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The tribological behavior of a Zr–10Al–5Ti–17.9Cu–14.6Ni (at.%) bulk amorphous
alloy, in both the as-cast and annealed states, was investigated using nano-scratch
tests, including ramping load scratch and multiple sliding wear techniques. The
crystallization sequence of the alloy was also characterized. Mechanical properties,
such as Young’s modulus, hardness, friction coefficient, and tribological wear were
measured. These properties were found to vary with microstructure. In general, an
increase in annealing temperature results in an increase in hardness, which in turn
produces a decrease in friction coefficient but an increase in wear resistance. Samples
having a structure consisting of supercooled liquid matrix with dispersed
nanocrystalline particles exhibit the best wear performance.

I. INTRODUCTION

Recently, a number of bulk amorphous alloys (BAAs)
with critical cooling rates less than 10 K/s have been
discovered in many muticomponent alloy systems of Ln–
Al–TM,1,2 Mg–Ln–TM,3,4 Zr–Al–TM,5,6 Zr–Ti–Al–
TM,7 Ti–Zr–TM,8,9 Zr–Ti–TM–Be,10 Pd–Cu–Ni–P,11

and Fe–(Al, Ga)–(P, B, C, Si)12,13 (where Ln 4 lan-
thanide metal and TM4 transition metal). The high
glass-forming ability of these alloys was observed to be
dependent on the physical and chemical character of the
constituent elements, as well as the number of elements
in the alloys.14–16Amorphous alloys (or metallic glasses)
have many unusual properties such as good corrosion
resistance, high elasticity, and high hardness.17,18In view
of their high hardness and strength, BAAs are promising
materials for tribological (friction and wear) applications.

Several studies have been conducted on the wear and
friction properties of rapidly quenched ribbons. The re-
sults, however, are controversial. Fe- Ni-, and Co-based
amorphous alloys containing Si, B, and, sometimes, C,
were used in these studies because of the consideration of
using these alloys for magnetic recording devices.19,20

Some metallic glasses showed high wear resistance, bet-
ter than their crystallized counterpards.21,22 However,
opposite results have also been reported where metallic
glasses exhibited wear performance well below expecta-
tion.23–25 Some researchers demonstrated that an amor-
phous alloy containing a homogeneous dispersion of
intermetallic compounds exhibited the best wear perfor-
mance, and the fully amorphous material exhibited the
highest wear rate.26,27The causes for these discrepancies
are unclear. The purpose of this paper is to use nano-
scratch tests to determine the tribological behavior of a
Zr–10Al–5Ti–17.9Cu–14.6Ni (at.%) amorphous alloy
and to shed light on the structure–property relationship.

II. EXPERIMENTAL PROCEDURES

A bulk amorphous alloy with a nominal composition
of Zr–10Al–5Ti–17.9Cu–14.6Ni (at.%) was prepared by
arc melting and drop casting, as described elsewhere.28

The as-cast amorphous samples used for the test are of a
cylindrical shape with a diameter of 7 mm. The amor-
phous nature of the cast samples was confirmed by using
x-ray diffraction (XRD) and transmission electron
microscopy (TEM). The sequential phase transition from
glass to supercooled liquid and to crystallization states
was studied by using differential scanning calorimetry
(DSC) at a heating rate of 0.33 K/s.

To prepare samples for characterizing structures at dif-
ferent crystallization stages, and to minimize kinetic ef-
fects, various annealing treatments were performedin
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situ in the DSC cell with a heating rate of 0.33 K/s under
flowing N2. After reaching the desired temperature,
the sample was rapidly cooled to room tempera-
ture. The heat-treated samples were examined using
XRD and TEM.

Nanoindentation and nano-scratch tests were con-
ducted on the as-cast and annealed samples using a Nano
Indenter-XPt. Hardness and Young’s modulus were
measured using the continuous stiffness option, which
yields hardness as a continuous function of depth into the
sample.29,30A quartz sample was used as a standard for
the initial calibration. Scratch tests were performed using
the lateral force measurement option. A Berkovich in-
denter was used for the scratch test. The orientation of
the indenter was aligned so that the sliding was per-
formed with edge forward and face backward. Ramping
load scratch tests were performed on samples over a
700-mm length. During a test, the applied normal load
was linearly increased from an initial 20mN to the maxi-
mum load, and the maximum loads selected in the pres-
ent study were 20, 80, and 150 mN. Multiple sliding
wear tests were also conducted. In each experiment,
thirty-one passes were made over a 40-mm length using
constant normal loads of 20 mN. The speed of the in-
denter for all sliding segments was about 1.0mm/s.

