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Abstract A series of Zr63.5-xTixAl9Fe4.5Cu23 (x = 0, 1.5,

3.0, 4.5, 6.0; at%) bulk metallic glasses (BMGs) were

designed and produced by means of copper mold suction

casting. The effect of Ti addition on the glass-forming

ability (GFA) and mechanical properties of Zr63.5-xTix-

Al9Fe4.5Cu23 alloys was first investigated. The glass-

forming ability and room-temperature plasticity of BMGs

increase first and then reduced with Ti content increasing.

At x = 3.0, the Zr60.5Ti3Al9Fe4.5Cu23 BMG showed a

critical glass formation diameter of 10 mm and excellent

room-temperature compressive plasticity (eP = 4.7%) by

using the samples with dimensions of U3 mm 9 6 mm.

Meanwhile, the BMG also showed better biocompatibility

and biocorrosion resistance compared with Ti6Al4V alloy.

Under the imitated human body condition, the corrosion

current density (Icorr) of BMG was 6.61 9 10–10 A�cm-2,

which is two orders of magnitude lower than that of con-

ventional Ti6Al4V alloy. Moreover, the CCD-986sk cell

viabilities are, respectively, 65.4% and 46.6% on the BMG

and Ti6Al4V alloy, indicating better biocompatibility of

BMG. The Zr60.5Ti3Al9Fe4.5Cu23 BMG with larger GFA,

excellent mechanical properties, biocompatibility and bio-

corrosion resistance is considered as a potential material in

biomedical device fields.

Keywords Bulk metallic glasses; Biomedical material;

Mechanical property; Biocompatibility

1 Introduction

In recent years, with the aggravation of population aging

and the increase in mechanical injury, the market demands

of metallic biomaterials keep increasing. Owing to higher

specific strength, excellent corrosion resistance and better

bone integration, the titanium and the titanium alloy are

currently the most widely used biomaterials, especially for

Ti6Al4V alloy [1, 2]. However, the release of vanadium

ions to human body in clinic makes it difficult to guarantee

the biological safety of the Ti6Al4V alloy [3]. At the same

time, the stress-shielding effect caused by high elastic

modulus and the granular disease induced by wear products

are also crucial issues [1, 4]. Therefore, the new metallic

materials with property combination of lower elastic

modulus, ultrahigh strength and better biocompatibility can

be ideal biomaterials.

Compared with other BMGs as biomedical materials

[5, 6], because of property combination of high glass-

forming ability (GFA), ultrahigh strength and better bio-

compatibility, Zr-based bulk metallic glasses (BMGs) are

favorable and potential biomedical materials, especially as

surgical devices like blades and minimally invasive com-

ponents [7–10]. BMG alloys with large GFAs are vital for

the processing of medical materials. So far, there are many

multi-component alloy systems in Zr-based BMGs with a

centimeter-sized critical glass formation diameter (dmax),

such as Zr–Ti–Ni–Cu–Be [11], Zr–Al–Ni–Cu [12], Zr–Al–

Fe–Cu [13], Zr–Al–Ag–Cu [14] and Zr–Al–Co [15, 16],

while most of them contain toxic or precious metal
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elements like Be, Ag and Ni, which are adverse for

biomedical alloys. Recently, many non-toxic (Ni and Be

free) and cheap (Pd free) Zr–Al–Fe–Cu BMGs with

exceptionally high glass-forming abilities were fabricated

as biomedical materials [13, 17–20]. For example,

Zr58Al12Fe8Cu22 BMG with a critical casting diameter of

13 mm was first reported in Zr–Al–Fe–Cu system by Jin

and Löffler [13]. Zr60Al10Fe5Cu25 and Zr62.5Al10Fe5Cu22.5

BMG alloys with a critical casting diameter of 20 mm were

easily synthesized by Inoue et al. [17]. Nevertheless, these

BMGs with superior high glass-forming abilities generally

exhibit limited room-temperature plasticity, which has led

to their restricted use as biomedical materials. Hence,

synthesizing cheap and non-toxic Zr-based BMGs with

large glass formation abilities and better room-temperature

plasticity is of great importance for the biomedical device

applications.

