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For the metals used in jewellery, high hardness and
the associated scratch resistance are much sought
after. Conventional crystalline alloys for jewellery
are alloyed and extensively processed (thermally
and mechanically) to improve hardness, but it is
difficult to reach values beyond 300 HV. The advent
of bulk metallic glasses (BMGs), based on precious
metals and with hardness exceeding 300 HV in the
as-cast state, is therefore of great interest for both
jewellery and watchmaking. The non-crystalline
structure of these materials not only gives high
hardness, but also the opportunity to shape metals
like plastics, via thermoplastic forming (TPF). For
more traditional jewellery manufacture, BMGs
also exhibit high-definition and near-net-shape
casting. Gold-based alloys have long dominated
the consideration of BMGs for jewellery as they can
comply with 18 karat hallmarks. Although BMGs
based on platinum or palladium possess excellent
thermoplastic formability and are without known
tarnishing problems, achieving useful glassforming ability (GFA) within the more restrictive
hallmarking standards typically used for jewellery
(≥95 wt% platinum or palladium) is at best
challenging. In this two-part review, platinum- and
palladium-based BMGs are discussed, focusing on
their potential application in jewellery and on the
further research that is necessary.
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1. Introduction
The metals conventionally used in jewellery
are polycrystalline. Within each grain of these
structures, the atoms are arranged in a regular
periodic lattice. In metallic glasses (MGs), in
contrast, there is no such long-range order: the
atoms are densely packed in a solid state that has
a liquid-like structure (1). Since they were first
reported by Klement et al. in 1960 (2), MGs have
been widely studied. Glass can be described as a
hardened, cooled liquid.
The remarkably different structure of MGs leads
to a set of unusual properties (Table I). Their
high strength and hardness and a large elastic
strain limit result in improved scratch and wear
resistance. They also open up opportunities for
novel intricate designs, making possible thinner
and even hollow sections (6) and the use of
hallmarked alloys in functional components of
watches such as springs (11). The glassy structure
also has many advantages for manufacture: nearnet-shape casting with minimal casting defects and
thermoplastic formability (12–14) are desirable for
design innovation and economical mass production.
The ability to form a glassy state in metals was first
observed on splat cooling an Au-Si eutectic alloy.
Klement et al. produced partially glassy samples a
few micrometres (<30 µm) thick (2). These samples
were unstable but demonstrated that glassy metals
form on rapid cooling (>106 K s‒1) of the liquid.
Further research has led to the development of a
range of glasses that can be cast with minimum
dimension exceeding 1 mm. These are known as
‘bulk’ metallic glasses (BMGs). The first metallic
glass with dimensions exceeding 1 mm was a
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Table I A Summary of the Advantageous and Disadvantageous Properties of Bulk Metallic
Glasses and their Implications for Jewellery (3–10)

Advantages

Disadvantages

Properties

Implication for jewellery

High yield stress

Better scratch and wear resistance
Thinner, more intricate designs

Minimal shrinkage on casting

Good surface definition
Low porosity and residual stresses
Near-net-shape casting

Thermoplastic formability

Economical scale of production
New processing and designs
Surface patterning

Lower casting temperature

Ease of production
Good castability

Lower density

Smaller volume fills the same size mould (cost savings)

Four or more elements
required for glass formation

Difficulties in achieving high fineness

High viscosity and high
cooling rates

Issues with form filling
Limited time available for processing

Deformation mode

Macroscopic brittle failure
Inability to reshape or cold work

palladium-based system cast by Chen and Turnbull
(15). Further improvements came from melt fluxing
that removes oxides (or other melt inclusions) that
might promote crystallisation (16) (Section 1.1,
Part II (17)). The most significant developments
came in the early 1990s from separate research by
Inoue et al. (18) and by Peker and Johnson (19).
In the years since, many glass-forming
compositions have been identified in a wide range
of systems including those based on the precious
metals gold, silver, platinum and palladium
(Figure 1) (14, 15, 28, 38). The critical cooling
rate for glass formation (Rc), required to avoid
crystallisation on cooling from the liquid, has
generally been reduced, in some cases dramatically
even to values below 100 K s‒1. Consequently,
BMGs can now be cast on the centimetre scale
using a more extensive range of casting techniques.
The same BMGs can also have excellent thermal