III. EXPERIMENTAL RESULTS

A. Crystallization and mechanical properties

The DSC curve from the as-cast Zr–10Al–5Ti–
17.9Cu–14.6Ni alloy (referred to hereafter as Zr–Al–Ti–
Cu–Ni alloy) with a heating rate of 0.33 K/s is shown in
Fig. 1. The amorphous alloy exhibits an endothermic re-
action resulting from a glass transition, followed by the
supercooled liquid region, and then an exothermic reac-
tion caused by crystallization. The onset temperatures of

the glass transition and crystallization, denoted byTg and
Tx1 andTx2, are determined to be 631, 729, and 818 K,
respectively. From these measurements, three annealing
temperatures, 683, 783, and 893 K, were selected; these
temperatures correspond to the supercooled liquid re-
gion, and temperatures after the first and second crystal-
lization peaks, respectively. The annealed samples were
examined using XRD and the results are shown in Fig. 2,
in which (a) is from the as-cast sample; (b), (c), and (d)
are from samples annealed at 683, 783, and 893 K, re-
spectively; and (e) is from a sample annealed at 923 K
for 1 h. For discussion purposes, these five samples will
be denoted as samples A, B, C, D, and E hereafter. Ac-
cording to a previous study,31 the crystallization se-
quence of the amorphous Zr–10Al–5Ti–17.9Cu–14.6Ni
alloy can be described by

Am →
683 K

Am8 →
783 K

Am8 + NiZr2 + @Ni, ~Zr, Ti!#

→
893 K

Am8 + NiZr2 + @Ni, ~Zr, Ti!# + Zr~AlNi !2

+ NiZr →
923 K, 1 h

Zr2Cu + NiZr2 + Ni10Zr7
+ Al3Zr4 ,

where Am and Am8 stand for the alloy in amorphous and
relaxed states, respectively. A dark-field TEM image and
selected-area electron diffraction pattern from samples
A, B, C, D, and E are shown in Fig. 3. Both the as-cast
and 683 K–annealed samples show a uniform amorphous
structure [Figs. 3(a) and 3(b)]. The halo ring in the dif-
fraction pattern of the 683 K–annealed sample is appar-
ently sharper than that of the as-cast sample, as a result of
the relaxation of the glassy state. In contrast, samples
annealed at 783 and 893 K mainly consist of extremely
fine Zr2Ni grains with a size of less than 10 nm at 783 K
and 40 nm at 893 K [Figs. 3(c) and 3(d)]. Diffraction
patterns show distinct triple rings resulting from the three

FIG. 1. DSC curve of the amorphous Zr–10Al–5Ti–17.9Cu–14.6Ni
alloy with a heating rate of 0.33 K/s.

FIG. 2. XRD patterns from as-cast and annealed BAA samples: (a)
as-cast, (b) 683 K, (c) 783 K, (d) 893 K, and (e) 923 K for 1 h.
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FIG. 3. Dark-field TEM images and selected-area electron diffraction patterns of the as-cast and annealed BAA samples: (a) as-cast, (b) 683 K,
(c) 783 K, (d) 893 K, and (e) 923 K for 1 h.
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diffraction peaks of the Zr2Ni phase. The volume fraction
of this nanocrystalline phase is estimated to be about
80% at 783 K and about 95% at 893 K. The structure of
the sample annealed at 923 K for 1 h contains polycrys-
tals with a mean grain size of about 250 nm, as shown in
Fig. 3(e). The diffraction pattern consists of spotty re-
flection rings resulting from the presence of the Zr2Cu
phase; it no longer has the triple ring characteristic of the
Zr2Ni phase.