In our previous work, Zr63.5Al9Fe4.5Cu23 BMG (dmax =

10 mm) was designed by a dual-cluster formulism and

produced with by means of using the high-purity raw

materials [21]. As a typical biomedical alloying element, Ti

was widely used as various bioimplants. However, effects

of Ti addition on glass-forming ability, thermal glass sta-

bility and mechanical properties of the Zr–Al–Fe–Cu

BMGs were quite indistinct [22], especially for BMGs

produced by low-cost raw materials. Hence, a series of

Zr63.5-xTixAl9Fe4.5Cu23 (x = 0, 1.5, 3.0, 4.5, 6.0; at%)

alloys were designed and produced with sponge zirconium

and other industrial raw materials to reduce the production

costs and further improve the glass-forming ability,

mechanical properties and biocompatibility of the basic

alloy.

2 Experimental

2.1 Materials preparation and characterization

Master ingots with nominal compositions of Zr63.5-xTix-

Al9Fe4.5Cu23 (x = 0, 1.5, 3.0, 4.5, 6.0; at%) were prepared

by arc melting low-cost sponge zirconium (Zr ? Hf[
99.4 wt%), industrial aluminum, iron, copper and titanium

metals ([ 99.5 wt%). During the melting process, the Ti

ingot was first melted for oxygen content control. Mean-

while, to ensure the compositional homogeneity, every

alloy ingot was carefully remelted four or five times. All

rod samples were prepared by the copper mold suction

casting and ribbon samples were made by the melt spinning

method. Microstructures of as-cast rod and ribbon samples

were first characterized by X-ray diffraction (XRD, Bruker

D8 Focus, Cu Ka). And to ensure the nature of amorphous

structure of BMGs, transmission electron microscope

(TEM, TECNAI G20) was also used. The thermal

behaviors of ribbon samples were performed by using

differential scanning calorimetry (DSC, TA Q100) at a

constant heating rate of 40 K�min-1 and differential ther-

mal analysis (DTA, TA Q600) at the heating rate of

20 K�min-1. To evaluate the mechanical properties of as-

cast BMG alloys under compression, specimens with a size

of U3 mm 9 6 mm were fabricated and tested using a

material testing system (MTS, Landmark 250 kN) at a

strain rate of 5 9 10-4 s-1. The fracture surface mor-

phologies of the alloy samples were observed by scanning

electron microscope (SEM, Zeiss supra 55). In order to

ensure the accuracy, at least 3 samples with same com-

position were tested.

2.2 Cell cytotoxicity and morphological observation

The human fibroblast cell line CCD-986sk was adopted to

evaluate the cell cytotoxicity of Zr-based BMGs and

Ti6Al4V alloy. BMG samples were first polished and

sterilized via ultraviolet radiation and placed in 96-well

plates. Then, the CCD-986sk cells with a density of

0.5 9 104 cells�well-1 in the 96-well plates were cultured

in Dulbecco’s modified Eagle’s medium (DMEM) sup-

plemented with 10% fetal bovine serum (FBS) in a 5%

CO2 balanced incubator at 37 �C. After 24-h incubation,

MTS solution (20 ll) was added to each well in the culture

plate, which was then placed in 5% CO2/95% air envi-

ronment with a constant temperature of 37 �C for 30 min

to make it fully react. Afterward, 150 ll formazan solu-

bilization solution (DMSO) was added to the MTS solution

and gently shaken for 10 min. Finally, spectrophotometric

absorbance measurements were tested by using a micro-

plate reader at 490 nm. To reduce experiment error, six

specimens of the same composition were tested under the

same condition. Meanwhile, six blank tests were performed

for comparison. According to the same experimental pro-

cess [23], the cell morphologies on BMG and Ti6Al4V

samples were observed by SEM.

