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It is known that cooling rate can affect the atomic structure and thus may possibly affect the mechanical
properties of metallic glasses (MGs). In spite of the considerable efforts on the cooling rate, its effect on the
mechanical properties is controversial at the present time. In this study, we present a micromechanical
study of the cooling-rate effect on Young’s moduli and hardness of the cast bulks and melt-spun ribbons
for a Zr55Pd10Cu20Ni5Al10 metallic glass. Using the classic nanoindentation method, the Young’s moduli
of the ribbon samples obtained at higher cooling rates were measured which appeared to be much
ooling rate
oung’s modulus
ardness

lower than those of the bulk samples. However, through further experiments on slice samples cut from
the as-cast bulks and finite-element (FE) analyses, we have clearly demonstrated that the measured
difference in elastic moduli was mainly caused by the sample thickness effect in nanoindentation tests.
To overcome such a confounding effect, microcompression experiments were performed on the as-cast
and as-spun MG samples, respectively. Being consistent with the findings from nanoindentation, the
microcompression results showed that the cooling rate, as ranging from ∼102 to ∼106 K/s, essentially
has no influence on the Young’s modulus and hardness of the metallic glasses.
. Introduction

Metallic glasses (MGs), as a relatively new class of metallic
aterials, have received considerable attention due to their unique

hysical and mechanical properties [1–5]. Lacking long-range peri-
dicity, MGs can be considered as solids with frozen-in liquid
tructures, which are composed of tightly bonded atomic clusters
nd free-volume zones [6]. Being in a metastable state, the glassy
tructure of MGs is most likely to be affected by different vari-
bles arising in the stage of materials preparation, for example,
ooling rate, overheat temperature, and impurities [7–9], among
hich the cooling rate was thought to play an important role

n the vitrification of MGs [10–12]. In that case, it was argued
hat the mechanical properties of MGs could also be affected by
he cooling rate [11,13]. The increase of the cooling rate may
esult in configurationally looser atomic packing and thus, more
ree-volume zones [14,15], which therefore contributes to larger

lasticity [16–18]. However, the cooling-rate effect on the yield
trength of MGs is yet to be conclusive [16,19,20]; meanwhile, the
tudies concerning the cooling rate effect on the elastic behav-
or of MGs are limited. In view of these, further research effort
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is thus necessary for clarifying the aforementioned cooling rate
effect.

Through a nanoindentation study, Jiang et al. [21] recently
reported that the as-cast bulk Cu60Zr30Ti10 metallic glasses had
higher Young’s moduli and hardness than the ribbons of the same
composition. They attributed this to the less amount of free-volume
zones in the bulk samples than in the ribbon samples, therefore
reaching the conclusion that a faster cooling rate favors more free-
volume zones. However, it should be pointed out here that, in
the original indentation method developed by Oliver and Pharr,
the testing sample was assumed to have a semi-infinite geometry
[22]. The neglecting of such an implicit assumption when testing
samples of finite dimensions, such as thin ribbons, could result
in a sample thickness effect in nanoindentation, which tends to
underestimate the true material’s Young’s modulus [23,24]. Unfor-
tunately, the sample-thickness effect was somehow ignored by
Jiang and co-workers, which means that it is necessary to carry
out additional experiments as to clarify the cooling rate effect. In
this study, the research work involved was organized as follows.
First, nanoindentation tests based on the Oliver & Pharr’s approach

were carried out to investigate the cooling rate effect on the Young’s
modulus and hardness of bulk and ribbon MGs; second, the same
testing method was extended to the MG samples with the same
thickness but obtained at different cooling rates; third, finite ele-
ment analyses (FEA) was performed to mimic the nanoindentation
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Table 1
Young’s moduli and hardness of the metallic glass samples with different cooling
rate.
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ests and assess the thickness effect on the extracted mechani-
al properties; finally, microcompression was utilized to verify the
ooling rate effect on the Young’s modulus and yield strength of
he MGs.

. Experimental procedure and numerical simulation

A quinary alloy of nominal composition Zr55Pd10Cu20Ni5Al10 (atomic percent-
ge) was chosen for the investigation due to its excellent glass-forming ability
25]. The master alloy ingots were prepared by arc-melting a mixture of the con-
tituent elements with purity better than 99.9% in a Ti-gettered high purified argon
tmosphere. Each ingot was re-melted several times to ensure the homogeneity
f chemical composition. The bulk samples with diameter of 5 mm (Bulk I) and
.5 mm (Bulk II) were produced by arc-melting and suction casting the ingots into
copper mold. The ribbon samples were prepared by remelting the ingots in a

uartz tube and ejecting through a nozzle onto a copper wheel rotating at velocities
f 2000 r/min (Ribbon I) and 4000 r/min (Ribbon II). The resulting ribbons had the
imensions of 44 �m (thickness) × 1.1 mm (width) and 20 �m (thickness) × 1.3 mm
width) respectively. After that, the amorphous structures of these as-cast bulk
nd as-spun ribbon samples were confirmed by X-ray diffraction and differential
canning calorimetry (DSC).