stability, so a wide range of TPF techniques usually
reserved for polymers and oxide glasses are now
applicable (12–14).
The interest in BMGs for jewellery was sparked
by Schroers et al.’s development of platinum- and
gold-based BMGs that are compliant with 850Pt
and 18 karat gold UK hallmarking standards
(Table II) (4, 14, 28). The 950Pt, 950Pd, Sterling
silver and gold hallmarks above 18 karat conflict
with the alloying required for high GFA. Interest
in intermediate hallmarks for palladium, such as
‘585Pd’ (≥58.5 wt% palladium), exists but is not
widespread (40). The compliance of gold-based
BMGs with the much used 18 karat hallmark
drew most attention (4, 41, 42). The majority of
jewellery-related research has focused on their
improvement, with a particular need to inhibit their
abnormally fast tarnishing (3, 43–45). To date,
silver-based systems have comparatively low GFA
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Fig. 1. One measure of the ease of
glass formation is the critical casting
diameter (dc), i.e. the diameter below
which rod-shaped samples can be
cast fully glassy. The optimum values
obtained with different base metals
cover a wide range. Data from (20–
39)
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Table II Relevant Hallmarking Standards
for Precious Metals (40)
Base
precious
metal
Gold

Platinum

Palladium
Silver

Hallmark

Minimum weight
fraction

14 karat

58.5%

18 karat

75.0%

850Pt

85.0%

900Pt

90.0%

950Pt

95.0%

500Pd

50.0%

950Pd

95.0%

Sterling/925

92.5%

Britannia/958

95.8%

and low silver contents (38); they are not suitable
for jewellery.
The increase in popularity of platinum and
palladium for jewellery means that developments
in platinum- and palladium-based BMGs should
not be ignored. Platinum has been widely used
as a jewellery metal with varying popularity since
the early 20th century. The metal has been used
extensively by jewellers, including Carl Fabergé, for
its lustrous appearance (46). A resurgence since
the early 1960s and the introduction of platinum
hallmarking standards in 1975 means that today
around 26% of all platinum consumption is for
use in jewellery (47). Palladium is becoming an
ever more popular choice since the introduction of
hallmarking standards in 2010.
Platinum, palladium and gold are face-centred
cubic (fcc) metals that, when pure, are so soft
(hardness below 75 HV) as to be practically
useless. Consequently, it is standard practice to
alloy them with other metals such as copper, silver,
ruthenium, rhodium, iridium, cobalt, chromium,
gallium and indium (8, 40, 48–53). The limited
alloying achievable within high fineness hallmarks
or stamping regulations outside the UK (Table II)
means most alloys are solid solutions. They therefore
require extensive thermomechanical treatments
to achieve desirable hardness (40, 48). A final
hardness of 150‒200 HV is typical (8). Minimum
requirements for jewellery and watchmaking are
100 HV and 300 HV, respectively (8).
Even extensive thermomechanical treatments of
two-phase platinum alloys fail to achieve hardness
values surpassing 300 HV (48). There is a clear
need for alternative routes to hallmark-compliant
platinum and palladium alloys with high hardness
and improved scratch resistance. Furthermore,
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platinum and palladium have high melting points
requiring casting temperatures over 2000 K
(approx. 1750ºC) (11, 28). Such high temperatures
introduce many problems for jewellery casting
such as reactions with the crucible, tarnishing
and oxidation at high temperature and shrinkagerelated defects (28).
As discussed in this review, hallmark-compliant
BMGs offer a solution to many of the problems
currently facing precious-metal jewellery alloys
(Table I), but the alloying requirements for GFA
and hallmark compliance are mostly opposing and
therefore present a significant challenge. Following
a brief introduction to the science of MGs, platinumand palladium-based BMGs suitable for jewellery
are discussed, alongside their desirable mechanical
properties, processability and corrosion resistance.