2.3 Biocorrosion examinations

To evaluate the biocorrosion behaviors of Zr-based BMGs

and Ti6Al4V alloy in the imitated human body (phosphate-

buffered solution, PBS), electrochemical polarization

measurements at a constant temperature of 37 �C were

carried out by a three-electrode system. After at least

10-min immersion, the open-circuit potentials (OCP)

almost became stable. Then, potentiodynamic polarization

curves were performed at a constant rate of 1 mV�s-1.

Besides, immersion tests of Zr-based BMGs and Ti6Al4V

alloy with a dimension of U3 mm 9 1 mm were con-

ducted in PBS for 30 days at 37 �C. After immersion tests,

the sample morphologies were also observed by SEM.
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3 Results and discussion

3.1 Glass formation characterization

XRD patterns of as-cast Zr63.5- xTixAl9Fe4.5Cu23 (x = 0,

1.5, 3.0, 4.5, 6.0; at%) rod samples with a diameter varying

from 3 to 10 mm are presented in Fig. 1a. It can be

observed that all rod samples show no crystalline diffrac-

tion peaks, which indicates all alloy samples with different

diameters are amorphous in nature. The critical glass for-

mation diameters of BMGs are shown in Fig. 1a. As the

basic composition, Zr63.5Al9Fe4.5Cu23 (x = 0) alloy shows

a critical glass formation size of 6 mm. With Ti content

increasing from x = 0 to x = 3.0, the corresponding value

of dmax is changed from 6 to 10 mm. Nevertheless, with Ti

content further increasing, the glass formation dmax will

significantly decrease to 3 mm at x = 6.0. It can be

observed that, with the increase in Ti content, the GFAs of

Zr63.5-xTixAl9Fe4.5Cu23 BMG alloys exhibit a tendency of

increasing first and then decreasing later. Among the BMG

alloys, Zr60.5Ti3Al9Fe4.5Cu23 alloy shows the largest GFA

(dmax = 10 mm) at x = 3.0. The high-resolution transmis-

sion electron microscopy (HRTEM) image of

Zr60.5Ti3Al9Fe4.5Cu23 BMG with 10 mm in diameter is

shown in Fig. 1b. From the image, any periodically ordered

feature is not observed and there is only a homogeneous

contrast. Meanwhile, as shown in the inset in Fig. 1b, the

corresponding selected area electron diffraction (SAED)

patterns with typical diffuse halo rings also show the nature

of an amorphous structure. The above results indicate that

dmax of Zr60.5Ti3Al9Fe4.5Cu23 BMG alloy can reach cen-

timeter scale by the conventional copper mold suction

casting method.

Zr63.5Al9Fe4.5Cu23 BMG shows a glass formation dmax

of 10 mm when prepared with high-purity raw materials in

high vacuum casting conditions. However, with low-cost

raw materials in low vacuum, the critical glass formation

size of Zr63.5Al9Fe4.5Cu23 BMG was only 6 mm. This

shows that oxygen and other impurities in raw materials or

low vacuum casting condition have obviously influenced

the GFAs of Zr-based BMGs. The oxygen and other

impurities generally result in heterogeneous nucleation

during the solidification and reduce glass formation abili-

ties of BMG alloys [24]. At the same time, it is considered

that using low-cost raw materials in low vacuum casting

condition to prepare Zr-based BMGs with superior GFA is

quite difficult. In the present work, by adding appropriate

Ti content, the GFA of the basic alloy is obviously

improved. And the glass formation dmax of Zr60.5Ti3Al9-

Fe4.5Cu23 BMG alloy is up to 10 mm. This may be

attributed to the fact that adding appropriate Ti in the basic

alloy restrains the aggregation of oxygen and impurities as

the catalytic sites of heterogeneous nucleation, which

improves the glass formation abilities of basic alloy. On the

other hand, according to the ‘‘confusion principle’’ [25],

the addition of Ti in liquid alloys reduces the probability of

forming a special crystal structure, which is favorable to

the glass formation of alloys.