Hardness and Young’s modulus measurements
were performed on these samples. The results are sum-
marized in Table I. It is readily observed that the as-cast
sample has the lowest hardness and modulus values,
while the fully crystallized sample exhibits the high-
est values.

B. Nano-scratch behavior

1. Ramping load scratch

A ramping load scratch (RLS) technique was used to
characterize the friction behavior of the Zr–Al–Ti–Cu–
Ni alloy. The measured friction coefficient [Figs. 4(a)
and 4(c)] and surface profile [Figs. 4(b) and 4(d)] of
samples A and B are shown in Fig. 4. The ramping nor-
mal load of 0.02–80 mN was used for the scratch tests.
For the purpose of discussion, the ramping normal load is
also included in the figure (bold solid line). As shown in
Fig. 4, sudden increases in the friction coefficient (indi-
cated by arrows) are frequently observed. It is interesting
to note that this has also been often observed during
nanoindentation of thin film. In the case of thin films, a
sudden increase in friction coefficient is associated with
microcracking or delamination of the films, which pro-
vides a measure of scratch resistance or adhesive strength
of a film.32–34 The load that causes the delamination is
denoted as “critical load.” In the case of bulk monolithic
material, the sudden increase in friction coefficient is

attributed to microcracking. Bulk amorphous alloys are
known to be brittle; when the local strain exceeds the
elastic limit during nanoindentation, microcracking is ex-
pected to occur.

As shown in Fig. 4(a), the baseline friction coefficient
of sample A (i.e., as-cast sample) is about 0.2–0.25.
However, at locations where sudden increases in friction
coefficient occur, the friction coefficient can jump to
about 0.3–0.35. (The scratch proceeds from left to right).
To assess the scratch resistance of the sample, surface
profiles [Fig. 4(b)] were measured by scanning the
sample before and after the scratch test. It is noted that
both the prescan and postscan were conducted using an
extremely low load of 20 nN. The difference between the
prescan and postscan profiles is presumably the damage
caused by scratching, and the difference between the
scratch and postscan profiles represents the elastic recov-
ery of the sample. It is particularly pointed out that the
locations where microcracking occurs (indicated by the
sudden changes in friction coefficient) coincide with the
depressions in the postscan surface profiles. The critical
load can be determined from the first abrupt change in
the surface profile and friction coefficient, and specifi-
cally it is about 28 mN (indicated in the figure). Other
peaks at less than 28 mN on the friction coefficient pro-
file may be caused by the surface roughness or break of
the oxide layer during the initial stage of scratching.In
situ optical microscopic observation revealed the forma-
tion of scratched debris at this load, confirming the oc-
currence of microcracking.

The structure of sample B (683 K annealed) is in a
relaxed glass (supercooled liquid) state. The friction co-
efficient of this sample is averaged around 0.17 but it can
sometimes jump to about 0.25–0.30. Sudden changes in
friction coefficient are also observed at several locations,
as indicated by arrows. The critical load determined by
the first spike in both the surface and friction coefficient
profiles [Figs. 4(c) and 4(d)] is about 46 mN, which is
higher than that observed in sample A [Figs. 4(a) and
4(b)]. The higher critical load may be caused by the fact
that a relaxed glass has less free volume, thus a stronger
bonding and higher hardness value, than the as-cast
glass. Gaskell35 showed that when glass clusters ap-
proach the supercooled liquid state, the average chemical
bonding increases.

For samples consisting of crystallized phases (samples
C, D, and E), that is, samples annealed respectively at
783, 893, and 923 K, relatively low friction coefficients
of about 0.15 were obtained; this is shown in Fig. 5. In
contrast to samples A and B, virtually no “critical loads”
were detected in these samples. The applied load appears
to have no significant effect on the friction coefficient
except in the initial scratch stage. Also, no evidence for
the formation of debris was observed on the tested
samples up to the maximum load of 80 mN. However,

TABLE I. Hardness and Young’s modulus of as-cast and annealed
Zr–10Al–5Ti–17.9Cu–14.6Ni alloy obtained by using different
nanoindentation tests.