2. Bulk Metallic Glasses: A Brief
Explanation
MGs are formed when the molten liquid is cooled
fast enough to avoid crystallisation. On cooling,
the liquid becomes more and more viscous and
below the glass-transition temperature (Tg)
the atoms undergo substantial thermal arrest;
they are ‘frozen’ into a liquid-like arrangement,
so crystallisation cannot readily occur. The
glass transition is a kinetic phenomenon, not a
thermodynamic one. Compared with conventional
oxide glasses and polymers, the viscosity of
metallic liquids is low, associated with the isotropic
non-directional nature of metallic bonding (54).
Correspondingly, MGs have comparatively high Rc.
There are several approaches to facilitate glass
formation by reducing Rc.
The ‘confusion principle’ proposes that glass
formation can be assisted if there are many
competing equilibrium crystalline phases such that
crystallisation kinetics is sluggish (55). For this
reason, the highest GFA is often seen in quaternary
or higher-order alloys. Alloying elements are chosen
to be of different atomic radii. Radii differing by
at least 12% promote dense packing in the liquid
and may also lead to topological instability in any
given crystal structure, thereby further promoting
vitrification (56). High GFA is also favoured by
having strongly negative enthalpies of mixing
between the elements (57), promoting chemical
uniformity of the liquid.
Despite having no long-range order, the structure
of MGs shows substantial short-range order (SRO)
and medium-range order (MRO). The structure of
the liquid and the subsequent MG can be considered
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in terms of stable atom-centred clusters that reduce
mobility and inhibit atomic rearrangement that
would lead to crystallisation. The liquid viscosity η
decreases rapidly with increasing temperature just
above Tg (Figure 2). This decrease is described
by the kinetic ‘fragility’, a term that refers to the
progressive breakdown of order in the liquid as it
is heated and not to a mechanical property. One
parameter used to characterise the fragility is m
(58), Equation (i):
m=

d log (h)
Tg
d(
)
T

summarised by Inoue as ‘empirical rules’ (57),
which have led to the development of BMGs with
Rc well below 100 K s‒1 and the casting of glassy
products on the centimetre scale (63).
Even when a MG can be made, it is difficult to
determine Rc and the associated dc with precision.
In any case, in trying to develop new compositions,
it would be preferable to have a guide to GFA based
on parameters derived only from thermophysical
data. Several parameters have been suggested,
reflecting the thermodynamics and kinetics
involved in glass formation, and these can show a
good correlation with Rc (63).
The reduced glass-transition temperature Trg is
defined by Equation (ii):

(i)
T = Tg

Liquids with low m are termed ‘strong’ and
those with high m are termed ‘fragile’. While the
liquids from which MGs are formed are all ‘fragile’
compared with the liquids giving conventional
oxide glasses (i.e. their viscosity is more sensitive
to temperature above Tg), their carefully chosen
compositions make them ‘strong’ compared to
pure-metal melts or to the liquids from which
typical crystalline engineering alloys are cast.
Even so, there is a significant range of m-fragility
amongst those liquids that form MGs. Those liquids
with high m (‘stronger’ liquids) have viscosities
that decrease less on heating above Tg. Compared
to other liquids at the same T/Tg, these liquids
have a higher viscosity and therefore lower atomic
mobility. Atoms in a ‘stronger’ liquid are less able
to rearrange and in the absence of other factors,
such liquids should be better glass formers (61,
62). Characteristics favouring high GFA have been

Trg =

Tg
TL

Turnbull proposed that a high value of Trg, more
specifically > 2/3, would indicate a good glassforming composition (1). A high Trg means a
small interval between TL and Tg (Figure 3).
This minimises the temperature interval in which
crystallisation is possible both thermodynamically
and kinetically. While it is possible to raise Tg, the
glass transition remains poorly understood. The
compositional variation of Tg is comparatively weak,
however, so the variation of TL is critical. Eutectic
or near-eutectic compositions have strongly
suppressed TL and so remain the preferred, but
not the only, choice for high-GFA alloys (38). As
will be discussed, the composition of these lowlying eutectics, typically in the range 20–30 at%
metalloid, is problematic for high fineness BMGs.
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Fig. 2. An Angell
plot (58) showing
the variation in
viscosity with
temperature
above Tg. Orthoterphenyl, silica
and conventional
window glass
are shown for
comparison with
several platinumand palladiumbased BMGs
and a so-called
‘benchmark glassformer’ zirconiumbased BMG. Data
obtained from
(59, 60)
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Once formed, the glassy structure remains
metastable. On heating, the atomic mobility
increases. Once the temperature exceeds ~0.6 Tg,
relaxation occurs (i.e. changes in the glassy
structure that do not involve crystallisation or
phase separation). First, there are local atomic
rearrangements, known as β relaxation (64). These
occur in a chain-like manner and lead to shortrange chemical ordering (9, 65). Near Tg, global and
coordinated rearrangements may occur, known as
α relaxation (64), which allow the transition from
glass into the supercooled liquid state. Ultimately,
the supercooled liquid will crystallise into the
equilibrium crystalline phases.
On heating in calorimetry, crystallisation shows
its onset at Tx (Figure 4). Like Tg, Tx is kinetically
controlled and is, therefore, a function of the
heating rate (66). As a sample is heated at a
higher rate, the transitions to the liquid and to
the crystalline states must occur faster, therefore
at higher temperature: the measured values of Tg
and Tx are higher. The region bounded by Tg and
Tx is the supercooled liquid region (SCLR) and is
characterised by ∆Tx, Equation (iii):

