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a b s t r a c t

Micro-alloying was performed using additions of Co and Fe to monolithic Pd40Ni40P20 bulk metallic glass.
Compression tests showed a plastic strain of 13% for the Co addition (1 at.%), whereas the Fe addition
(0.6 at.%) led to immediate failure after reaching the elastic limit. Plasticity is not reflected by the high
Poisson’s ratio of 0.4 since it remained unaffected by minor alloying. Applying the fictive temperature
concept to analyze the impact of minor alloying suggests that the total amount of free volume
frozen-in during vitrification is less important for the mechanical properties of bulk metallic glasses than
its local distribution.

� 2015 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Bulk metallic glasses (BMGs) show unique mechanical proper-
ties such as high strength, extended elasticity, high wear and
corrosion resistance [1]. However, the limited ductility and espe-
cially the immediate catastrophic failure in tension after reaching
the elastic limit are major obstacles for BMGs as structural materi-
als [1]. The limited ductility has led to substantial effort in order to
improve the plasticity of BMGs. The design of composites [2–7]
composed of ductile crystalline phase in a BMG matrix has been
proposed as a promising way to overcome the limited ductility.
Moreover, monolithic glasses with high Poisson’s ratios near the
ideal value of 0.5 are reported to have improved compressive
and bending plasticity [8–12]. Thus, the value of the Poisson’s ratio
had been suggested as an indicator for ductile or brittle behavior
[9]. In addition, it was observed that materials with a high
Poisson’s ratio form a high number of fine-dispersed shear bands
[10,12]. However, small changes in the alloy composition called
minor- or micro-alloying were found to cause major changes with
respect to the glass forming ability, thermal stability and plasticity
of BMGs [13,14]. Drastic changes of the ductility upon thermal
relaxation in the glass transition region without accompanying
changes of the elastic constants have also been reported [15,16]
and a model based on the relation between the glass transition
temperature and a critical fictive temperature has been suggested
to rationalize the effects of thermal relaxation and composition on
room temperature plasticity of metallic glasses [17]. The fictive
temperature concept represents, according to Tool and Eichlin

[18], a measure of the relaxation state of a glassy material and thus,
in the framework of free-volume based models, a measure of the
relative amount of free volume stored in the material. In this study,
micro-alloying was applied to the well-known glass-former
Pd40Ni40P20 which shows high kinetic stability against crystalliza-
tion and phase separation [19,20]. Starting from the ‘classical’
ternary system, micro-alloying was carried out using Co and Fe
as additives. Their mechanical responses showed completely oppo-
site effects regarding the ductility. The corresponding Poisson’s
ratios were determined but found to be unaffected by the compo-
sitional changes. This raises several questions that need to be
addressed: (i) Is the Poisson’s ratio the only property that charac-
terizes the ductility? (ii) What hinders the shear bands from
propagating through the material and causing catastrophic failure?
(iii) What changes are introduced in the glass by minor alloying?

Ingots of Pd40Ni40P20 were produced by ingot copper mold cast-
ing in a melt spinner under argon atmosphere. The initial alloy
compound was modified by adding 1 at.% Co or 0.6 at.% Fe to the
ternary system. Before casting, the ingots were cycled with boron
oxide (B2O3) to purify the sample. The sizes of the as-cast ingots
were 3 mm (diameter) � 30 mm (length) for uniaxial compression
tests and 30 mm (length) � 10 mm (width) � 1 mm (height) for
the three-point bending tests. After casting, the ingots were cut
with a diamond wire saw to sample dimensions of 4 mm
(length) � 3 mm (diameter) providing a 4:3 aspect ratio for the
uniaxial compression tests in accordance with the accepted
specification for mechanical tests [21]. The three-point bending
experiments were carried out with samples cut to dimensions of
10 mm (length) � 1 mm (width) � 1 mm (height). Uniaxial
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compression and bending tests were performed in a screw-driven
mechanical test instrument (Instron model 1195) equipped with
extra hardened anvils made from Böhler S290 microclean steel.
The uniaxial compression tests were performed using a strain rate
of 2.5 � 10�5 s�1 and the three-point bending tests were carried
out at a strain rate of 10�3 s�1. The reliability of the deformation
data was ensured by testing five samples for each composition.

X-ray studies were performed with a Siemens D5000 X-ray
diffractometer using Cu Ka radiation to confirm the overall
amorphous state of the samples (cf. Fig. 1(a)). In addition,
energy-filtered diffraction patterns were acquired with an Omega
in-column filter using a slit width of 10 eV to confirm the presence
of the glassy state without local nano-crystallization. The illumi-
nated area contributing to the diffraction information was
0.5 lm2 using an exposure time of 1 s. The PASAD tool [22] was
used to extract the annular profiles shown in Fig. 1(b).