3.2 Thermal characterization

Figure 2a, b, respectively, shows DSC and DTA curves of

the Zr63.5-xTixAl9Fe4.5Cu23 BMG samples in the heating

process. It can be seen in Fig. 2a that all of the BMG

samples show an obvious glass transition, followed by a

supercooled liquid region before crystallization. As shown

in Fig. 2a, the glass transition temperature (Tg) and the

onset crystallization temperature (Tx) are marked by

arrows. Tg (* 660 K) almost keeps constant with the

increase in Ti content. Moreover, with the increase in Ti

Fig.1 a XRD patterns of Zr63.5-xTixAl9Fe4.5Cu23 (x = 0, 1.5, 3.0, 4.5, 6.0; at%) BMG rod samples; b HRTEM image and SAED pattern (inset)

of Zr60.5Ti3Al9Fe4.5Cu23 BMG with 10 mm in diameter
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content, Tx shows a decreasing trend from 768 K (x = 0) to

705 K (x = 6.0). Therefore, the supercooled liquid span

(DTx = Tx - Tg [26]) shows a reducing trend from 110 K

(x = 0) to 44 K (x = 6.0).

The variation tendency of Tg and Tx is summarized in

Fig. 3. With the further increase in temperature, these

BMG samples begin to melt. From the DTA curves

(Fig. 2b), it can be seen that DTA curves of these BMG

alloys consist of one principal melting peak, followed a

shallow melting step. The melting curves of Fig. 2b show

that the onset melting temperature (Tm) decreases from

1135 K (x = 0) to 1105 K (x = 6.0) with Ti content

increasing. Similarly, the liquidus temperature (Tl)

decreases from 1186 K (x = 0) to 1149 K (x = 6.0). The

reduced glass temperature (Trg = Tg/Tl [27]) can be calcu-

lated. The values show an increasing trend from 0.555

(x = 0.0) to 0.575 (x = 6.0), which is inconsistent with the

variation tendency of GFAs of Zr–Ti–Al–Fe–Cu BMGs.

The GFA assessment by the characteristic parameter of Trg

is not consistent with the casting results in this BMG

system. The relevant parameters of Zr63.5-

xTixAl9Fe4.5Cu23 BMGs are listed in Table 1.

Fig. 2 a DSC and b DTA curves measured from Zr63.5- xTixAl9Fe4.5Cu23 (x = 0, 1.5, 3.0, 4.5, 6.0; at%) ribbon samples

Fig. 3 Tg and Tx vs. x in Zr63.5-xTixAl9Fe4.5Cu23 (x = 0, 1.5, 3.0, 4.5,

6.0; at%) BMGs

Table 1 Parameters of glass formation and compressive properties of as-cast Zr63.5-xTixAl9Fe4.5Cu23 BMG alloys

Alloys Tg/K Tx/K DTx/K Tm/K Tl/K Trg/K dmax/mm ry/GPa ep/%

x = 0 658 768 110 1135 1186 0.555 6 1.58 1.6

x = 1.5 662 740 78 1108 1185 0.559 6 1.58 2.5

x = 3.0 662 732 70 1112 1165 0.568 10 1.63 4.7

x = 4.5 662 716 54 1107 1153 0.574 8 1.66 3.8

x = 6.0 661 705 44 1105 1149 0.575 3 1.69 0.9

Tg—glass transition temperature; Tx—onset crystallization temperature; DTx—supercooled liquid span; Tm—onset melting temperature; Tl—

liquidus temperature; Trg—reduced glass temperature; dmax—critical glass formation diameter; ry—compressive strength; ep—compressive

plastic strain
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3.3 Mechanical characteristics

Figure 4 presents the engineering compressive stress–strain

curves of Zr63.5-xTixAl9Fe4.5Cu23 BMG alloys. It is

noticed that BMG samples with a size of U3 mm 9 6 mm

are tested to obtain accurate experimental results. From the

compressive curves, it can be seen that all alloy samples

show different plastic strain depending on the BMG

composition. As the Ti content increases, the compressive

strength (ry) increases slightly from 1.58 GPa (x = 0) to

1.69 GPa (x = 6.0). The compressive plastic strain (eP) first

increases from 1.6% (x = 0) to 4.7% (x = 3.0), and then

decreases to 0.9% (x = 6.0). The relevant mechanical

property parameters such as ry and eP are listed in Table 1.

