-forming ability of Ti41Zr25Be34 and Ti41Zr25Be28M6 (M = Fe, Al, Ag, Cu, Ni, V, and

Cr) bulk metallic glasses

Alloys Heating

rate

(K min-1)

Tg (K) Tx (K) Tp1 (K) DTx

(K)

Eg

(kJ mol-1)

Ex

(kJ mol-1)

Ep1

(kJ mol-1)

Dc

(mm)

Ti41Zr25Be34 5 578.6 ± 3.0 631.0 ± 1.0 643.0 ± 1.0 52.4 273.9 ± 12.5 175.7 ± 2.2 181.3 ± 2.4 5

10 584.8 ± 3.0 643.0 ± 1.0 655.1 ± 1.0 58.2

20 591.4 ± 3.0 656.3 ± 1.0 668.9 ± 1.0 64.9

40 599.8 ± 3.0 670.1 ± 1.0 682.2 ± 1.0 70.3

Ti41Zr25Be28Fe6 5 586.5 ± 3.0 692.8 ± 1.0 699.5 ± 1.0 106.3 264.5 ± 8.4 171.2 ± 9.5 179.4 ± 6.3 10

10 593.7 ± 3.0 705.9 ± 1.0 712.4 ± 1.0 112.2

20 600.3 ± 3.0 723.0 ± 1.0 727.1 ± 1.0 122.7

40 609.3 ± 3.0 740.8 ± 1.0 746.8 ± 1.0 131.5

Ti41Zr25Be28Al6 5 600.5 ± 3.0 670.7 ± 1.0 684.0 ± 1.0 70.2 244.9 ± 21.4 201.5 ± 9.3 222.5 ± 6.8 7

10 609.2 ± 3.0 683.1 ± 1.0 694.8 ± 1.0 73.9

20 615.0 ± 3.0 694.1 ± 1.0 706.6 ± 1.0 79.1

40 626.5 ± 3.0 709.8 ± 1.0 720.4 ± 1.0 83.3

Ti41Zr25Be28Ag6 5 580.5 ± 3.0 640.6 ± 1.0 647.6 ± 1.0 60.1 259.7 ± 17.9 256.8 ± 16.9 242.5 ± 21.9 10

10 587.8 ± 3.0 647.5 ± 1.0 654.4 ± 1.0 59.7

20 593.6 ± 3.0 656.9 ± 1.0 664.3 ± 1.0 63.3

40 603.3 ± 3.0 667.9 ± 1.0 677.0 ± 1.0 64.6

Ti41Zr25Be28Cu6 5 571.9 ± 3.0 640.3 ± 1.0 652.1 ± 1.0 68.4 316.2 ± 21.4 161.6 ± 9.2 185.7 ± 5.0 15

10 576.1 ± 3.0 653.6 ± 1.0 663.4 ± 1.0 77.5

20 583.3 ± 3.0 671.0 ± 1.0 677.5 ± 1.0 87.7

40 589.2 ± 3.0 682.9 ± 1.0 691.3 ± 1.0 93.7

Ti41Zr25Be28Ni6 5 584.5 ± 3.0 643.5 ± 1.0 657.7 ± 1.0 59.0 336.2 ± 21.0 134.2 ± 6.3 136.6 ± 6.5 15

10 588.8 ± 3.0 658.1 ± 1.0 672.8 ± 1.0 69.3

20 595.9 ± 3.0 679.0 ± 1.0 694.3 ± 1.0 83.1

40 601.5 ± 3.0 695.5 ± 1.0 711.0 ± 1.0 94.0

Ti41Zr25Be28V6 5 563.7 ± 3.0 610.3 ± 1.0 629.7 ± 1.0 46.6 395.7 ± 19.0 165.6 ± 12.9 211.9 ± 11.9 6

10 568.0 ± 3.0 619.6 ± 1.0 639.3 ± 1.0 51.6

20 572.1 ± 3.0 632.5 ± 1.0 648.8 ± 1.0 60.4

40 577.7 ± 3.0 648.7 ± 1.0 662.3 ± 1.0 71.0

Ti41Zr25Be28Cr6 5 581.2 ± 3.0 649.1 ± 1.0 660.1 ± 1.0 67.9 251.7 ± 19.1 168.7 ± 4.7 200.0 ± 6.2 8

10 588.7 ± 3.0 663.9 ± 1.0 671.2 ± 1.0 75.2

20 595.3 ± 3.0 676.7 ± 1.0 683.5 ± 1.0 81.4

40 605.5 ± 3.0 692.8 ± 1.0 697.8 ± 1.0 87.3
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primary phase is no longer a-Ti2Zr but b-Ti. This is

because that Fe, V, and Cr are all typical beta-stabi-

lizing elements which can lower the alpha-to-beta

transition temperature. After the second crystalliza-

tion event, instead of the Be2Zr and a-Ti phases

which are the crystalline phases for Ti41Zr25Be28V6

and Ti41Zr25Be28Cr6 samples, BeTi and a-Ti2Zr phases

are detected in Ti41Zr25Be28Fe6 sample. According to

Zhang’s research [14], for Ti–Zr–Be alloy system, the

ternary eutectic consisting of two solution phases and

one intermetallics exhibits lower GFA than that of the

one solid solution and two intermetallics. So it is

reasonable that Ti41Zr25Be28Fe6 alloy exhibits better

GFA compared with Ti41Zr25Be28V6 and Ti41Zr25

Be28Cr6 alloys. The above results indicate that the

crystallization products especially the primary phase

of Ti–Zr–Be ternary alloy can be selected according to

demand by adding different alloying elements, and

this is meaningful for preparing bulk metallic glass

composite with good mechanical properties.