T
TL

TE

A

B

Tg

Trg
Composition, at%

Fig. 3. Schematic of a simple binary eutectic
phase diagram with minimal solid solubility. The
variation of the liquidus temperature TL and the
glass-transition temperature Tg with composition is
such that their ratio, the reduced glass-transition
temperature Trg, shows a sharp maximum at the
eutectic composition. This maximum correlates
with compositions of high GFA

DT = Tx – Tg

The SCLR is important as the region relevant for
TPF (12, 13). The width of the SCLR, ∆Tx, also
indicates the stability of the supercooled liquid.
Inoue proposes that an excellent glass-forming
system has a high Trg (for high GFA) and a wide ∆Tx
(for excellent thermal stability) (67).
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Fig. 4. An annotated
calorimetry trace of
Pt60Cu16P22Co2 metallic glass
on heating, showing the heattransfer rate (q) as a function
of temperature (T). The trace
shows the glass-transition
temperature as measured
on heating (Tg,h), the onset
crystallisation temperature
(Tx), the SCLR (ΔTx), the
melting temperature (Tm) and
the liquidus temperature (TL).
Adapted from (28)
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In the SCLR, the metastable supercooled
liquid can undergo homogeneous viscous flow,
reaching strains of several hundred percent (13,
68–70). After some time of holding in the SCLR,
crystallisation begins and ultimately proceeds to
completion. A wider SCLR (greater ∆Tx) indicates
greater resistance to crystallisation and improves
the thermoplastic formability of the MG (14). For
best correlation with thermoplastic formability,
Schroers argues that ∆Tx should to be normalised
by (TL ‒ Tg) (12, 14). A large ∆Tx/(TL ‒ Tg) means
a larger viscosity change within the SCLR, allowing
greater deformation during TPF. The S parameter,
Equation (iv):
S=

Tx – Tg
TL – Tg

(iv)

although omitting the effect of liquid fragility
(Figure 2), correlates remarkably well with
thermoplastic formability, making it an effective
tool for comparison of different glass compositions
(12, 71). While thermoplastic formability shows
even better correlation with other parameters (for
example, constant heating formability Fscan (13,
71)), S has the advantage that it can be calculated
from a single calorimetric experiment (Figure 4),
so is more readily adopted as a simple guide. In
this review, Trg, ∆Tx and S are used to compare
GFA and thermoplastic formability.

3. Glass-Forming Ability of Platinumand Palladium-Based Bulk Metallic
Glasses
The remarkable properties of platinum-based and
palladium-based BMGs and the particularly high
GFA of palladium-based compositions (Figure 1)
means they have been the subject of substantial
research. While being initially developed for
scratch-resistant, hallmark-compliant jewellery, it
was found that some platinum-based BMGs show a
record-breaking combination of excellent strength
and toughness (72–74).

