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Abstract Ti-based amorphous alloys produced by ultra-

rapid melt cooling represent an excellent option as bio-

materials because of their mechanical properties and cor-

rosion resistance. However, complete elimination of toxic

elements is affecting the glass-forming ability and amor-

phous structure could be obtained only for thin ribbons or

powders that are subsequently processed by powder met-

allurgy. Amorphous ribbons of special Ti42Zr40Ta3Si15

alloy, which is completely free of any toxic element, were

produced by melt spinning, and the thermostability of

resulting material was investigated in order to estimate its

ability for further heat processing. Isochronal differential

scanning calorimetry (DSC) was used to determine trans-

formation points such as glass transition temperature Tg or

crystallization temperature Tx. The activation energy for

crystallization of amorphous phase was calculated based on

Kissinger method, using heating rates ranging between 5

and 20 �C min-1. Amorphous structure of resulting ribbon

was evidenced by means of X-rays diffraction (XRD) and

high-resolution transmission electron microscopy (HR-

TEM). It was determined that amorphous Ti42Zr40Ta3Si15

alloy has a high activation energy for crystallization, sim-

ilar to other Ti-based amorphous alloys, which provides

good thermal stability for subsequent processing, espe-

cially by means of powder metallurgy techniques.
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Introduction

Titanium alloys represent the most used biomaterials in

orthopedics and dentistry, because they combine excellent

mechanical properties and corrosion resistance. In spite of

extensive use, some important inconveniences still persist.

Titanium alloys have high mechanical resistance and

suitable ductility, which provide very good loading

capacity for orthopedic and dental implants, but they have

rigidities higher than human bone. This fact is responsible

for the stress shielding effect, which consists in progressive

reduction in bone density, culminating sometimes with

implant failure. For example, Ti-6Al-4V, which is the most

popular titanium alloy for fabrication of orthopedic

implants, has Young’s modulus around 112 GPa, while

cortical bone has rigidity values ranging between 4 and

30 GPa [1–4].

Another important problem related to the use of titanium

alloys is biological safety of alloying elements, which are

responsible for releasing metallic ions. For example, Ni,

which is extensively used as amorphization element for

newly developed bulk metallic glasses (BMGs) with tita-

nium base, has been proved to be allergenic, and possible

cause for other harmful effect to human body, such as

genotoxicity, carcinogenicity, and mutagenicity. Some

extensively used amorphization elements with proven

cytotoxic effect are Cu, Ag, Zn, and Be. Others such as Co,

Cr, Fe, Mo, V, Al, and Mn are responsible for adverse

tissue reactions. The large number of alloying elements

that are harmful to human body is considerably limiting the

development of new titanium-based biomaterials. The

design of new compositions is based on a list of alloying

additions considered non-problematic, which are eligible

for future researches. This list includes Nb, Ta, Zr, Si, Mo,

Sn, Pd, In, Sr, B, Ca, and Mg [5–12].
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Overcoming the two major drawbacks of existing tita-

nium alloys, i.e., excessive rigidity and toxic effects to

human body, attracts considerable interest, and therefore

the development of new compositions appears to be

promising. Amorphous alloys have no discontinuities such

as grain boundaries or dislocations and thus show increased

corrosion resistance. Such structures have different defor-

mation mechanisms than crystalline alloys, which provide

an interesting combination of high yield strength and lower

Young’s modulus. A promising alternative to improve the

relatively low ductility of BMGs is the BMG composites.

They have heterogeneous microstructure, in which the

glassy matrix is combined with second phase particles that

could be crystalline (pure elements, solid solution, or

intermetallics), quasi-crystalline, and even amorphous

[13, 14].

One of the most important technological problems to be

solved is that existing titanium-based BMGs usually con-

tain harmful elements such as Ni, Cu, Al, or Be, in order to

provide sufficient glass-forming ability (GFA) for bulk

components. Therefore, newly developed biocompatible

alloys containing additions of Zr, Si, Ta, Pd, and Nb are

fabricated as thin amorphous ribbons, by means of rapid

cooling techniques, such as melt spinning. Resulting bio-

materials have better electrochemical stability and excel-

lent biocompatibility response [15–20].