Many serrations on the stress–strain curves were observed.

The serration behavior is related to avalanches of defor-

mation processes [28]. Once the stress in the BMGs

reaches a critical value, the shear band on the surface of the

samples will be initiated and propagate, resulting in abrupt

deformation.

Figure 5 presents the fracture surface morphologies of

Zr63.5-xTixAl9Fe4.5Cu23 (x = 0 and 3.0) BMGs after frac-

ture. As shown in Fig. 5a, b, vein pattern forms on the

fracture surface of Zr63.5Al9Fe4.5Cu23 alloy, which is a

typical feature of BMG alloys after fracture [29]. The

formation of vein pattern is mainly caused by the local

melting in the shear bands, resulting from the instantaneous

release of high elastic energy. The post-melting feature of

vein pattern is marked by the arrow in Fig. 5a, b. However,

Zr60.5Ti3Al9Fe4.5Cu23 BMG with improved room-temper-

ature plasticity shows a unique fracture morphology, as
Fig. 4 Compressive stress–strain curves of Zr63.5-xTixAl9Fe4.5Cu23

(x = 0.0, 1.5, 3.0, 4.5, 6.0; at%) BMG samples

Fig. 5 SEM images of fracture surface of a, b Zr63.5Al9Fe4.5Cu23 and c, d Zr60.5Ti3Al9Fe4.5Cu23 BMG alloys
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shown in Fig. 5c, d. In addition to the typical vein pattern,

there are a large number of fish bone patterns in the fracture

surface. These fish bone patterns are evenly distributed

between the vein pattern. The backbone parts of the fish

bone pattern are arranged along the shear direction, and the

regular bone thorns are distributed on both sides of the

trunk. Similar fracture morphology has been reported in

other Zr-based BMGs with good room-temperature plas-

ticity [30, 31]. This pattern may be ascribed to form by the

stable release of high elastic energy accompanied by the

slow crack propagation rate [32].

Significantly, Zr60.5Ti3Al9Fe4.5Cu23 alloy with the lar-

gest GFA shows the excellent plasticity in the alloy system.

Room-temperature plasticity of about 4.7% is obtained by

using the samples with dimensions of U3 mm 9 6 mm. It

is recognized that a larger sample size usually produces a

lower room-temperature plasticity. Therefore, the above

results indicate that the room-temperature plasticity can be

effectively improved by adding an appropriate amount of

Ti in the present BMG system. The compressive plasticity

of BMGs is related to the local structural heterogeneities

[33]. It is noted that Ti–Zr atomic pair has a positive heat of

mixing of 0 kJ�mol-1 [34]. Thus, with addition of Ti in the

Zr–Al–Fe–Cu system, the degree of inhomogeneity of the

amorphous structure may be enhanced due to this chemical

affinity characteristic. On the other hand, the presence of a

certain amount of oxygen and other impurities may also

further increase the microstructural inhomogeneity in the

melting process. As the nucleation sites, the local structural

heterogeneities can result in the formation of a number of

shear bands, which is beneficial to the compressive plas-

ticity of BMGs.

3.4 Corrosion resistance tests

Figure 6 presents the potentiodynamic polarization curve

of Zr60.5Ti3Al9Fe4.5Cu23 BMG in PBS open to air at 37 �C.

For comparison, the potentiodynamic polarization curve of

Ti6Al4V alloy under the same condition was also given.

The corrosion potentials (Ecorr) of the Zr60.5Ti3Al9-

Fe4.5Cu23 BMG and Ti6Al4V alloy are, respectively,

- 0.162 and - 0.238 V. Meanwhile, the corrosion current

densities (Icorr) of the BMG is 6.61 9 10–10 A�cm-2.