In order to further understand the crystallization

kinetics of Ti41Zr25Be34 and Ti41Zr25Be28M6 (M = Fe,

Al, Ag, Cu, Ni, V or Cr) glassy alloys, the isothermal

kinetics of the samples was characterized by anneal-

ing the samples at Tx-20 K and Tx-30 K (Tx here is

measured at a heating rate of 20 K min-1). The

isothermal DSC curves of Ti41Zr25Be34 alloy are

shown in Fig. 5. The isothermal DSC curves of the

other seven alloys are shown in Fig. S3 for reasons of

simplicity. All DSC curves show a single exothermic

peak after certain incubation time. With the increase

of annealing time, it can be found that for all the Ti-

based alloys, the incubation time decreases and the

crystallization process becomes fast, which is in good

agreement with previous reports [31–33]. It is also

notable that Ti41Zr25Be28Fe6 alloy has a backward-

shifted crystallization shape which means the crys-

tallization rate is relatively low in the initial stage,

while the other seven alloys have a forward-shifted

bell shape. Based on the assumption that the fraction

area of the crystallization peak is proportional to the

crystallized volume fraction, the relationship

between the crystallization volume fraction and

annealing time during isothermal process can be

obtained and the plots are shown in Fig. 6. All the

curves display a typical sigmoidal trend. Except

Ti41Zr25Be28Fe6 BMG, the alloys with higher GFA

(e.g., Ti41Zr25Be28Ni6, Ti41Zr25Be28Cu6, and Ti41Zr25

Be28Ag6 alloys) exhibits relatively long incubation

time and broader crystallization peak, indicating

their retarded crystallization process.

Details of the crystallization mechanism of Ti41

Zr25Be34 and Ti41Zr25Be28M6 (M = Fe, Al, Ag, Cu, Ni,

Figure 3 The activation energies corresponding to a Tg; b Tx;

and c Tp1 of Ti41Zr25Be34 and Ti41Zr25Be28M6 (M = Fe, Al, Ag,

Cu, Ni, V, and Cr) bulk metallic glasses generalized by Kissinger’s

method.
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V, or Cr) during isothermal annealing at Tx-30 K can

be analyzed the Johnson–Mehl–Avrami (JMA) equa-

tion [34]:

ln � lnð1 � xÞ½ � ¼ ln kþ n lnðt� sÞ; ð2Þ

where x is the crystallization volume fraction, t is the

annealing time, n is the Avrami exponent which

reflects the crystallization mechanisms of nucleation

and growth, s is the incubation time for crystalliza-

tion, and k is a reaction rate constant. Figure 7 shows

the JMA plots. As the incubation time of these Ti-

based alloy is relatively short, only the data for

0.1\ x\ 0.9 are plotted in order to minimize the

experimental error inherent in the early and late

stages of the experiments. Although the correspond-

ing JMA plots of the rest alloys are nearly straight

lines, the JMA plot of Ti41Zr25Be28Fe6 alloy does not

have a single slope, indicating the crystallization

process of Ti41Zr25Be28Fe6 alloy is more complex than

the other seven alloys. The average Avrami exponent

n of Ti41Zr25Be34, Ti41Zr25Be28Al6, Ti41Zr25Be28Ag6,

Ti41Zr25Be28Cu6, Ti41Zr25Be28Ni6, Ti41Zr25Be28V6, and

Ti41Zr25Be28Cr6 alloys are 1.97, 2.07, 2.20, 2.32, 2.32,

1.82, and 2.25, respectively.

As the crystallization mechanism of Ti41Zr25Be28Fe6

alloy changes dramatically during the process, the

local Avrami exponent n(x) is introduced and defined

as [35]

nðxÞ ¼ o ln½� lnð1 � xÞ�
o lnðt� sÞ : ð3Þ

The variation of the local Avrami exponent of Ti41

Zr25Be34 and Ti41Zr25Be28M6 (M = Fe, Al, Ag, Cu, Ni,

V or Cr) alloys at Tx-30 K is shown in Fig. 8. In the case

of Ti41Zr25Be34 and Ti41Zr25Be28M6 (M = Al, Ag, Cu,

Ni, V or Cr) alloys, the values of Avrami exponent at

the early stage of the crystallization (x = 0.1) are 2.45,

2.58, 2.55, 2.68, 2.62, 2.29, and 2.73, respectively. With

increasing crystallized volume fraction x, the n values

of these seven alloys decrease to about 1.60 in the final

Figure 4 XRD patterns of Ti41Zr25Be34 samples in the as-cast

and annealed states.