Ribbons could be furtherly processed via powder

metallurgy techniques, which usually include milling to

amorphous powder and consolidation by means of hot

pressing or extrusion. Parameters control during powder

metallurgy processing also allows fabrication of bulk

amorphous materials with controlled porosity, usually

called bulk metallic glass foams (BMGFs) [21]. Fabrica-

tion of porous materials by means of powder metallurgy

could provide biomechanical compatibility, since resulting

porosity reduces the Young’s modulus close to rigidity of

human bone. Superficial porosity also increases the

interface between bone and implant offering better

implant fixation. Higher porosity and pore interconnec-

tivity stimulate cell migration and bone growth at better

mechanical properties than scaffolds bioactive ceramics

[22–25].

One of the most important technological problems dur-

ing processing of amorphous ribbons by means of powder

metallurgy is conservation of amorphous structure along the

fabrication route, especially when heating is involved.

Therefore, thermostability of new formulated composition

should be determined in terms of critical transformation

points and activations energy. The aim of the current work

is fabrication of fully amorphous Ti42Zr40Ta3Si15 ribbons

and evaluation of thermal stability, based on calculation of

activation energy for crystallization.

Materials and methods

Experimental

The present experimental program is focused on fabrica-

tion of an amorphous Ti42Zr40Ta3Si15 alloy that contains

only biocompatible elements, and which is suitable for

subsequent processing by means of powder metallurgy.

The GFA of considered alloy is too low for casting of

BMG components, i.e., having critical dimensions above

1 mm. Therefore, the fabrication route includes casting of

thin ribbons by means of melt spinning, which allows

amorphization of alloys with low GFA. The ribbons are

subsequently milled and resulting powder consolidated by

means of hot pressing. Investigations of differential scan-

ning calorimetry (DSC) were performed using samples of

about 20 mg under argon gas on a Netzsch differential

scanning calorimeter (DSC) in order to determine trans-

formations points and calculate the activation energy. This

information is necessary for further optimization of hot

pressing parameters, i.e., processing temperature and

duration.

The master alloy with atomic composition Ti42Zr40

Ta3Si15 was prepared by arc melting in titanium-gettered

argon atmosphere. Only high-purity elements (purity

99.9 mass% and better) were used, and, because the com-

ponents have very diverse melting points, the resulted ingot

was melt and flipped repeatedly to provide better homo-

geneity [26].

Melt spinning was performed on a single-roller Bühler

melt spinner with the wheel circumferential speed

35 ms-1. The melt was overheated to T = 1973 K and

ejected at argon relative pressure of 400 mbar. The

resulting ribbons were 5 mm wide and 45 lm thick.

In order to determine the structural state of resulting

ribbons, X-rays diffraction (XRD) was performed on an

Inel Equinox 1000 high-resolution X-Ray diffractometer

with curved detector, using Co radiation, which can mea-

sure all diffraction peaks simultaneously.

Amorphous or crystalline character of resulting

microstructure was confirmed by means of high-resolution

transmission electron microscopy (HR-TEM) using a FEI

Tecnai G2 200 kV S/TEM. TEM samples were prepared

on FEI Quanta 3D dual beam microscope, using focused

beams of gallium ions.

Theoretical considerations

Ribbons fabricated by ultra-rapid cooling are in a

metastable state, characterized by a higher internal energy

than the stable crystalline state. Consequently, during

heating, the amorphous alloys tend to reduce the level of
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free energy during the first stage of transformation, while

amorphous structure is still preserved, and crystallization

occurs during the second stage of transformation. Heating

below crystallization point produces reduction in the free

energy as result of relaxation processes, which includes

short-range structural changes, causing also some changes

of physical characteristics, such as specific volume,

specific heat, hardness, ductility. Structural changes during

second stage of heating involve some polymorphous

reactions, which produce crystallization, without any

changes of chemical composition. Some amorphous alloys

have more complicated crystallizations associated with

reactions of decomposition [27].

It is of utmost importance to determine crystallization

temperature of amorphous alloys, since large majority of

applications require preservation of amorphous structure

for stability of properties, throughout subsequent process-

ing and further on during the entire life of components.