Calorimetric measurements were performed on as-quenched
samples with a differential scanning calorimeter (Perkin Elmer
Diamond DSC) using a heating rate of 20 K/min to monitor the
glass transition and crystallization temperature. The fictive tem-
perature concept was applied following the idea of Tool and Eichlin
[18]. In order to estimate the fictive temperature, Tfict, as-quenched
samples were heated at 20 K/min to 630 K, which is well above the
glass transition, and subsequently cooled at a controlled cooling
rate down to 300 K. After holding the sample at 300 K for 10 min,
the DSC loop was repeated for different cooling rates (10, 20, 40
and 60 K/min). This procedure yields different values for Tfict
depending on the prior cooling cycle and thus displays the relax-
ation of the (frozen-in) state of the previous cooling cycle giving
a measure for the amount of free volume stored in the glass.

The microstructure of the BMG was characterized by optical
microscopy (Keyence VHX-500K), scanning electron microscopy
(Nova Nano230SEM) and transmission electron microscopy (Zeiss
Libra 200FE) using electro-polishing with a BK-2 electrolyte [23]
for the preparation of electron-transparent samples.

The Poisson’s ratios were determined from ultrasonic measure-
ments carried out with an Olympus 38DL Plus device.

The glassy structure of different as-cast Pd40Ni40P20 alloys with
and without additions of Co or Fe was confirmed by X-ray
diffraction (XRD) (Fig. 1(a)) and locally by selected area electron
diffraction (SAED) taken from different sample areas (Fig. 1(b)).
They all display the typical X-ray amorphous characteristics of
BMGs. No crystalline phases or indications for phase separation
were found. As expected for minor additions of Fe or Co, there were
no observed shifts in the diffraction maxima of the XRD and SAED
pattern.

The calorimetric results are displayed in Fig. 2 and summarized
in Table 1. The glass transition temperature Tg (defined as the onset

temperature) seems not to be strongly affected by micro-alloying.
The crystallization temperature Tx was raised by the minor alloying
leading to an increase of DT = Tx � Tg. However, since the onset of
crystallization is affected strongly by different factors such as the
purity and purification of the material, the cooling rate and melt
superheating temperature or, as recently shown [24] by annealing
the glass near room temperature, the absolute value of DT bears no
significant meaning.

The results of the mechanical testing are shown in Fig. 3. The
original ternary Pd40Ni40P20 alloy already shows a plastic strain
of more than 9% in compression (cf. Fig. 3(a)). This appears to con-
tradict a former report where only 0.4% of plastic strain was
reported for this compound [25]. However, the reported tests were
carried out with rectangular shaped samples having an aspect ratio
of 3:1 and were thus different in that case. Co addition (1 at.%)
leads to an increase in plastic strain of about 50%, whereas the
material with Fe addition (0.6 at.%) immediately shows catas-
trophic failure after reaching the elastic limit. It was shown that
the activation of shear bands can be directly linked to the flow ser-
rations in uniaxial compression tests [26]. We thus assume that the
formation of each such major shear band is manifested in a single
serration during the uniaxial compression test (cf. Fig. 3(a)).

Since compression tests have been shown to be indecisive in
determining plasticity in metallic glasses mainly due to the sensi-
tivity of alignment and sample geometry [27], three-point bending
tests were performed in addition. A video recording the progress of
bending for the Co containing alloy in time-lapse can be found in
the Appendix A. To access this video component, simply click on
the link (online version only).

An increased ductility was found (cf. Fig. 3(b)) making it impos-
sible to deform the Co containing samples to failure (Video 1). Thus
it is worth noting that the end of the curve for the Co containing
alloy in Fig. 3(b) does not display the failing of the sample rather
than the maximum limit of bending in the testing device. However,
it also should be mentioned that if according to Conner et al. [28]
thicker samples had been used, it could have been possible to
deform the Co containing samples to failure. Fig. 3(c) shows a
SEM micrograph of a Pd40Ni40P20 bending sample after failure.
There are long primary shear bands visible for the upper part (ten-
sile state) of the bent sample and additionally secondary and ter-
tiary shears bands branching off. However there is one major
shear band that, apart from the one causing the failure, reaches
the neutral fiber. The lower part, which displays the compressive
state, shows many fine-dispersed shear bands and only very few
long shear bands (dark contrast) as found in the upper part.
Fig. 3(d) shows a SEM micrograph of a bent but not broken
(Pd40Ni40P20)99Co1 sample revealing the differences. There are also
long primary shear bands visible for the upper part (tensile state)

Fig. 1. (a) XRD pattern of Pd40Ni40P20 (red), (Pd40Ni40P20)99Co1 (orange) and (Pd40Ni40P20)99.4Fe0.6 (blue). (b) Energy-filtered SAED pattern of Pd40Ni40P20 (blue),
(Pd40Ni40P20)99Co1 (red) and (Pd40Ni40P20)99.4Fe0.6 (orange) shown as annular profiles of the rings (inset). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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