Table 2 Crystalline phases

detected in the annealed

Ti41Zr25Be34 and

Ti41Zr25Be28M6 (M = Fe, Al,

Ag, Cu, Ni, V, and Cr) samples

Alloys Peak-1 Peak-2

Ti41Zr25Be34 a-Ti2Zr a-Ti2Zr ? Be2Zr ? a-Ti
Ti41Zr25Be28Fe6 b-Ti b-Ti ? BeTi ? a-Ti2Zr
Ti41Zr25Be28Al6 a-Ti2Zr a-Ti2Zr ? Be2Zr ? a-Ti
Ti41Zr25Be28Ag6 a-Ti2Zr a-Ti2Zr ? Be2Zr ? a-TiZr
Ti41Zr25Be28Cu6 a-Ti2Zr a-Ti2Zr ? Be2Zr ? a-Ti ? unknown phase

Ti41Zr25Be28Ni6 a-Ti2Zr ? Be2Zr a-Ti2Zr ? Be2Zr ? a-Ti ? unknown phase

Ti41Zr25Be28V6 b-Ti b-Ti ? Be2Zr ? a-Ti
Ti41Zr25Be28Cr6 b-Ti b-Ti ? Be2Zr ? a-Ti

Figure 5 Isothermal DSC curves of Ti41Zr25Be34 glassy alloy at

Tx-20 K and Tx-30 K (Tx here is measured at a heating rate of

20 K min-1).
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stage (x = 0.9). On the other hand, the local Avrami

exponent of Ti41Zr25Be28Fe6 alloy shows strong

dependence on x with an average value of 5.26, which

is much larger than those of Ti41Zr25Be34 and Ti41

Zr25Be28M6 (M = Al, Ag, Cu, Ni, V, or Cr) alloys.

The Avrami exponent n can be interpreted as [36]

n ¼ aþ bc; ð4Þ

where a is a parameter related with the nucleation

rate (a = 0 for a zero nucleation rate, 0\ a\ 1 for a

decreasing nucleation rate with time, a = 1 for a

constant nucleation rate and a[ 1 for an increasing

nucleation rate). b is a parameter showing the

dimension of the growth (b = 1, 2, and 3 for one-,

two-, and three-dimensional growth, respectively).

c is a parameter showing the type of growth (c = 1

for interface-controlled growth and c = 0.5 for dif-

fusion-controlled growth). In this sense, the crystal-

lization behavior of Ti41Zr25Be34 and Ti41Zr25Be28M6

(M = Al, Ag, Cu, Ni, V, or Cr) alloys is mainly

dominated by three-dimensional diffusion-controlled

growth with a decreasing nucleation rate. Ti41Zr25

Be28Fe6 alloy shows completely different crystalliza-

tion behavior from the other alloys. The local Avrami

exponent increases dramatically and then slightly

decrease as the crystallized volume fraction x in-

creases with a large value of 5.26, implying that the

crystallization involves a transient nucleation process

with an increasing nucleation rate [29]. Surface-in-

duced abnormal grain growth with fractal dimen-

sionality is also a possible reason [37].

Conclusions

The isochronal and isothermal crystallization behav-

iors of Ti41Zr25Be34 and Ti41Zr25Be28M6 (M = Fe, Al,

Ag, Cu, Ni, V, or Cr) glassy alloys have been studied

using differential scanning calorimetry. It is indicated

that the addition of Fe, Al, Cu, Ni, or Cr obviously

enhances the thermal stability while the addition of

Ag and V degrades the thermal stability slightly. No

obvious relationship between the activation energy of

Figure 6 Plots of crystallized volume fraction versus annealing

time of Ti41Zr25Be34 and Ti41Zr25Be28M6 (M = Fe, Al, Ag, Cu,

Ni, V, and Cr) glassy alloys.

Figure 7 JMA plots of Ti41Zr25Be34 and Ti41Zr25Be28M6

(M = Fe, Al, Ag, Cu, Ni, V, and Cr) glassy alloys.

Figure 8 Local Avrami exponents n(x) of Ti41Zr25Be34 and

Ti41Zr25Be28M6 (M = Fe, Al, Ag, Cu, Ni, V, and Cr) glassy alloy

as a function of the crystallized volume fraction.
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glass transition (or crystallization) and the glass-

forming ability has been observed. Unlike Al, Ag, Cu,

and Ni, the addition of Fe, V and Cr in Ti41Zr25Be34

BMG leads to the change of primary crystalline phase

from a-Ti2Zr phase to b-Ti phase. The isothermal

crystallization of Ti41Zr25Be34 alloy is governed by

three-dimensional diffusion-controlled growth with a

decreasing nucleation rate. With the addition of Al,

Ag, Cu, Ni, V, and Cr, there is no fundamental

change in the overall nucleation and growth charac-

teristics. However, for Ti41Zr25Be28Fe6 alloy, the local

Avrami exponent shows strong dependence on

crystallized volume fraction with a large average

value of 5.26, implying a more complex crystalliza-

tion process.
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