Alloys compositions that are furtherly processed by means

of powder metallurgy must have transformation tempera-

ture as high as possible because consolidation of powder

involves hot processing, such as sintering, pressing,

extrusion.

Crystallization of metallic glasses could be character-

ized by indicating the formation rate of crystalline germs

Q, the crystals growth rate V, and activation energy of

crystallization Ea. If isothermal crystallization is consid-

ered, parameter Q is determined by using the following

relation:

Q ¼ Q0 � e�
NDGc

RT � e�
En
RT ð1Þ

The symbols in Eq. (1) have following significations:

Q0—rate on which the grain number increases from 1030 to

1035 germs cm3, N—Loschmidt’s number, En—activation

energy necessary to pass an atom over the limits of

nucleus, and DGc—amount of free energy required to form

nuclei having radii equal to critical radius.

Similarly, Eq. (2) expresses the crystals growth rate:

V ¼ V0e
�Qq

RT 1 � e�
DGC
RT

� �
ð2Þ

where symbols have following meaning: Qq—quantity of

energy necessary for an atom to leave amorphous state and

associate to crystal, DGC—change of free energy during

crystallization, V—crystal growth rate, and V0 = a0 9 m0,

where a0 is the atomic diameter and m0, is the atomic jump

frequency.

If the temperature level T is much below the melting

point Tf of alloys, i.e., there is a very high undercooling,

changes of energy DGc � RT, Eqs. (1) and (2) can be

expressed, respectively, as [28]:

V ¼ V0e
�Qq

RT ð3Þ

and

Q ¼ Q0e
�EQn

RT ð4Þ

New formulas in Eqs. (3) and (4) indicate that both the

growth and crystallization rates could be similarly

expressed with the Arrhenius equation.

The activation energy of crystallization Ea [J mol-1]

could be calculated following Kissinger’s relation [29–34]:

ln
T2

v

Vi

� �
¼ Ea

RTv

þ A ð5Þ

The symbols have the following meanings: Tv [K]—

temperature point corresponding to maximum crystalliza-

tion rate, Vi [K s-1]—heating rate used to determine the

DSC curve, R [J mol-1 K-1]—universal constant of gases,

and A—constant specific to analyzed material [35, 36].

Activation energy for crystallization of certain phase Ea

could be determined based on Eq. (5) as the slope of the

line represented in following coordinates:

ln
T2

v

Vi

� �
¼ F

1

Tv

� �
ð6Þ

Results and discussion

For further investigation, it is crucial to start from a fully

amorphous ribbon. Therefore, a special attention was given

to the investigation methods, in order to rule out the

presence of any (nano) crystalline inclusion. The amor-

phous nature of the cast ribbons was proved by both XRD

and TEM. Figure 1 shows the HR-TEM image of as cast

Ti42Zr40Ta3Si15 amorphous ribbons. The electron diffrac-

tion (SAED) pattern corresponding to the selected area is

presented in the inset, right side of the picture. The left-side

inset is the XRD pattern. The HR-TEM micrographs show

only the random disordered distribution, which is typical to

amorphous structure. The 2D SAED pattern presents also

only the amorphous halo, as characteristic to the amor-

phous structure. Additionally, the XRD performed in

Bragg–Brentano configuration did not evidenced any

crystalline sharp reflection, as seen in the second inset.

Therefore, it can be concluded with no doubts that the cast

Ti42Zr40Ta3Si15 ribbons are fully amorphous.

Figure 2 shows the DSC curve measured at a

20 �C min-1 constant heating rate. Despite the fact that the

Ti42Zr40Ta3Si15 ribbons were proved to be fully amor-

phous, the glass transition event in the curve is quite weak.

Often marginal glass formers do not exhibit a glass tran-

sition, at least at conventional heating rates as those used in

this work [27]. In fact, the first authors who studied this

composition, Lin et al., encountered serious difficulties in
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determining correctly the glass transition temperature. In

our case, as it is seen in Fig. 2, a small but clear

endothermic event associated with the glass transition can

be seen. This is in agreement with our previous findings

[37]. The glass transition temperature, measured as the

onset of this event, is Tg = 513 �C. Further, the samples

crystallize through a single, sharp exothermic peak, heav-

ing the onset at Tx = 616 �C.