To measure the mechanical properties of the MG samples, standard nanoinden-
ation method based on the Oliver and Pharr’s approach was used to measure the
oung’s modulus and hardness of the MGs [22]. Prior to the nanoindentation tests,
he surfaces of the MG specimens were mechanically polished to a mirror finish
sing 0.3 �m diamond paste. The standard Berkovich nanoindentation tests were
hen carried out at a constant loading rate of 10 mN/s with a peak load of 50 mN
n the Hysitron TriboScratch® Nano Indenter. To clarify the sample thickness effect,
lice samples with different thicknesses, ranging from 20 to 1550 �m, were sec-
ioned employing wire cutting from the center of a bulk MG sample with diameter
f 5 mm and subsequently tested using the same nanoindentation approach. For
ach sample, at least seven nanoindentation tests were carried out to obtain reliable
ata.

Supplementary to the experiments, numerical simulations of the nanoindenta-
ion tests were performed using the commercial package AbaqusTM. A conical rigid
ndenter with a semi included angle of 70.3◦ was used in the FE model. For brevity,
ome details of building the FE model, such as meshing and checking of the influence
f boundary conditions, which are not relevant to this particular problem, are omit-
ed here. Interested readers may be referred to Ref. [26]. For simplicity, a rod-shaped

G specimen instead of a ribbon MG specimen was constructed in the FE model. In
oing so, the three-dimensional FE problem is simplified to an axisymmetric one.
o mimic the real indentation experiments, the MG sample and the substrate epoxy
esin were assumed as elastic-perfect-plastic solids, and the MG–epoxy interface
as taken as cohesive throughout the whole simulation.

Apart from nanoindentation, microcompression tests were also performed on
oth bulk and ribbon MG samples. To evaluate the cooling rate effect, micropillars
ere fabricated on the surfaces of one bulk (diameter 5 mm) and one ribbon (thick-
ess 20 �m) sample using a dual-beam scanning electron microscopy (SEM)/focused

on beam (FIB) system (Quanta 200 3D, FEI). Following the sequential ion-milling
pproach [27], a series of micropillars having respective top diameters and aspect
atios ranging from ∼1 to ∼4 �m and 2:1 to 5:1, were carved out on the surfaces of
he bulk and ribbon samples and later tested using a 10 �m flat-end conical diamond
ndenter with load control.

. Results and discussion

.1. Mechanical properties measured from nanoindentation

According to Lin and Johnson [28], the cooling rate, R, of MGs
an be estimated as R = 10/t2, where t is the cooling thickness of
MG sample. Based on this equation, the cooling rates of Bulk I,
ulk II, Ribbon I, Ribbon II were estimated as 1.60 × 102, 1.78 × 103,
.25 × 105 and 3.09 × 106 K/s, respectively. Thus, the difference in
ooling rates is over four orders of magnitude.

Typical indentation load–depth curves of the
r55Pd10Cu20Ni5Al10 bulk and ribbon MG samples are pre-
ented in Fig. 1. It is apparent that the maximum indentation
epth is dependent on the cooling thickness and, thus, the cooling
ate used during sample preparation. With the increasing cooling

ate, the maximum indentation depth increases, as consistent
ith the previously finding [21]. However, it is worth mentioning

hat, for the ribbon samples corresponding to different cooling
ates, the difference in the maximum indentation depths is small.
o minimize the effect from the epoxy resin (as shown in the set
Fig. 1. Typical curves of load vs. depth for metallic glass samples with different
cooling rate. Inset is the position of indent in the ribbon sample.

of Fig. 1), all the indents were made in the middle of the ribbon
samples’ cross sections. Note that the indent has a size of ∼3 �m
and the distance between two indents is at least 30 �m apart.

Following Oliver and Pharr [22], the Young’s Moduli and hard-
ness values were extracted from the nanoindentation load–depth
curves and the results are listed in Table 1. Interestingly, the mea-
sured hardness values for all MG samples are about 5.3–5.5 GPa,
essentially independent of the cooling rates. If the empirical rela-
tion between hardness and yield strength, H ≈ 3�y [29], was used,
the estimated yield strength of the Zr55Pd10Cu20Ni5Al10 MGs would
be around ∼1.8 GPa, which agrees quite well with the previous
experimental results obtained from uniaxial compression tests
[25]. The invariance of the hardness implies that the cooling rates,
spanning four orders of magnitudes though, do not cause any
apparent changes in the yield strengths of the MGs. In sharp con-
trast, the measured Young’s moduli drop substantially from ∼97 to
∼64 GPa when the testing sample thickness reduces from 5000 �m
to 20 �m, or the corresponding cooling rate increases from about
∼102 to ∼106 K/s. Note that this trend is consistent with the find-
ing reported in Ref. [21]. In addition, through the thermodynamic
parameters in Table 1 obtained from the DSC curves, it can be
noted that the glass transition temperature (Tg) increases slightly
with cooling rate, rising from 693 to 712 K when the cooling
rate increases form about ∼102 to ∼106 K/s, while the crystalliza-
tion temperature (Tx) is relatively stable around 776 K. The small
change of the glass transition temperature indicates that the inter-
nal atomic structure has changed in certain degree, but this change
is not sufficient enough to be revealed in the hardness data.