Sample Testa
Depth
(nm)

Load
(mN)

Elastic
modulus
(GPa)

Hardness
(GPa)

A: As-cast HL 733 ± 4 60 112 ± 6 6.3 ± 0.6
HD 2000 474 ± 4 92 ± 4 6.2 ± 2

B: 683 K annealed HL 700 ± 3 60 119 ± 2 6.9 ± 0.1
HD 2000 496 ± 8 100 ± 5 6.5 ± 0.2

C: 783 K annealed HL 661 ± 3 60 118 ± 2 8.3 ± 0.1
HD 2000 590 ± 12 99 ± 4 7.8 ± 0.2

D: 893 K annealed HL 652 ± 4 60 119 ± 1 8.6 ± 0.1
HD 2000 604 ± 10 99 ± 4 8.0 ± 0.2

E: 923 K annealed HL 627 ± 4 60 150 ± 2 8.6 ± 0.2
(1 h) HD 2000 619 ± 17 142 ± 1 8.3 ± 0.1

aHL, hardness test at a load; HD, hardness test as a depth.
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when the maximum applied load was increased to
150 mN, critical loads of approximately 110 and 86 mN
were observed in samples C and D, respectively. The
baseline friction coefficient increases slightly to about
0.18 (Fig. 6) for both samples at this higher maximum

load. The observed higher critical loads in samples C and
D (both partially crystallized) are presumably associated
with a less defective structure. It is worth noting that the
critical load of 110 mN for the 783 K–annealed sample is
higher than that for the 893 K–annealed sample (86 mN).

FIG. 4. Friction coefficient and surface profiles of the two samples in amorphous state (as-cast Am and supercooled Am8) scratched with ramping
normal loads of 0.02–80 mN: (a) friction coefficient and (b) surface profile of as-cast Am; and (c) friction coefficient and (d) surface profile of
supercooled Am8.

FIG. 5. Friction coefficient profiles of samples consisting of crystal-
lized phases (annealed at 783 and 893 K, and at 923 K for 1 h)
scratched with ramping normal loads of 0.02–80 mN.

FIG. 6. Friction coefficient profiles of the nanocrystallized micro-
structure of the two samples (annealed at 783 and 893 K) scratched
with ramping normal loads of 0.02–150 mN.
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A summary of the baseline friction coefficients (mB),
scratch (ds), and postscan (dp) depths at the maximum
load of 80 mN for samples A, B, C, D, and E is listed in
Table II. Data in the table are the average values from at
least five tests. For each scratch experiment, at least five
tests were performed to measure the critical loads. It is
apparent that the as-cast sample has the highest friction
coefficient, and the fully crystallized (nanocrystalline)
sample has the lowest friction coefficient. Also, the fric-
tion coefficient decreases with increasing hardness, sug-
gesting friction coefficient is dependent on the structure
of the alloy.

The values of elatic recovery, represented by the dif-
ference between the scratch and postscan profile,ds − dp,
for samples A, B, C, D, and E are 310, 350, 320, 320,
and 220 nm, respectively. This result indicates that the
allow in both the amorphous (A and B) and partially
crystallized (C and D) states exhibits more elastic recov-
ery than that in the fully crystallized state (E). However,
the permanent damage caused by scratch is evaluated
from the difference between the postscan and prescan
profiles.

2. Multiple sliding wear

A multiple sliding wear (MSW) technique was also
used for evaluating the wear resistance of Zr–Al–Ti–Cu–
Ni alloy. The friction coefficients of the alloy in various
annealed states are shown in Figs. 7(a)–7(e). It is noted in
these figures that thirty-one sliding scans were made on
each sample to ensure the attainment of a steady state.
The applied normal load and sliding distance used were
20 mN and 40mm, respectively. A constant normal load
of 20 mN was intentionally chose to be lower than the
critical load (28 mN) to avoid microcracking. Data dis-
played in Fig. 7 include both forward (odd number) and
backward (even number) slides. Interestingly, despite the
great difference between the edge-forward and face-
backward alignment of the Berkovich diamond tip, fric-
tion behavior appears to be independent of the sliding
direction (forward and backward). The friction coeffi-
cient (∼0.1–0.2) was generally low in the initial scan, but
increases rapidly to about 0.35–0.50 in the subsequent
scans. It usually took more than five or six scans for the
friction coefficient to reach a steady value.

