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Abstract

The effects on mechanical properties of partial crystallization of a zirconium based bulk amorphous alloy (Vitl) are investigated. Nanocom-
posites are produced by appropriate heat treatments at temperatures higher than the glass transition temperature. Mechanical properties at room
temperature are investigated by compression tests and hardness measurements including nanoindentation. The variation of the fracture stress
with the degree of crystallinity is related to the nature, the size and the dispersion of the crystals in the amorphous phase. The variations of
microstructure are estimated thanks to differential scanning calorimetry, X-ray diffraction and transmission electron microscopy. A significant
connexion between crystals induces a decrease of the fracture stress whereas hardness continuously increases with crystallinity. From nanoinden-
tation tests, Young’s modulus and apparent yield stresses were roughly estimated and it is concluded that crystallization tends to increase the yield
stress. Nevertheless, AFM observations of the imprints after indentation suggest that the mechanism of deformation can vary significantly with

crystallization.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Bulk metallic glasses (BMG) exhibit interesting mechanical
properties since they combine a high fracture stress, a partic-
ularly large elastic domain (up to 2%) and significant fracture
toughness. An other interesting property of BMG is their ability
to produce nanocomposite materials after heat treatments nearby
the glass transition temperature 7. Consequently, the effect of
partial crystallization on the mechanical properties of BMG at
room temperature has been also investigated [1,2]. Crystalliza-
tion up to a critical level (often found nearby 30—40 vol. % of
crystals [3]) generally results in an increase of the fracture stress
oF and then to a drop of oF. This change is associated to a tran-
sition in fracture surface morphology from a well-developed
vein pattern to cleavage like brittle facets. Conversely, hardness
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generally increases continuously with the degree of crystalliza-
tion. This means that the o drop is rather related to a loss
of fracture resistance in the material than to a decrease of the
yield stress. The aim of the present investigation is to study
the impact of partial crystallization on the mechanical proper-
ties of the Zrq; 2Tij38Cuz5NijgBess s (so-called Vitl) with a
particular attention given to fracture stress and mechanisms of
deformation.

2. Materials and experimental procedure

The Vit] alloy was supplied by Howmet Corp. (USA) as 3.3 mm thick sheet.
The differential scanning calorimetry (DSC) measurements were carried out in
a Perkin-Elmer DSC at 10 K/min. The nature of the crystals was examined by X-
ray diffraction (XRD, Cu Ka). Thin foils for TEM observations were prepared
by ion beam milling (4 keV, 10°). The samples used for the compression tests
where rods of 3mm in diameter and tests were performed at an initial strain
rate equal to 5 x 10™*s~!. The Vickers microhardness was measured with a
1000 g load. Nanoindentations were performed using a conical indenter with
a maximum depth of 1.5 um and loading and unloading deformation rates of
0.05s~!. The maximum acquisition rate was 5 Hz. Observations of the imprints
were performed by atomic force microscopy (AFM).
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Fig. 1. DSC curves of Vitl alloy after the selected heat treatments.
3. Investigated crystallized states

Fig. 1 shows the DSC curve of the amorphous alloy (state
A) with the characteristic step change arising from glass transi-
tion (T corresponding to the inflexion point is equal to 637 K),
followed by a super-cooled liquid region and then three exother-
mic peaks, respectively, at 705 K, 727 K and 774 K. These peaks
are associated to three distinct crystallization events, keeping in
mind that the first one can also include phase separation [4].
To study the effect of such crystallizations on the mechanical
properties, three heat treatments have been selected and applied
on the as-provided alloy: 20 min at 683 K (state B), 1 h at 683 K
(state C) and 10 min at 823 K (state D). The DSC curve of the
alloy in states B and C are also shown in Fig. 1: after 20 min
annealing at 683 K, the first crystallization peak has disappeared
while the crystallization peaks for the two other ones remain
roughly unchanged. In the case of sample C, only the third peak
is still present. One can note that despite some slight variations
in characteristic temperatures of the peaks after heat treatments,
their crystallization energies remains roughly unchanged.

4. Effect of crystallization on fracture stress
4.1. Compression tests

Fig. 2 shows the effect of the selected heat treatments on
the fracture stresses op measured during the compression tests
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Fig. 2. Fracture stress o and Vickers hardness for the four investigated samples.

at room temperature. Whatever the degree of crystallization,
macroscopically brittle behaviours are obtained. The observed
tendency confirms already published data about the effect of par-
tial crystallization [3]: after a first increase, o falls drastically. In
parallel, the number of fragments in the broken sample increases
rapidly from two pieces in samples A and B to nearly dusts in
samples C and D. SEM observations of the broken samples con-
firm also the change in the fracture surface morphologies from
the typical vein pattern for samples A and B to cleavage like
facets for samples C and D.