Since a material’s Young’s modulus, E, can be related to the mate-
rial’s inter-atomic potential and inter-atomic distance, we can have
[30]:
Samples Thickness (�m) Tg (K) Tx (K) E (GPa) H (GPa)

Bulk I 5000 693 776 96.80 ± 0.81 5.26 ± 0.13
Bulk II 1500 696 775 94.01 ± 1.21 5.28 ± 0.09
Ribbon I 44 709 777 77.81 ± 1.53 5.51 ± 0.09
Ribbon II 20 712 776 63.67 ± 1.26 5.43 ± 0.21
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Table 2
Young’s moduli and hardness of the slice and bulk metallic glass samples with the same cooling rate.

Slices cut from bulk �5 Bulk �5

S1 S2 S3 Bulk I

88 1550 5000
2.90 94.30 ± 1.09 96.80 ± 0.81
0.10 5.51 ± 0.11 5.26 ± 0.13
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Fig. 2. (a) Young’s modulus of bulk vs. ribbon (different cooling rate) and bulk vs.
slice (different thickness) glassy samples. (b) Hardness of bulk vs. ribbon (different
cooling rate) and bulk vs. slice (different thickness) glassy samples.
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here V is the atomic volume, U is the inter-atomic potential, r
s inter-atomic distance and k is a material constant. Normally,
ecreasing inter-atomic potential will lead to a lower elastic mod-
lus given an unchanged inter-atomic distance. Since the tested
Gs are of the same chemical composition, a similar shape in the

nter-atomic potential is expected. Therefore, it is unlikely that the
ifference of four orders of magnitudes in the cooling rate, which
nly causes a density difference of less than 2% during materials
reparation [14], can result in such a significant reduction in the
oung’s modulus.

To clarify whether other factors are responsible for the observed
ecrease in the Young’s Modulus, three slices were cut from the
enter of a 5 mm bulk MG rod, which had the respective thickness of
0 �m (S1), 88 �m (S2) and 1550 �m (S3), and subsequently tested
sing the same nanoindentation approach. The measured Young’s
oduli and hardness of the slice samples are listed in Table 2. Inter-

stingly, the measured Young’s moduli from samples S1 and S2
re ∼63 and ∼80 GPa, respectively, much lower than that of the
ulk sample from which the slices were cut. In contrast, the mea-
ured Young’s modulus of Sample S3 slice is ∼94 GPa, almost the
ame as that of the bulk sample. The experimental finding clearly
emonstrates that varying sample thickness can greatly affect the
aterial’s Young’s modulus measured from the nanoindentation.

n comparison, the hardness measured from S1 to S3 shows no
emarkable change with the varying sample thickness, which is
onsistent with the previous nanoidentation results obtained from
he MG samples of different dimensions.

Fig. 2(a) presents the measured Young’s moduli of the bulk, rib-
on and slice MG samples. It is evident that the Young’s moduli of
he ribbon and slice samples are very close, exhibiting the same
rend with the varying sample thickness. This experimental find-
ng unambiguously proves that the seeming difference between
he measured Young’s moduli of the ribbon and bulk MG samples
s mainly caused by the sample thickness instead of any physical
hange in the underlying atomic structures. In contrast, Fig. 2(b)
hows the extracted hardness data of the bulk, ribbon and slice MG
amples, which consistently display the trend of a constant value
ithin the range of sample thickness from 20 �m to 5000 �m. This

ehavior can be understood as follows. From the mechanistic view-
oint, the Young’s modulus reflects the rigidity of an elastically
eformed volume and depends on the imposed boundary condi-
ions, which becomes the ‘source’ of the sample thickness effect.
owever, hardness reflects the material’s resistance to local plastic
ows and is therefore less sensitive to the boundary conditions.

