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The tribological characteristics of a glass-forming alloy, Zr52.5Cu17.9Ni14.6Al10.0Ti5.0, in atomic
percent (at.%, Vit 105), with different microstructural states have been investigated. Friction and
wear studies were conducted using a ball-on-flat reciprocating sliding apparatus against an AISI
E52100 bearing steel under dry condition. The observed wear resistance in an ascending order is: the
deformed, creep-tested, and as-cast states. Wear analyses suggested that the wear processes of
glass-forming alloys involved abrasion, adhesion, and oxidation. The differences in hardness, free
volume, and brittleness in different states significantly affected the friction and wear behaviors of the
glass-forming alloys.
[*] F. Jiang, Dr. G. Fan, Dr. W. Jiang, Dr. D. Qiao,
M. W. Freels, Dr. P. K. Liaw, Dr. H. Choo
Department of Materials Science and Engineering, The
University of Tennessee Knoxville, Tennessee 37996-2200,
USA
E-mail: fjiang3@utk.edu

Dr. J. Qu, Dr. H. Choo
Materials Science and Technology Division, Oak Ridge
National Laboratory
Oak Ridge, Tennessee 37831-6063, USA

[**] F. J. is grateful to Peter J. Blau for his comments on the paper.
The present work was supported by the National Science
Foundation (NSF) International Materials Institutes (IMI)
Program (DMR-0231320). A portion of this research was
sponsored by the US Department of Energy, Assistant Sec-
retary for Energy Efficiency and Renewable Energy, Vehicle
Technologies Program, as a part of the High Temperature
Materials Laboratory User Program, under contract
DE-AC05-00OR22725 with the UT-Battelle LLC.

ADVANCED ENGINEERING MATERIALS 2009, 11, No. 11 � 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 925
Introduction

Metallic glasses are characterized by their disordered

structures and possess many unique properties, compared to

traditional crystalline materials, such as higher hardness and

strength, superior resistance to corrosion and better magnetic

properties.[1–4] So far, most of the efforts on metallic glasses

focused on Zr-based bulk-metallic glasses (BMGs) because

these alloys have a high glass-forming ability and exhibit a

combination of various good mechanical properties. Espe-

cially, due to their high hardness, they are considered to be

potential candidates for wear applications.[5] In the literature,

there are conflicting results on the wear resistance of as-cast
BMGs, relaxed BMGs, and their crystalline counterparts. For

example, some studies reported that metallic glasses have

higher wear resistance than their crystalline counterparts.[6–8]

In contrast, there are also reports indicating that the wear

performances of metallic glasses is significantly inferior to

their relaxed state[9,10] and crystalline state.[11] Those dis-

crepancies show that wear behavior is a complex processes,

and hardness alone may not determine the wear resistance. In

this paper, the other natures of glass-forming alloys will be

investigated to contribute to the analysis of the wear process.

For example, plastic-deformation ability and brittleness may

play the important roles on the wear performance of them

as well. It is well known that plasticity in amorphous alloys is

largely affected by free volume. If the excessive free volume is

introduced by plastic deformation, a less dense randomly-

packed structure will be obtained, leading to less restriction on

the shear-band movement and decrease in hardness of the

amorphous alloys.[12] In some cases, the free-volume reduc-

tion and annihilation by annealing the samples below the

glass-transition temperature (Tg) and above Tg, respectively,

may result in brittleness due to the reduced or absent

propensity for the shear-band formation.[13–16]

Thus, the change of the free volume and crystallization

may yield different deformation and flow behaviors that may

influence the wear performance of glass-forming alloys. Until

now, although there is a fair amount of literature research on

the relationships among hardness (referred to the resistance to

ploughing and cutting), free volume (referred to the ability of

the plastic deformation of glass-forming alloys), and brittle-

ness (referred to the extent of the crack initiation and

propagation), little research has systematically studied their

effects on friction and wear behaviors. The purpose of this
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investigation is to compare tribological characteristics of a

Zr-based glass-forming alloy with different states of crystal-

linity under the same testing conditions and to try to address

the effect of hardness, free volume, and brittleness on the wear

behavior.