4.2. Microstructural characterization

Fig. 3 displays dark field TEM observations of treated sam-
ples (B and D). In the case of sample B (Fig. 3(a)), dispersed
crystals can be observed by TEM with an average size of 15 nm.
Extending the maintain at 683 K (sample C) increases the num-
ber of crystals but without significant change of the average size.

(a) Sample B

(b) Sample D

Fig. 3. TEM observations of samples B and D.
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Fig. 4. X-ray patterns of Vitl alloy after the selected heat treatments.

Grain boundaries were frequently detected in the TEM obser-
vations of sample D (Fig. 3(b)), meaning that the crystallization
is nearly complete for this sample, with sizes typically close to
50 nm.

Fig. 4 shows the XRD profiles for the investigated conditions.
The crystallization in sample B is confirmed since three main
peaks can be identified and attributed to an icosahedral phase
[4]. One can note that this icosahedral phase is still present after
a longer maintain (sample C) as confirmed by TEM observation
where typical five-fold symmetry of I-structure could still be
observed or from the XRD spectrum since the third peak of the I
phase does not disappear and has a similar height as for sample
B. Additional peaks can also be detected in sample C, reveal-
ing the presence of Be>Zr and Zr,Cu [2,4,5]. Sample D exhibits
many additional peaks, partly indexed by BeNi [4,6] and TipNi
but all the crystalline phases have not been fully identified, con-
firming that the third peak is associated to a particularly complex
crystallization process with probably overlapping peaks.

4.3. Relation between fracture stress and microstructure

As for other BMGs, the effect of crystallization on the frac-
ture stress of the Vitl alloy can be roughly divided in two main
domains. When the population of crystals can be considered
as a dispersion of particles in an amorphous matrix (as it is the
case for sample B), the fracture surface morphology is similar to
what is observed for the amorphous alloy and the fracture stress
increases slightly with the degree of crystallization. In this case,
the particles are expected to act as obstacles to the propaga-
tion of shear bands. In a second step, when connexions between
particles are significant, an important drop in fracture stress is
observed. This suggests that the Vitl behaves in a quite similar
way as other BMGs [3,7]. Specificities of the Vitl are probably
more related to the fact that crystallization in this alloy is particu-
larly complex due to the large number of elements, the possibility
to develop phase separation before primary crystallization, the
presence of quasicrystals in a quite large crystallization domain
(samples B and C) or the large variety of crystals coexisting
for high degrees of crystallinity (sample D), which may favour
intergranular fracture.

As already mentioned, the apparent stress—strain curves
obtained during the compression tests displays the brittle like
linear shape. In such macroscopic testing, the apparent fracture
stress which is measured is not only related to local plasticity
events but also to the fracture resistance. A way to get informa-
tion about such local plasticity events is to carry out confined
plastic deformation tests, like in hardness measurements.

5. Microhardness and nanoindentation tests
5.1. Microhardness

In Fig. 2 is also plotted the effect of crystallization on the
Vickers microhardness. A maximum value close to 750HYV is
obtained for the sample D, which is in agreement with values
already reported for fully crystallized Vitl (3h at 873 K) [2].
The hardness tends to increase as crystallization proceeds with
a maximum relative increase of about 25%. However, in micro-
hardness tests, only the imprint after testing is available. More
fruitful information can be obtained in nanoindentation tests
since the variation of the load can be continuously measured as
a function of the penetration depth.

5.2. Nanoindentation load versus penetration depth curves

The nanoindentation loading curves are shown in Fig. 5. For
each condition, the reproducibility is excellent. One can note that
the impact of crystallization on the nanoindentation curves for
the four studied states remains limited. From such curves, two
parameters can be deduced. Firstly, curves can usually be fitted
by a parabolic law P = Ch? between the load P and the penetra-
tion depth &, with C a constant. The associated apparent hardness
values are known to be proportional to the C constants. The
relative variation of the apparent hardness with crystallization
is given in Table 1. As for conventional microhardness mea-
surements, a relative maximum increase of about 25% is still
obtained. Secondly, the ratio of the plastic work Wpy,s over the
total work Wi, can also be estimated. As far as crystallization
occurs, the part of plastic deformation work in the total defor-
mation work tends to decrease, from nearly 68% for sample A
to about 63% for sample D.
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Fig. 5. Indentation load—displacement curves for the various annealed samples.
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Table 1