The friction coefficient,m, of sample A (as-cast) ob-
tained in the first scan was only 0.15–0.2, increases rap-
idly, and reaches a steady state with an average value of
about 0.42 [Fig. 7(a)]. In a similar manner, sample B
(relaxed glass) also exhibits a low initial friction coeffi-
cient of about 0.1 and quickly reaches a steady state after
five scans, yielding a slightly lower friction coefficient of
about 0.34 [Fig. 7(b)]. It is also noted that the friction
coefficient appears to increase slightly with sliding dis-
tance. A rapid increase in friction coefficient at the end of
sliding, especially during the forward sliding, was appar-
ently attributed to the pileup of worn material. As a re-
sult, the lateral forces tend to “lift” the indenter during
sliding; this was described previously by Denget al.34

The friction behavior of sample C (partially crystal-
lized) is different from that of samples A and B. As
shown in Fig. 7(c), the starting friction coefficient of
sample C is low (∼0.12), but increases rapidly to a peak
value of about 0.28 after five scans. Instead of having a
constant value, the friction coefficient gradually de-
creases to an average value of 0.24. This decrease may be
attributed to work hardening taking place during multiple
slides. Recalled that sample C has a microstructure con-
taining nanocrystalline grains. Work hardening is ex-
pected to occur in crystalline grains and contribute to an
increase in hardness, which, in turn, causes a decrease in
friction coefficient. This is further supported by the re-
sults obtained from sample D. As shown in Fig. 7(d), a
low final friction coefficient of about 0.15 is observed in
sample D; this is because higher volume fraction of crys-
talline phase produces more work hardening. For the
fully crystallized sample (sample E), the steady-state
friction coefficient is about 0.3, which is higher than that
for samples C and D (partially crystallized) but smaller
than that for the amorphous samples.

The typical surface profiles of sample E before (pre-
scan) and after (postscan) multiple sliding are shown in
Fig. 8. The postscan depth can be used to estimate the
wear resistance of a sample, because it represents the
material that was worn away. The depth values are 600,
370, 250, 270, and 300 for samples A, B, C, D, and E,
respectively. The steady-state friction coefficient for the
forward sliding (mF), hardness (H), and postscan depth
(dp) under a normal sliding load of 20 mN are summa-
rized in Table III. It is apparent in the table that there

TABLE II. Young’s modulus, hardness, average value of friction coefficients (mB), scratch (ds) and postscan (dp) depths of a ramping load scratch
test at the load limit of 80 mN.

Sample Microstructure E (GPa) H (GPa) mB ds (nm) dp (nm)

A: As-cast Am 92–112 6.2–6.3 0.220 610 300
B: 683 K annealed Am8 100–119 6.5–6.9 0.180 550 200
C: 783 K annealed Am8 + NiZr2 + [Ni, (Zr, Ti)] 99–118 7.8–8.3 0.155 460 140
D: 893 K annealed Am8 + NiZr2 + [Ni, (Zr, Ti)] + Zr(AlNi) 2 + NiZr 99–119 8.0–8.6 0.150 440 120
E: 923 K annealed (1 h) Zr2Cu + NiZr2 + Ni42Zr58 + Al3Zr4 142–150 8.3–8.6 0.140 330 110
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exists a general trend; namely, the worn depth is shal-
lower for a harder sample. Once again, data indicate that
both the partially crystallized (samples C and D) and
fully crystallized (sample E) samples are more wear re-
sistant than the as-cast sample (sample A).

IV. DISCUSSION

Friction is known to depend on a number of variables,
such as chemical affinity between the two contacting
materials, surface roughness, the presence or absence of

FIG. 7. Friction coefficient profiles of the multiple sliding wear test (thirty-one sliding scans) on all of the five samples under the normal load
of 20 mN: (a) as-cast, (b) 683 K, (c) 783 K, (d) 893 K, and (e) 923 K for 1 h.
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oxides, absorbed films, and load conditions.36 Existing
data for the friction coefficient of metallic glasses cover
a wide range; friction coefficients range from exception-
ally low values (∼0.015)37 to medium values (0.2–
0.6)38,39 and to high values (0.8–1.0).40–42 These data
were obtained by using a spherical or cylindrical hard
slider moving on sheet (tape or ribbon) metallic glass
samples. Limited tribological data produced from ramp-
ing load scratch test using nanoindentation technique are
available and they are summarized in Table IV. Results
obtained in the present study are also included. It is noted
in the table that critical loads exist in all materials, except
the single-crystal Al and Al2O3–TiC. Also noted is the
fact that the friction coefficient is slightly higher when
the applied loading is above the critical load than when it
is below the critical load.