Experimental

Sample Preparation

The master alloy of Zr52.5Cu17.9Ni14.6Al10.0Ti5.0 (at.%) was

prepared by melting a mixture of high-purity Zr [99.9 weight

percent (wt%), Cu (99.999 wt%), Ni (99.99 wt%), Al

(99.999 wt%), and Ti (99.99 wt%)] in a purified argon atmo-

sphere. In order to obtain the compositional homogeneity, the

alloy ingots were remelted several times before being cast into

a water-cooled copper mold using an in situ suction-casting

facility.[17] The resulting rectangular samples have a cross-

section of 4.75 mm� 4.75 mm and 30 mm in length. The

rectangular samples with different height–diameter ratios (H/

D) of 0.75 and 2 were cut for compression and creep

experiments, respectively. The thermal stability of the as-cast

ingots was examined using a differential-scanning calorimeter

(DSC) with a heating rate of 20 K min�1 in flowing argon. The

DSC scan indicated that the glass transition occurred at 673 K.

A uniaxial compression test was conducted at room

temperature with a strain rate of 5� 10�4 s�1 on the specimens

with a cross-section of 4.75 mm� 4.75 mm and 3.5 mm in

length. The bar ends were polished in a specially-designed

fixture to ensure parallelism. The plastic strain of the

specimens after deformation is around 10%. Those specimens

are denoted as deformed Vit 105. A uniaxial compression-

creep test was performed at the stress level of 250 MPa at 733 K

for 10 h on the specimens, which are denoted as creep-tested

Vit 105. The structure of the creep-tested Vit 105 was

investigated with high-energy [115 keV (0.01078 nm)] syn-

chrotron X-ray scattering performed at the beam line, 11-ID-C,

of the Advanced Photon Source at the Argonne National

Laboratory. Table 1 summarizes the treatments of the three

kinds of specimens described above.

Hardness Test

Vickers microindentation-hardness tests were conducted

under a load of 200 g (1.96 N) using a Buehler Micromet1

hardness tester. Seven indentations were performed on each

specimen.
Table 1. Zr52.5Cu17.9Ni14.6Al10.0Ti5.0 glass-forming-alloy specimens in different states.

Specimen designations Treated states

As-cast Vit 105 As-cast by quenching in an arc-melter

Deformed Vit 105 Deformed about 10% at the strain rate

of 5� 10�4 s�1 with the H/D ratio of 0.75

Creep-tested Vit 105 Creep-tested at the stress level of 250 MPa

and the temperature of 733 K for 10 h
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Wear Test

The specimens with different states were cut to the pieces of

4.75 mm (length)� 4.75 mm (width)��2 mm (thickness) and

were wet polished to an 800-grit finish to produce a consistent

initial surface condition. Tribological tests were performed

using a ball-on-flat reciprocating sliding apparatus.[18] Every

test was run for 1280 s. The normal force was 5 N, and the

oscillation frequency was 5 Hz with a 2.35 mm stroke (the

average sliding speed was 0.0235 m s�1). The slider was an

AISI 52100 bearing steel ball with a diameter of 9.525 mm.

Tribological experiments were conducted in room-

temperature air without lubricant. Friction coefficient was

monitored in situ by a load cell-based force-measurement

system. Wear volumes of the flat samples were determined by

measuring the depth profiles of wear scars. Three measure-

ments were performed on each wear track. The ball wear was

measured using the profilometry technique described in an

earlier paper.[19] The morphologies of the wear scars were

examined using a scanning-electron microscope (SEM)

equipped with the capability for the energy-dispersive

spectroscopy (EDS).