3.1 Platinum-Phosphorus and
Palladium-Phosphorus Based
Systems
Metal-metalloid alloy systems can be excellent
glass-formers. This is attributed to the small
metalloid atoms occupying interstitial sites
between the dense-random-packed metal atoms.
The strong bonding between metal and metalloid
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atoms further helps to give a stable dense packing
(75). Pt-P and Pd-P binary eutectics are popular
starting points for BMGs with further alloying
additions, such as nickel and copper, leading to
a substantial increase in GFA (76–78). From a
topological standpoint, these additions help to form
efficiently packed clusters. As proposed by Miracle
et al., the form of these clusters depends on the
relative sizes of the constituent atoms (79–82).
Following the discovery of palladium-based bulk
glass formers by Chen and Turnbull (15), the
Pd-Ni-P ternary eutectic has received particular
attention. Partial substitution of nickel with copper
leads to a dramatic rise in GFA. The heats of mixing
for Pd-Cu, Ni-Cu and Cu-P pairs are more strongly
negative than for Pd-Ni (76) and lead to a change
in the dense packing of atoms in the viscous liquid
(77). Further refinements in composition resulted
in an alloy with dc on centimetre scale and wide
∆Tx (83). The maximum GFA was later attributed
to having the same chemical SRO of nickel and
copper around phosphorus (78). These BMGs are
particularly stable against crystallisation (84–88).
When crystallisation eventually occurs in the SCLR,
several ordered and complex crystalline phases
are formed in a single cooperative transformation.
The excellent GFA is attributed to the difficulty of
crystallising the ordered Pd3Cu phase. Compared
to other BMGs, the nose of the crystallisation curve
on the time-temperature-transformation (TTT)
diagram (the temperature at which crystallisation
is fastest) for Pd40Ni10Cu30P20 lies at a time 10
times longer than for the benchmark glass-former
VitreloyTM 1 (85, 89). The time before crystallisation
onset is, however, still short: for a Pd43Ni10Cu27P20
sample held just above Tg this is 104 s (84, 89).
Below Tg, times to the onset of crystallisation are
orders of magnitude longer due to the dramatically
lower atomic mobility.
While palladium-based BMGs have been studied
since the 1970s, platinum-based BMGs are a
comparatively recent development. In 2004,
Schroers and Johnson reported two novel platinumbased BMG compositions, Pt57.5Cu14.7Ni5.3P22.5 and
Pt60Cu16Co2P22 (28). These show high GFA when
their melts are fluxed with B2O3 (dc > 10 mm),
good thermal stability (∆Tx > 60 K), exceptional
thermoplastic formability (S > 0.20), as well as
being processable in air (28) (which is difficult for
zirconium-based BMGs, for example).
For jewellery, Pt60Cu16Co2P22 is particularly
attractive due to its high platinum content
(satisfying the 850Pt hallmark) and the absence
of skin-sensitising nickel (28, 41, 42, 45). On the
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other hand, Pt57.5Cu14.7Ni5.3P22.5 attracted much
attention from researchers. Its plastic strain of
20% and fracture toughness of 80 MPa m1/2 far
exceed any previously reported values for BMGs
(28, 72). Further studies have reported fracture
toughness for both palladium- and platinum-rich
BMGs as high as 200 MPa m1/2 (73, 74) ― a value
comparable to many low-carbon steels widely used
as structural materials.
This unique combination of high hardness and high
plasticity has been linked to their high Poisson ratio
(>0.4) in the glassy state, which itself is related to
high m-fragility in the liquid state (72–74). High
Poisson ratio corresponds to a low ratio of shear
modulus G to bulk modulus B. The low value of
G/B indicates that resistance to shear (proportional
to G) is low compared to resistance to cavitation
(proportional to B). While a typical BMG would fail
by the operation of a single dominant shear band,
leading to macroscopic plasticity below 1%, these
BMGs flow by the operation of multiple shear bands
leading to high macroscopic plasticity (72).
While high m-fragility of the glass-forming liquid
is associated with desirable fracture toughness, it
is also associated with reduced GFA (62, 87). The
exceptional GFA of both Pt-P and Pd-P based BMGs
is therefore surprising (72–74, 76, 77, 90, 91).
As noted above, high GFA is typically associated
with strong liquids (62). Fragile liquids do not aid
glass formation through high viscosity (low atomic
mobility), but high GFA may result also from a low
thermodynamic driving force for crystallisation, or
a high crystal-liquid interfacial energy (inhibiting
crystal nucleation) (87, 92). Studies report that
a low driving force for crystallisation stabilises