Compared with Ti6Al4V (Icorr = 1.0 9 10–8 A�cm-2), the

value is lower, showing lower corrosion rate under the

same condition. This indicates that the corrosion rate of the

Zr60.5Ti3Al9Fe4.5Cu23 BMG is superior to that of Ti6Al4V

alloy in the human body fluid. The low corrosion current

density can be explained according to the electronic

structure features of the alloys. Compared to Ti6Al4V

alloy, a typical crystalline metal, Zr60.5Ti3Al9Fe4.5Cu23

BMG shows a high resistivity and the low electron density

of states at the Fermi level. Thus, fewer electrons are

available for electrochemical reaction of BMG, causing

Fig. 6 Potentiodynamic polarization curves of Zr60.5Ti3Al9Fe4.5Cu23

BMG and Ti6Al4V alloy in PBS at 37 �C

Fig. 7 SEM images of a Ti6Al4V alloy and b Zr60.5Ti3Al9Fe4.5Cu23 BMG after 30 days immersing in PBS at 37 �C
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relatively low corrosion current density. In addition, the

compact passive film formed in the process of electro-

chemical reaction also plays an important role for the alloy

[35, 36]. Figure 7 presents the surface morphologies of the

Zr60.5Ti3Al9Fe4.5Cu23 BMG and Ti6Al4V alloy at constant

temperature of 37 �C after 30 days immersing in PBS. The

corrosion with different degrees for the alloys can be

observed. The number density of the corrosion pits in the

BMG surface is clearly much less than that of Ti6Al4V

alloy, which means that BMG shows the better corrosion

resistance under the same condition. Therefore,

Zr60.5Ti3Al9Fe4.5Cu23 BMG is considered as a potential

material in biomedical device fields.

3.5 Cytotoxicity tests

From Fig. 8, it can be seen that the CCD-986sk cell via-

bilities on the Zr60.5Ti3Al9Fe4.5Cu23 BMG and Ti6Al4V

alloy are, respectively, 65.4% and 46.6%. As the negative

control, the cell viability of culture solution containing no

metal ions is 100%. The cell viability results indicate that

the BMG shows superior biocompatibility than conven-

tional Ti6Al4V alloy under the same condition. Figure 9

presents SEM images of adhesion cell morphologies on

BMG and Ti6Al4V alloy specimens after 24-h incubation.

From Fig. 9, we can find that the CCD-986sk cells on

Ti6Al4V alloy are relatively small and less spread out. As a

comparison, those on BMG samples show a widespread

morphology, which indicates that the BMG alloy is much

more beneficial for cell compatibility compared to

Ti6Al4V alloy. In addition, the cells on BMG show sig-

nificantly longer structures of fibrillar adhesion compared

to those on Ti6Al4V alloy, indicating superior cell

adhesion.

4 Conclusion

In the present work, a series of Zr63.5-xTixAl9Fe4.5Cu23

(x = 0-6.0) BMGs were successively designed and fabri-

cated. The results suggested that the glass-forming abilities

and mechanical properties of Zr63.5-xTixAl9Fe4.5Cu23

BMGs can be enhanced by adding an appropriate amount

of Ti. The Zr60.5Ti3Al9Fe4.5Cu23 (x = 3.0) BMG showed

the highest glass-forming ability (dmax = 10 mm) as well

as room-temperature compressive plasticity (ep = 4.7%).

This may be attributed to the alloying effect of Ti which

aggravates the structural heterogeneities in the amorphous

alloys due in part to the positive heat of mixing between Ti

and Zr. In addition, the BMG shows excellent biocorrosion

resistance, and its passive current density is two orders of

magnitude lower than that of Ti6Al4V alloy. The cell

viability of 65.4% on BMG is obviously superior to that on

Ti6Al4V alloy (46.6%), demonstrating good biocompati-

bility. These results indicate that Zr60.5Ti3Al9Fe4.5Cu23

BMG shows considerable potential for biomedical device

applications.
Fig. 8 CCD-986sk cell viability on Zr60.5Ti3Al9Fe4.5Cu23 BMG and

Ti6Al4V alloy after 24-h incubation

Fig. 9 SEM images of CCD-986sk cells adhesion on a Ti6Al4V alloy and b Zr60.5Ti3Al9Fe4.5Cu23 BMG
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