Results and Discussions

Hardness

The hardness results of the Vit 105 glass-forming alloy with

different states are shown in Figure 1. The ascending order of

the hardness is as follows: the deformed, as-cast, and

creep-tested states, which seems to be related to the amount

of the free volume in those specimens. In the Figure 2 of DSC

results, the exothermic reactions of the deformed and the

as-cast specimens signifying the structural relaxation can

be clearly discerned just below Tg. However, it cannot be

observed for the creep-tested specimens due to the crystal-

lization. The structural relaxation exothermic heat (DH0) for

the deformed and the as-cast samples are 9.4 and 4.8 J g�1,

respectively. In principle, the amount of the escaped free
Fig. 1. Hardness for the as-cast, deformed, and creep-tested Vit 105 glass-forming
alloys.
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Fig. 2. Enlarged portion of the structural relaxation before the Tg in the DSC traces of
(a) deformed, (b) as-cast, and (c) creep-tested Vit 105 glass-forming alloys at a heating
rate of 20 Kmin�1.
volume during heating is proportional to the exothermic heat

of structural relaxation.[20] By this reason, the DSC results

demonstrated that the deformed Vit 105 had more free volume

than the as-cast Vit 105. It is well known that plastic

deformation can introduce the excessive free volume into

the amorphous matrix by shear banding. Indeed, the excessive

free volume accommodates the movement of shear bands.

Thus, it is reasonable that the hardness of the deformed

specimen will decrease. There is no free volume in the

creep-tested specimen due to the crystallization. Figure 3 of

the X-ray result shows that a largely developed set of peaks

formed in the region, where the first and second diffuse halos

were positioned after a creep test for 10 h. It indicates that

some crystalline phases develop in the amorphous matrix.

Some of them correspond to the face-centered cubic (FCC) and
Fig. 3. High-energy synchrotron X-ray diffraction profiles from the creep-tested speci-
mens. The solid circles indicate peaks from the FCC nanocrystalline phase, and open
squares indicate the quasicrystalline phase.
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quasicrystalline nanocrystalline phases (marked by solid

circles and open squares, respectively), which were also

observed by Pekarskaya et al.[21] The d-spacings obtained from

the most prominent peaks are 2.53, 2.34, 2.03, 1.49, and 1.31,

which correspond to the nanocrystalline phases. Then, after

long-time annealing, the amorphous alloy finally became fully

crystalline of the mixture of two FCC and quasicrystalline

nanocrystalline phases. Based on the crystallization study of

Pekarskaya et al.[21] on the as-cast Vit 105, the decomposition

process occurs in the early stage of isothermal annealing,

which leads to two nanocrystalline phases. However, there is

very limited growth of nanocrystals even after long-time

annealing (e.g., 900 min.) What are really happening in the

long-time annealing is an increase in the volume fraction and/

or further ‘‘ordering’’ of the quasicrystalline phase.[21] This

may help explain the higher hardness of the creep-tested Vit

105 than the as-cast Vit 105.

Friction Coefficient

The friction coefficient as a function of time is shown in

Figure 4 for the Vit 105 glass-forming alloy with different

states. Previous research indicated that the tribological

process occurring in the samples of glass-forming alloys

can be divided into three distinct regions[22]: running-in,

transition, and steady-state. In the running-in stage, a

transient peak-friction coefficient quickly falls down to and

temporarily stabilizes at a lower value. The friction coefficient

could stay in the low level from seconds to minutes before

transitioning to a higher level. This transition stage usually

causes an oxide-based transfer layer to form. Eventually, the

friction coefficient reaches a steady-state value (third stage).

The friction transition in the second stage is crucial to the

wear resistance of metallic glasses. The oxide film formed in

this transition provides a protection to the contact area

of glass-forming alloys and reduces wear rate to some

extent.
Fig. 4. The friction coefficient as a function of time of tribological tests for the as-cast,
deformed, and creep-tested Vit 105 glass-forming alloys.
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Fig. 5. Wear scars for the as-cast, deformed, and creep-tested Vit 105 glass-forming
alloys.

Fig. 6. Wear rates for the as-cast, deformed, and creep-tested Vit 105 glass-forming
alloys.
It can be seen in Figure 4 that there are three stages for all

kinds of the Vit 105 glass-forming alloy with different states.