Evaluation of stability for amorphous structures is based

on the activation energy necessary for crystallization,

which is responsible for dramatic alteration of properties.

Therefore, the DSC curves were also determined at dif-

ferent heating rates, i.e., 5, 10, 15, and 20 �C min-1. They

are presented in Fig. 3. The appearance of the endothermic

event associated with the glass transition is even more

faded when the heating rate for isochronal experiment

decreases. This is obvious, because the slow heating allows

structural relaxation prior crystallization. However, for

further analyses, the exothermic peak temperatures are of

first importance.

The formation of crystalline entities usually proceeds

with different rates, according to the reaction kinetics [27].

The transformation of the amorphous phase into crystalline

phase takes place through nucleation and growth. Both

events are temperature dependent; therefore, the rates at

which they proceed are easily determined upon isothermal

experiments. However, in the case of isochronal DSC

measurements, the maximum crystallization rate would
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Fig. 2 DSC curve for Ti42Zr40Ta3Si15 amorphous alloy ribbon

measured at a constant heating rate of 20 �C min-1
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Fig. 1 HR-TEM image of as-

cast amorphous ribbons. The
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corresponding SAED pattern,

while the inset in the right side

is the typical XRD pattern
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correspond to the temperature of the exothermic peak, as

marked at Tv in Fig. 3. Table 1 summarizes the experi-

mentally determined temperatures, which further allow the

calculation of Kissinger plot as represented in Fig. 4.

The activation energy for crystallization of the Ti42-

Zr40Ta3Si15 amorphous alloy was determined based on

representation in Fig. 4 and is numerically equivalent to the

slope of the line. The value is Ea = 310 kJ mol-1 and is

comparable with activation energies determined for similar

amorphous alloys. For example, the activation energy of

amorphous Ti40Zr10Cu36Pd14, which is considered to have

high thermal stability of crystallization, determined with

Kissinger’s method is 287.6 kJ mol-1 [38].

Calculations of activation energies for crystallization of

different amorphous Ti-based alloys have attracted con-

siderable interest, since higher crystallization stability

could facilitate conservation of amorphous character dur-

ing subsequent thermal processing. Although the method

based on Kissinger’s plots, calculated from DSC curves

that are obtained by isochronal heating at different rates, is

considered less accurate, comparative studies on glassy Ti

alloys reveal good agreement with isothermal investiga-

tions. For comparison, activation energy for crystallization

of Ti48Ni32Cu8Si8Sn4 BMG is 369.1 kJ mol-1 for

isochronal heating, calculated after Kissinger, and

381.8 kJ mol-1 for isothermal annealing [39].

Non-isothermal methods are extensively used to deter-

mine the effect of different alloying elements on thermal

stability to crystallization of amorphous alloys. For

example, Pratap et al. [40] determined that partial

replacement of Cu with Ni in Ti-based amorphous alloys

was producing an increase in activation energy, calculated

after Kissinger, from 207 kJ mol-1 for Ti50Cu50 to

406 kJ mol-1 in the case of Ti50Ni30Cu20. It is worth

noting that similar values of activation energies resulted by

means of Augis–Bennet or Ozawa methods of calculation.