Pd43Cu27Ni10P20 while high interfacial energy
stabilises Pt57.5Cu14.7Ni5.3P22.5 (87). The nature of
stabilisation helps to explain why fluxing has such a
pronounced effect on the GFA of these alloys, since
the presence of any heterogeneous nucleation
sites, notably oxide inclusions, substantially lowers
their resistance to crystallisation.
Measurement of crystallisation kinetics over the
full temperature range from TL down to Tg is helpful
in understanding the mechanisms. A classical
TTT diagram shows the times necessary for the
progress of crystallisation in the supercooled liquid
upon isothermal holding at each temperature.
The times, for example for crystallisation onset,
follow a C-curve in which the minimum time (at
the nose of the curve) lies between TL and Tg. At
higher temperature than the nose, the kinetics
is controlled by crystal nucleation, and at lower
temperature by crystal growth. In most cases, for
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example, for a zirconium-based BMG-forming alloy,
the C-curve is asymmetric with the temperature
of the nose much closer to TL than to Tg (62).
In contrast, the C-curves for palladium- and
platinum-based alloys are more symmetric (84,
87, 91). For Pd43Ni10Cu27P20 (89), for example, the
nose lies roughly halfway between TL and Tg. As
the m-fragility of palladium-based BMG-forming
liquids is relatively high (m>50 (93)), the kinetics
nearer to TL should be relatively accelerated,
which, in the absence of other factors would
impart greater asymmetry to the C-curve. The
special feature of Pd43Ni10Cu27P20, and palladiumand platinum-based BMG-forming compositions
in general, is thus identified as difficulty in
crystal nucleation (89). Indeed, the nucleation is
mostly possible only because of the influence of
heterogeneities (89). This explains why fluxing
(which can remove heterogeneous nucleation sites,
notably oxide inclusions, Section 1.1, Part II (17))
can dramatically improve the GFA of these alloys.
Recent work on the structures of Pd-P and Pt-P
based BMGs provides insight into the critical
features required for high GFA (92, 94–97).
Detailed studies show that the crystal-liquid
interfacial energy in Pt-Cu-(Ni/Co)-P BMGs is three
times that in kinetically stabilised zirconium-based
BMGs (94). The dramatic improvement in GFA with
overheating above TL, to dissolve all preexisting
structures in the liquid, provides further evidence
that these glasses are stabilised by the barrier to
crystal nucleation (94, 96).
In the search for BMGs with high weight fractions
of platinum or palladium, understanding the liquid
kinetics is imperative. Studies suggest that Pt-P
based liquids with higher platinum content are
more fragile (95, 97). This is relevant, given the
desire in jewellery for platinum contents exceeding
95 wt% (approx. 70 at%). In Pd-(Cu,Ni)-P BMGs,
increasing m-fragility with higher palladium
contents is attributed to the less pronounced
bifurcation into Pd-Cu-P and Pd-Ni-P clusters with
different coordination shells around the central
phosphorus atom (77, 95, 97). These two structural
units were suggested to develop MRO that stabilises
the supercooled liquid and is responsible for the
stronger liquid behaviour (95). Topological-based
assumptions that Pd-P and Pt-P liquids have similar
structures led to the expectation that the same
structural changes would occur in Pt-P liquids (95).
In practice, the liquids show substantial differences
in SRO and MRO (97, 98).
While icosahedral SRO dominates in Pd-P liquids,
Pt-P liquids contain many more trigonal prismatic
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structural units, leading to the observation of
pronounced MRO. This MRO is not observed at high
temperatures, unlike the icosahedral SRO in Pd-P
liquids, resulting in more pronounced ordering
during cooling towards Tg (95, 97). As a result,
Pt-P liquids have a much broader distribution of
cluster connection schemes, comprising the more
flexible two- and four-atom connections, whereas
the stiffer three-atom connections prevail in the
Pd-P-based liquids (97). The presence of SRO at
high temperatures and a relative lack of ordering
on the medium length-scale in Pd-P-based liquids
lead to a low entropy of fusion compared with
Pt-P-based liquids. This explains the low driving
force for crystallisation in Pd-P-based liquids (62,
83, 87, 98, 99) as well as the more pronounced
sensitivity of plasticity to the cooling rate during
glass formation (97, 100, 101). Regardless of
the differences when compared with Pt-P-based
liquids, the high m-fragility of Pd-P-based liquids
does mean that there is still substantial ordering
on cooling towards Tg; fragility is dependent on
the rate of ordering near Tg, not on the type of
ordering (92).