The as-cast and creep-tested Vit 105 started the important

transition stage early at around 450 s, followed by the

deformed Vit 105. The ascending order of the steady-state

friction-coefficient values is: the deformed, as-cast, and

creep-tested states. Many previous studies indicated that

the micromechanism of wear in glass-forming alloys is

abrasive wear, with high-oxygen-containing tribolayers acting

as the abrasive medium.[9] Therefore, the transfer film with

oxidation is crucial for explaining the present results.

Compared to the as-cast Vit 105, the creep-tested Vit 105

has a higher friction coefficient. Obviously, some drop-offs

can be observed from the transition stage of the curve of the

friction coefficient versus time of the creep-tested Vit 105. It

indicates that the transfer layer is not stable. This is reasonable,

considering that the crystalline specimen after creep is very

brittle, and the surface is easily ploughed off and scored to the

layer of the debris. In addition, according to the oxidation

research by Kai et al.[23] the oxidation will become severe for

the amorphous state, compared to the annealed state above

the Tg because the crystalline phases, such as Zr2Cu and Zr2Al

occurring in the crystalline state help improve the oxidation

resistance. In other word, the elements, such as Zr and Ti, are

not easily prone to oxidation in the crystalline material after

creep, compared to the amorphous state. As a consequence,

the oxidation film is not easy to form on the surface of

the creep-tested Vit 105. As we know, the presence of the

oxide layer inhibits the glass-pin contact, which may lubricate

the wear process of the materials. Fu et al.[24] reported that for a

given load, sliding in air gave a lower friction coefficient

and lower fluctuation amplitude, compared with sliding in

vacuum for BMGs. This trend may be due to the role of

oxidation occurring in the process of sliding. Based on the

discussion above, the fact that the creep-tested Vit 105 has

the highest friction coefficient is due to the absence of the

stable transfer layer and oxide film, which can prevent direct

glass-pin contact. The absence of the transfer layer of the

creep-tested Vit 105 can be confirmed with SEM observation of

the surface after the wear test, which will be discussed later. It

is very interesting that the steady-state friction coefficient of

the deformed Vit 105 is the lowest. The inhomogeneous shear

is believed to be one of the wear mechanisms for metallic

glasses.[25] The inhomogeneous plastic flow is characterized

by the formation of localized shear bands, which lead to work

softening.[26] Thus, there is a soft layer with a low friction

coefficient developing on the surface of the deformed sample

during sliding of the wear test. Therefore, the increase in the

free volume in the deformed Vit 105 enforces its ability of

accommodating the plastic deformation, which eventually

leads to a low friction coefficient.

Wear Scar and Wear Rate

Transverse profiles of representative wear scars are shown

in Figure 5. The wear-scar depth is the greatest for the

deformed Vit 105, and the smallest for the as-cast Vit 105.
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Accordingly, wear rates for different specimens after the

tribological tests are summarized in Figure 6. The as-cast Vit

105 had the lowest wear rate, compared to the creep-tested

and deformed Vit 105. The creep-tested Vit 105 became a fully

crystalline phase after it was heated above the crystallization

temperature. Although it possesses the highest hardness,

which can impede the material removal by normal ploughing

and cutting, the creep-tested sample is usually brittle like

ceramics.[27] Gilbert et al.[28] observed a dramatic decrease in

the fracture toughness for both partially and fully crystallized

metallic glasses. This brittleness is associated with the

structural relaxation and the annihilation of the quenched-in

free volume before crystallization. They are, therefore,

susceptible to microfractures under a high load. The crack

initiation occurs in the crystalline phases as well as propagates

through them.[27] This phenomenon of brittleness helps

explain the high wear rate of the creep-tested Vit 105.
. KGaA, Weinheim ADVANCED ENGINEERING MATERIALS 2009, 11, No. 11
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Fig. 7. SEM images for (a) as-cast, (b) deformed, and (c) creep-tested Vit 105
glass-forming alloys after the tribological test.
More interestingly, in our study, it could be the first time

that wear experiments were performed on deformed BMG

specimens. Results showed that deformation increased the

wear volume of BMG due to the increase in free volume.