Similarly, the two crystallization reactions of Ti20Zr20Cu60

metallic glass, calculated by Kissinger’s method, have

activation energies of 392 and 320 kJ mol-1, respectively,

close to the values resulting from alternative methods

(Augis–Bennet, Boswell, Ozawa, Gao-Wang) [41]. Other

authors also emphasize that in the case of amorphous

alloys, Kissinger’s calculations are in good accordance

with results obtained by other methods, such as Moynihan

or Augis [42]. Another study [43] evidences that the

amorphous Ti41.5Zr2.5Hf5Cu37.5Ni7.5 Si1 Sn5 has an acti-

vation energy of crystallization of 409.51 kJ mol-1 (after

Kissinger), and therefore has a higher stability than the

corresponding Sn-free alloy, with an activation energy of

only 399.84 kJ mol-1. In the case of Ti53Cu27Ni12Zr3Al7-

Si3B1 BMG, which evidences three distinct crystallization

peaks on DSC curves, the activation energies calculated

after Kissinger’s are 377.86, 322.97, and 311.17 kJ mol-1,

respectively, for the three resulting crystalline phases,

although their compositions remain partially uncertain

[44]. Additional alloying of the same BMG with small

quantities of Sc, Hf, Ta, and Nb results in activation

energies for primary crystallization of 356.31, 355.02,

437.27, and 375.55 kJ mol-1, respectively, which empha-

sizes the stabilizing effect of Ta, which significantly

increases the activation energy [45]. The effect of different

alloying elements on the crystallization stability of Ti–Zr–

Be bulk metallic glasses was evaluated also by means of

Kissinger’s method. The activation energy for basic

amorphous Ti41Zr25Be34 is 181.3 kJ mol-1, which increa-

ses with addition of Cu, Al, Cr, V, and especially Ag that

provides the highest activation energy of 242.5 kJ mol-1,

while Fe and Ni have the opposite effect. Crystallization of

initial Ti41Zr25Be34 alloy normally produces a-Ti2Zr,

Be2Zr, and a-Ti phases, but addition of elements like Fe,

V, Cr results in formation of b-Ti, or some unknown phases

when Cu and Ni are added [46]. Alloying the Ti41Zr25-

Be28Fe6 BMG with 7 % at Cu also determines the growth

of activation energy of crystallization, determined with the

Kissinger method, for the first DSC crystallization peak,

from 179 to 188 kJ mol-1. The effect of Cu alloying

consists also in some modification of crystallization

Table 1 Parameters of DSC heating curves

No. Heating rate

Vi/�C min-1
Tip of the

peak Tv/�C

1 5 583

2 10 597

3 15 605

4 20 609

1.13

12.0

11.5

11.0

10.5
1.14 1.15

1000/T/K–1

In
 (

T
2 /

v)

Ea = 310 kJmol–1

1.16 1.17

Fig. 4 Kissinger’s line of Ti42Zr40Ta3Si15 amorphous alloy
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kinetics, since the isochronal DSC curve of the basic

Ti41Zr25Be28Fe6 alloy has only two exothermic reactions of

crystallization, while modified (Ti41Zr25Be28Fe6)93Cu7 has

four such peaks. This effect is considered to reduce the

nucleation and growth rate, making atomic diffusion more

difficult and therefore increasing the glass-forming ability

(GFA) [47].

The Kissinger’s method is used also for comparative

characterization of amorphous Ti-based powders produced

by mechanical alloying from pure elements or mechanical

milling of intermetallic compounds. For example, the

activation energy for crystallization of Ti60Cu15Ni15Al10

amorphous powders is 260.5 and 266.5 5 kJ mol-1 if

obtained by means of mechanical alloying or mechanical

milling, respectively [48]. In conclusion, activation ener-

gies for crystallization of amorphous Ti42Zr40Ta3Si15 are

situated approximately in the same range with many Ti-

based or Zr-based alloys [49, 50] that are considered highly

stable against crystallization, but still lower than in the case

of Fe-based amorphous alloys [51].

Information about the high activation energy of crys-

tallization that was determined by means of Kissinger’s

method for amorphous Ti42Zr40Ta3Si15 alloy should be

corroborated with isothermal DSC investigations per-

formed on the same alloy by Lin et al. [15]. They deter-

mined that incubation time during isothermal annealing

range between 3000 at 550 and 1000 s at 580 �C. The

combination of high activation energy and relatively long

incubation time opens important perspective for subse-

quent processing of melt spun ribbons into massive com-

ponents by means of powder metallurgical routes, without

affecting the amorphous character.

Conclusions

Despite a reduced glass-forming ability, the results clearly

show the possibility to cast fully amorphous ribbons of

Ti42Zr40Ta3Si15 alloy that have a high thermal stability.

The calculated value of activation energy for crystallization

is close to the typical values presented in the literature for

similar Ti-based alloys and recommends this new alloy as

suitable for processing by means of powder metallurgy,

without alterations of amorphous character or relevant

properties. Considering the composition, which is com-

pletely free of any harmful elements, this new alloy has

considerable potential as biomaterial for applications as

orthopedic or dental implants.
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