3.2 Bulk Metallic Glasses for
Jewellery
The primary restriction on BMGs for jewellery is
hallmarking standards (as practised in the UK)
and stamping regulations (US equivalent). These
hallmarking standards place a minimum weight
fraction on platinum, palladium, gold and silver to
guarantee quality (Table II). Of these hallmarks,
18 karat gold, 950Pt, 900Pt, 950Pd and sterling
silver are predominantly used for jewellery.
Alongside the requirement for a minimum weight
fraction of precious metal, jewellery alloys must
also be without skin-sensitising elements such as
nickel (42, 45, 102). Consequently, many of the
otherwise attractive glass-forming compositions
are unsuitable for jewellery. Although studies
suggest that the ion release rate of nickel from
glassy alloys is well below the legal requirement
(45), there is an industry-wide desire to eliminate
such elements (103). Nickel-free BMGs are also
of substantial interest for dental and biomedical
applications (104, 105).
Schroers and Johnson’s discovery of 850Pt BMGs
was, therefore, a breakthrough (28). The high
GFA, high m-fragility and low Tg of these liquids
are desirable for high-definition TPF (41, 71,
106). Low casting temperatures and the glassy
structure itself appear to solve many issues in
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jewellery manufacture (Section 1, Part II (17)),
while the unique properties of BMGs can be
exploited for scratch-resistance and other property
enhancements (Section 2, Part II (17)). Still, it is
the high 950Pt and 950Pd hallmarks that are the
most desirable for jewellery. Given the inevitably
high capital cost that would be associated with the
manufacture of BMGs using techniques that are
novel and unfamiliar to goldsmiths, BMG jewellery
would, at least initially, be expensive. Hence 950Pt
and 950Pd hallmark-compliant BMGs would be
desirable, if not, essential. It is conceivable that
the majority of consumers would justify the cost of
these materials by fineness alone. While the 900Pt
hallmark is widely used by jewellers and offers a
wider ‘compositional space’ for alloy development,
it would not command as high a price.
Attempting to achieve such high-fineness
hallmarks heavily restricts the extent of alloying,
and yet, as discussed above, alloying is necessary
to achieve high GFA. The platinum-rich (95 wt%
platinum) and palladium-rich BMGs (90 wt%
palladium) developed by Demetriou et al. (73, 74)
are, therefore, both scientifically and industrially
significant. Through microalloying (i.e. minor
additions of elements), they were able to achieve
high weight fractions of platinum and palladium
in fully glassy samples, albeit with relatively poor
GFA. While Demetriou et al. are correct that their
950Pt BMG would be suitable for jewellery (73),
this risks ignoring practical issues. Techniques
such as tilt casting, suitable for industrial jewellery
manufacture, cannot achieve the cooling rates
achieved by expensive, small-scale, laboratory
techniques such as suction casting. In an industrial
environment, it will be challenging to cast these
alloys into a fully glassy state. Furthermore,
jewellery alloys often contain a higher fraction
of precious metal than hallmark requirements
stipulate. This tolerance ensures that all items
produced are hallmark-compliant. Increasing
the weight fraction of platinum or palladium any
further in these alloys is likely to result in the loss
of useful GFA.
The work of Demetriou et al. (73, 74) shows that,
with difficulty, 950Pt and high fineness palladium
(90 wt%) hallmark-compliant BMGs are achievable,
but the best alloys developed so far are still
relatively poor bulk glass formers. The necessity
to add more than approximately 15 at% metalloids
to achieve high GFA means that achieving high
fineness is difficult.
Microalloying may be key in achieving better
compositions, although its effects are poorly
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understood. Minor additions can have a significant
impact on GFA: adding 0.3 at% silver to
Pt74.7Cu1.5P18B4Si1.5 increases dc by a factor of
two, albeit from a low level (73). Additions of up to
2 at% gold or silver increase GFA in Pd79Cu6Si10P5
(86), rationalised using a topological argument
(although joint additions yield less impressive
results).
The effect of microalloying on properties of BMGs
appears specific to the added element (107, 108),
suggesting that both chemical and topological
effects are important. From a topological viewpoint,
microalloying is expected to increase the variety of
local atomic configurations (108–110). This may
affect local atomic rearrangements (β relaxation)
linked to spatial heterogeneity (111) and therefore
the properties of BMGs below Tg. Faster β
relaxation due to microalloying (109) is expected
to significantly affect a wide range of properties,
from corrosion and tarnishing behaviour (65,
112) to sub-Tg embrittlement (97, 112–115). If
microalloying is to be employed in platinum- and
palladium-based systems to permit an increase
in the precious-metal weight fraction, a deeper
understanding is required of its effect on glass
properties and GFA.