Critical load can be considered as a measure of scratch
resistance. As shown in Table IV, the present amor-
phous alloy apparently has a much higher critical load
than the other materials, including ceramics. The critical
loads of 110 and 86 mN found in samples C and D,
respectively, are much higher than the 28 mN for the
fully amorphous sample. This suggests that a material
having a mixed amorphous–nanocrystalline micro-
structure is more scratch resistant than the fully amor-
phous sample. The postscan depth measurements
from the MSW tests also confirmed that samples with
an amorphous–nanocrystalline structure have the least
wear loss; that is, the best wear resistance. Similar re-
sults have been observed in the study of the wear resis-
tance of metallic glass ribbons24–26 and Al-based bulk
amorphous alloys.27,43

Kim et al.44 recently demonstrated that a homoge-
neous dispersion of nanoscale crystalline particles em-
bedded in Al-based amorphous matrix resulted in a

significant increase in tensile strength, as compared to
the corresponding single-phase, amorphous alloys. Simi-
lar results have also been reported in Zr41Ti13Ni10Cu13Be23,

45

Zr55Al10Ni5Cu30,
46 and Zr65Al10Ni10Cu15

47 amorphous
alloys. Apparently, a mixed amorphous–nanocrystalline
structure offers high strength and hardness, and thus
good wear resistance. This can be rationalized in the
following way.

It is well-known that the Hall–Petch (HP) equation can
describe the relationship between hardness (or yield
strength) and grain size in conventional polycrystalline
solids. The HP relation predicts that hardness should in-
crease with decreasing grain size. The basic HP relation,
given in Eq. (1), predicts that strength or hardness,H,
should increase with decreasing grain size,d.

H = H0 + Kd−1/2 , (1)

where H0 if the intrinsic hardness andK is a material
constant. Obviously, the equation has limitations because
the strength cannot increase indefinitely with decreasing
grain size, as shown in Fig. 9. From a practical view-
point, for example, the strength value cannot exceed the
theoretical strength; that is, the strength of a perfect whis-
ker. Also, from another point of view, when the grain
size approaches zero, the material essentially becomes
amorphous. The grain boundary strengthening effect (HP
relationship) will then disappear. There is some evidence
indicating that the hardness (or strength) of an amor-
phous material is lower than its crystalline counterpart.
For example, amorphous Al2O3 is softer than polycrys-
talline Al2O3,48,49 and amorphous Si is softer than
polycrystalline Si.50 Thus, there must exist an optimum
microstructure that yields the maximum hardness, as
shown in Fig. 9. In the present study, it is a mixed
amorphous–nanocrystalline structure that yields the
maximum hardness. It is worth noting that the strength
(or hardness) of a partially crystallized Zr–Al–Cu–Pd
alloy was found to exhibit a maximum when the size of
Zr2(Cu, Pd) precipitate particles was∼10 nm and the
volume fraction of the crystalline phase was about
75%.51,52This is consistent with the microstructures ob-
served in samples C and D in the present study.

Data obtained in the present study indicate that there
exists a general correlation between the hardness, friction
coefficient, and wear resistance: a lower hardness pro-
duces a higher friction coefficient, and a higher friction
results in a faster wear. The as-cast amorphous sample
exhibits the lowest hardness and, thus, highest friction
coefficient and poorest wear resistance. This result is
consistent with the observations in some crystallized
materials and metallic glass ribbons.21,42 Comparing
Tables II and III, it is noted that friction coefficient meas-