It is well known that at lower temperatures and higher

stresses, the plastic flow of BMGs is markedly inhomoge-

neous, being concentrated into shear bands.[29,30] These

planar shear bands form in orientations close to the planes

of maximum resolved shear stress. The shear-band formation

is a plastic instability in which the flow causes a reduction

in the density of the alloy,[31] and the reduction in density

lowers the flow stress. Hence, the result is work softening,

leading to a continuing flow on the same plane for the

localized deformation.[29] Therefore, a less dense, randomly-

packed structure in the amorphous sample was achieved

due to the increase in free volume after plastic deformation.

This fact leads to a less restriction on the shear-band

movement in the deformed amorphous alloy, which results

in the decrease in the wear/friction properties of the deformed

Vit 105.

The wear scars were examined by SEM, as shown in

Figure 7. It was observed that the wear scars have two kinds of

distinct regions, the abrasion region (light gray area) and

adhesion region covered by transfer material (dark gray area)

for the as-cast and deformed Vit 105. However, no dark gray

area was clearly observed on the surface of the creep-tested Vit

105. Further chemical analyses by EDS, as shown in Figure 8,

indicate the presence of a large amount of oxygen in the dark

area, suggesting that an oxidation processes occurred during

tribological tests. This observation was also reported by Jin

et al.[9] that an oxide film was present on the worn surfaces of

the as-cast and relaxed Zr-based BMGs and absent on that of a

crystalline alloy. Therefore, oxidative wear is believed to be

one of the predominant wear mechanisms for as-cast and

deformed Zr-based BMGs. This phenomenon is reasonable,

considering that the high chemical affinity of Zr and Ti

with oxygen to form respective oxides. The formation of

high-oxides-containing tribolayers and their subsequent

debonding under the action of a reciprocating steel ball

constitute the main mechanism of wear in as-cast and

deformed alloys. In our studies, the worn surfaces of the

as-cast and deformed samples look similar, while the

crystallized crept alloy exhibits the different wear-scar

morphology with a smoother surface and absence of a

protective oxide film, which confirm our discussion in the part

on the friction coefficient. This observation further explains

why the creep-tested Vit 105 had a higher wear rate than that

of the as-cast Vit 105.

Conclusion

The tribological behaviors of the Zr-based Vit 105

glass-forming alloy in different states have been investigated

using a ball-on-flat test at a fixed load, speed, and sliding

time. The following conclusions may be drawn from this

investigation.
ADVANCED ENGINEERING MATERIALS 2009, 11, No. 11 � 2009 WILEY-VCH Ver
(i) T
lag Gm
he ascending order of the hardness is as follows: the

deformed, as-cast, and creep-tested states, which seem to

be related to the amount of free volume in those speci-

mens.
(ii) T
he ascending order of the steady-state friction-

coefficient values is: the deformed, as-cast, and creep-

tested states, which is believed to be related to the

different natures of layers formed between the pin and

samples.
(iii) T
he ascending order of the wear resistance (represented

by the depth of the wear scar and wear rate) is as follows:
bH & Co. KGaA, Weinheim http://www.aem-journal.com 929
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Fig. 8. EDS of (a) white gray area [marked with a dashed arrow in Fig. 7(a)] and (b) dark gray area [marked with a solid arrow in Fig. 7(a)] for the as-cast Vit 105 glass-forming alloy,
and EDS of (c) the scratch area [marked with a dashed arrow in Fig. 7(c)] and (d) the debris area [marked with a solid arrow in Fig. 7(c)] for the creep-tested Vit 105 glass-forming
alloy.

930
the deformed, creep-tested, and as-cast states. The

deformed sample has the greatest amount of free volume,

which accommodates the best plastic-deformation ability

and decreases the wear resistance, compared to the

as-cast sample. The creep-tested sample is very brittle,

which prevents the formation of a stable transfer layer

and decreases the wear resistance as well, compared to

the as-cast sample. It concludes that besides hardness,

other factors, such as the plastic-deformation ability (i.e.,

free volume) and brittleness of the glass-forming alloys,

can also significantly affect the friction and wear charac-

teristics of them.
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