To verify the above arguments, FE simulations were carried out
nd the results are presented in Fig. 3 in comparison with the exper-
mental data. Considering the difference of the sample geometry
etween the real and simulated MG samples and the uncertainties
round the MG–epoxy interface, the simulation was motivated here
nly to check if the general trend of the experimental data could
e captured. The procedure for ‘calculating’ the material’s Young’s
odulus and hardness from simulation is as follows. First, the
lastic-perfectly plastic MG FE model was assigned with a Young’s
odulus of 95 GPa and a yield strength of 2.2 GPa, and the epoxy

n the vicinity of the MG model with the Young’s modulus of 2 GPa
nd a yield strength of 0.04 GPa. Second, indentation was simu-
ated by pushing the rigid conic indenter into the center of the MG

0 400 800 1200 1600

Thickness (µm)

Fig. 3. Young’s modulus dependence on sample thickness from experimental and
simulation results.
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Table 3
Young’s moduli and yield strengths of the micropillars carved from bulk and ribbon
samples with different cooling rates.
ig. 4. Position of the fabricated micropillars in ribbon sample. Inset is the repre-
entative geometries of one micropillar.

odel and, then, retracting the indenter backwards for unloading.
fter that, the Young’s modulus and hardness were computed from

he simulated load–displacement curves following the method pro-
osed by Oliver and Pharr [22]. As shown in Fig. 3, the simulation
esults generally follows the trend of the experimental data in spite
f the aforementioned model simplification, which, again, corrob-
rate our previous conclusion that there should be no significant
ifference between the hardness and modulus of the MG bulk and
ibbon samples.

.2. Mechanical properties measured from microcompression

To exclude the confounding effect of sample thickness, micro-
ompression tests were used to extract the mechanical properties
f the bulk and ribbon MG samples. As shown in Fig. 4, a few
icropillars were carved out on the surface of the 20 �m thick MG

ibbon sample. Due to the ion-beam divergence, the micropillars
ere slightly tapered with an average taper angle of ∼2◦.

The microcompression experiments were subsequently
onducted at a loading rate of 0.2 mN/s and the typical

oad–displacement curves are shown in Fig. 5, from which
he Young’s modulus and yield strength of a MG micropillar can be
xtracted. For micropillars with slight tapering, the Young’s mod-
lus, E, and yield strength, �y, can be obtained using the methods
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ig. 5. Typical microcompression load–displacement curves of the micropillars.
Micropillars E (GPa) �y (GPa)

From bulk sample 88.3 ± 5.66 2.2 ± 0.13
From ribbon sample 88.2 ± 2.60 2.3 ± 0.21

proposed in Refs. [27,31]. As listed in Table 3, it can be seen that
the Young’s moduli and yield strengths of the micropillars cut
from the bulk and ribbon samples are almost the same, with the
average value being ∼88 GPa and 2.2 GPa, respectively. This further
confirms that the cooling rate has a negligible effect on the Young’s
modulus of MG samples. Before proceeding, it is worth mentioning
that the Young’s modulus obtained from microcompression is
about 5% lower than the values extracted from nanoindentation
tests. This is because of the material’s pile-up effect, which was
not taken into account in the original Oliver and Pharr’s method
[22]. For MGs, the neglecting of such a pile-up effect will lead to an
overestimation of the material’s Young’s modulus [32]. In addition,
the yield strengths obtained from the microcompression tests
appear to be higher than those from the conventional uniaxial
compression tests [25], which is usually attributed to the Weibull
statistics as already discussed in the literature [33].

3.3. Implications

Based on the above analyses and discussions, we have demon-
strated that the cooling rate used in our study, ranging from ∼102

to ∼106 K/s, does not cause any remarkable change in the Young’s
modulus and hardness of the Zr-based MG samples, though small
changes in the glass transition temperature have been detected.
This is implicative of a similar atomic structure in the MGs in spite
of the large cooling-rate difference. The reason might lie in two
folds: (1) the cooling rates employed in the study were still below
a critical value, only above which a sufficient structural change
can be detected from the hardness and Young’s modulus of MGs
[14]; and (2) the overheat temperature, from which the molten
metals were quenched, was not high enough for the atomic clus-
ters and free-volume zones to rearrange [34]; in other words, the
atomic structure of the metallic glass was mainly determined by the
overheat temperature rather than the cooling rate imposed during
quenching process.

4. Conclusions

Based on the current work, we find that the cooling rate has a
negligible influence on the Young’s modulus and hardness of the
Zr55Pd10Cu20Ni5Al10 metallic glass, which is contrary to the previ-
ous findings [21]. The apparent reduction in the Young’s moduli of
the ribbon samples relative to those of the bulk samples, as mea-
sured using nanoindentation, has been proved simply caused by
sample thickness. After eliminating such a sample geometry effect,
the cooling-rate independent mechanical properties were attained.
Such an insignificant influence of the cooling rate on the Young’s
modulus and hardness of the Zr-based MG implies that a faster cool-
ing rate is needed for further research or the overheat temperature
is not high enough to introduce any significant physical change in
the glassy structure of the Zr-based MGs.
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