FIG. 8. Typical surface profiles of the multiple sliding wear test
(thirty-one sliding scans) on sample E under the normal load of
20 mN.
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ured from the multiple sliding wear test is normally
greater than that measured from the ramping load test.
This is probably associated with the formation of a
“transfer layer” on a scratched surface as suggested by
Kishoreet al.17,53 In essence, a transfer layer produced
during a slide can be removed by a subsequent slide at a
load greater than the “critical load”; this results in a
reduced friction coefficient. In the present study, increas-
ing load was used during the ramping load tests. In con-
trast, the multiple sliding wear tests were always
conducted at loads below the “critical load.” However, it
is pointed out that, despite the difference in the absolute
value of friction coefficient, the general trend for these
two measurements are consistent; namely, a higher hard-
ness value leads to a lower friction coefficient.

V. CONCLUSIONS

Tribological (friction and wear) behavior of a bulk
amorphous alloy Zr–10Al–5Ti–17.9Cu–14.6Ni (at.%),
both in the as-cast and annealed states, was charac-
terized by using ramping load scratch and multiple
sliding wear tests. This study led to the following
conclusions.

(1) The crystallization sequence of the alloy is de-
scribed by

Am →
683 K

Am8 →
783 K

Am8 + NiZr2 + @Ni, ~Zr, Ti!#

→
893 K

Am8 + NiZr2 + @Ni, ~Zr, Ti!# + Zr~AlNi !2

+ NiZr →
923 K, 1 h

Zr2Cu + NiZr2 + Ni42Zr58

+ Al3Zr4 .

(2) Both Young’s modulus and hardness increase with
increasing annealing temperature; the modulus and
hardness values are, in the ascending order, amorphous,
supercooled liquid, partially crystallized, and fully
crystallized.

(3) Critical loads associated with microcracking were
observed in all test samples. The as-cast material has the
lowest critical load, and the critical load increases with
increased annealing temperature.

(4) There exists a general correlation between the
hardness, friction coefficient, and wear resistance; a
lower hardness produces a higher friction coefficient and
thus a faster wear.

(5) The present experimental results indicate that
wear resistance is (in an ascending order): as-cast
amorphous, supercooled liquid, fully crystallized, and

TABLE III. Steady-state friction coefficient for the forward sliding (mF) and postscan depth (dp) under a normal sliding load of 20 mN in multiple
sliding wear tests.

Sample Microstructure mF H (GPa) dp (nm)

A: As-cast Am 0.42 6.2–6.3 600 ± 20
B: 683 K annealed Am8 0.30 6.5–6.9 370 ± 10
C: 783 K annealed Am8 + NiZr2 + [Ni, (Zr, Ti)] 0.25 7.8–8.3 250 ± 20
D: 893 K annealed Am8 + NiZr2 + [Ni, (Zr, Ti)] + Zr(AlNi) 2 + NiZr 0.15 8.0–8.6 270 ± 20
E: 923 K annealed (1 h) Zr2Cu + NiZr2 + Ni42Zr58 + Al3Zr4 0.27 8.3–8.6 300 ± 20

TABLE IV. Friction coefficient and critical load for several bulk ma-
terials measured from ramping load scratch test.

Material

Ramping
load
(mN)

Critical load
(mN)

Friction coefficient

Baseline Maximum

Single-crystal
Si(100) 2–25 16 0.10 0.80

Ni–Zn ferrite 2–25 10 0.10 0.80
Al2O3–TiC 2–25 From beginning 0.15 0.30
SiC 2–25 15 0.12 0.75
Single-crystal Al 0.02–15 From beginning 0.35 0.50
A: As-cast 0.02–80 28 0.20 0.32
B: 683 K annealed 0.02–80 46 0.17 0.28
C: 783 K annealed 0.02–80 ??? 0.150 0.155

0.02–150 110 0.18 0.28
D: 893 K annealed 0.02–80 ??? 0.150 0.15

0.02–150 86 0.18 0.23
E: 923 K annealed

(1 h) 0.02–80 ??? 0.14 0.14 FIG. 9. Schematic illustration of Hall–Petch relationship for the me-
tallic glass from amorphous to crystalline state.
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amorphous–nanocrystalline mixture. Samples annealed
at 783 and 893 K have a mixed amorphous–nanocrystalline
structure and thus are the most wear resistant.
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