Variation with microstructural state of the ratio Wpiast/Wior, the relative increase
of apparent hardness and associated predictions of the Young’s modulus and the
yield stress (deduced from the numerical simulations under the assumption that
n=0)

Wplast/Wlol (%) H/Hamorphous E (GPa) oy (GPa)
Amorphous (A) 67.9 1.00 105 2.6
20min at 683K (B)  66.1 1.07 109 2.9
1hat683K (C) 64.1 1.18 115 34
10min at 823K (D) 63.1 1.23 118 3.6

5.3. Deduced Young’s modulus and yield stress

The experimental data deduced from the nanoindentation
loading—unloading curves derive from the elastic and plastic
properties of the tested material. These properties can be ratio-
nalized thanks to three unknown parameters: the Young’s modu-
lus E, the yield stress oy and the strain hardening (or softening)
parameter n. In this framework, if a value of n is assumed, it
would be possible to deduce E and oy from the experimental
data, using an appropriate finite element simulation. This proce-
dure was carried out under the condition n =0, which assumes
no strain hardening or softening. In the case of the amorphous
alloy, values of E=105GPa and oy =2.6 GPa are estimated.
The value of E is in relatively good agreement with previously
published data [8]. It is more delicate to comment the predicted
value of oy. This value is significantly higher than the fracture
stress measured in compression but it is associated to confined
plasticity and is consequently much less affected by the fracture
mechanism. The assumption n =0 was extended to the nanocrys-
tallized structures and the resulting values of E and oy are given
in Table 1. The plastic behaviour of amorphous/nanocrystalline
composites remains today poorly documented. Nevertheless,
due to their nanometric size and their intermetallic nature, such
crystals are expected to exhibit a very low hardening capacity.
Consequently, as a first approximation, the assumption n =0 was
extended to the partially crystallized alloys. The relative increase
in Young’s modulus is very limited (less than 15%) whereas the
apparent yield stress increases more significantly (from 2.6 GPa
to 3.6 GPa). These results confirm the idea of an increased diffi-
culty to initiate plasticity events when the degree of crystallinity
increases. However, the values of oy must be considered with
caution. Indeed, quite large pressures (up to several GPa) are
expected under the indenter and it is known that the mechanical
properties of BMG are affected by pressure effects since it has
been established that the Mohr—Coulomb criterion (with a pres-
sure parameter « of about 0.1) was better adapted than the Von
Mises one to account for the experimental mechanical proper-
ties of BMG [9]. However, in the present study, it must be kept
in mind that these rough estimations were performed assum-
ing n=0 for all the studied structures, which assumes the same
mechanism of deformation whatever the crystallization state.
Fig. 6 shows AFM observations of the residual imprints in the
case of samples A and D. The morphologies of these imprints are
clearly different. In the case of sample A, one observes a pattern
with an important residual pile up of about 100 nm and some

Sample A

Sample D

Fig. 6. AFM observations of the nanoindentation imprints.

discrete displacement jumps on the surface. This observation is
in agreement with previously published AFM observations of
imprints in the case of nanoindented amorphous alloys [10,11].
The sample D has a different pattern with a smaller residual
pile up (of about 50 nm) and a smooth surface in the imprint.
These observations suggest that the mechanisms of deformation
are probably different between the investigated samples and that
the value of the parameter n may probably vary with the degree
of crystallization. Work is under progress to estimate such pos-
sible variations of n with the degree of crystallization.

6. Conclusions

The effect of crystallization of Vitl on the mechanical prop-
erties at room temperature was investigated thanks to uniaxial
compression and nanoindentation tests. To get well-contrasted
population of crystals, appropriate heat treatments have been
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selected. When the degree of crystallization remains limited
(typically less than 20% of ultra-fine quasi crystals), the frac-
ture stress is slightly higher than for the amorphous alloy and the
fracture surface morphology still exhibit a vein pattern. For large
degrees of crystallization (for which a large variety of crystals
is present with significant contacts between them), the fracture
stress is sharply reduced and the fracture surface morphology is
of cleavage type.

From nanoindentation tests, some information about the
Young’s modulus and an apparent yield stress can be obtained.
Predictions, based on the assumption that all the studied sam-
ples exhibit the same strain hardening parameter support the
idea that crystallization induces an important increase of the
yield stress. However, AFM observations of the imprints sug-
gest that the mechanism of deformation varies noticeably with
crystallization.
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