3.3 Phosphorus-Free Bulk Metallic
Glasses
Alloys containing phosphorus are challenging to
process. Its reactivity means additional processing
steps, such as prealloying, are required (11). Pt-P
and Pd-P binary eutectics are, therefore, not ideal
starting points for glassy jewellery alloys (11).
For platinum-based BMGs, extensive work by
Kazemi et al. has identified the Pt-Si-B ternary
eutectic as a suitable starting point (11) for alloy
development. The eutectic composition lies at
a high atomic percentage of platinum, while the
weight percentage of platinum is aided by the low
atomic masses of silicon and boron. Many other
M-Si-B eutectics (M = nickel, cobalt, iron) have
high GFA, which is rationalised by topological
arguments (67, 116, 117). Prior studies, comparing
the GFA of Pd-Si and Pd-Si-B, further support
expectations of a high-GFA platinum-based BMG
(118). By substituting copper for platinum, and
germanium for silicon, at the Pt-Si-B ternary
eutectic composition, a Pt-Cu-B-Si-Ge BMG with a
dc of 5 mm was developed (11).
In contrast to phosphorus-containing BMGs,
Kazemi et al.’s Pt49.95Cu16.65Si6.4Ge3B24 alloy is
unaffected by fluxing. Prolonged fluxing with B2O3
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did not reduce the oxygen content (119). While
oxygen-scavenging by alloying with scandium was
successful in reducing oxygen content, the GFA
was not improved (119). Instead, all GFA was lost
when more than 2 at% scandium was substituted
for copper (119). Scandium and holmium additions
were found to sharply increase Tg and Tx, with a
concomitant rise in hardness. These additions also
led to a rise in TL, ultimately leading to a loss of
GFA (lower Trg) (119). While oxygen scavenging,
minor additions of large-atomic-radius rare-earth
metals and prolonged fluxing all improve the
GFA of Pt-P (87, 120, 121), their failure to do so
for Pt-Si-B suggests that the controlling factors
are different. To elucidate these and to optimise
alloy compositions, it would be helpful to know
the fragility of the liquid: no values have been
reported, but the liquid is expected to be relatively
fragile.
Apart from Pd-P, only the Pd-Si eutectic has been
reported as a suitable starting point for BMGs.
Early work by Chen and Turnbull focused on the
Pd-Cu-Si ternary eutectic, yielding high-GFA alloys
(15). The similarity in weight fraction of palladium
between Pd-P and Pd-Si means, as for platinumbased BMGs, that high fineness and high GFA
conflict with one another. Many Pd-Si-based glass
formers have low weight fractions of palladium and
are therefore not suitable for jewellery. They have,
however, attracted much interest for their use as
biomedical and dental materials due to their high
plasticity, absence of skin-sensitising elements and
excellent corrosion resistance (104, 105).
Although high fineness is still challenging, the
Pd-Si binary eutectic serves as an excellent
starting point for BMGs. Pd-Si binary alloys are
remarkably good glass formers; the glasses exhibit
high activation energies for crystallisation (122),
resulting in high thermal stability. However, only
after a careful choice of elements with low atomic
mass and suitable atomic radii is the suggestion of
a 950Pd hallmark-compliant BMG plausible.
Reports of Pd79Au1.5Ag3Si16.5 (dc = 3 mm)
(105) and Pd75Si15Ag3Cu7 (dc = 10 mm) (123)
BMGs support these claims. These are two of
the highest fineness phosphorus-free palladiumbased BMGs reported so far, with weight fractions
around 90 wt% palladium before further alloying.
Pd75Si15Ag3Cu7 is also readily formed using TPF and
does not require B2O3 fluxing, making it easier to
manufacture (123). While a phosphorus-free BMG
would be desirable, small additions of phosphorus
can improve GFA and permit an increased weight
fraction of palladium (124).
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Further research on 950Pt and 950Pd hallmarkcompliant BMGs with a GFA suitable for industrial
manufacture is challenging. The inevitable high
m-fragility of these alloys means that high cooling
rates and carefully optimised processing are likely
to be requirements. Research has mostly focused
on Pt-(Cu,Ni)-P and Pd-(Cu,Ni)-P based BMGs (16,
20, 41, 42, 73, 74, 84, 89, 90, 104, 125) with
some interest shown in Pt-Si-B and Pd-Cu-Si based
BMGs (85, 86, 88, 105, 123, 124).
Further optimisation through careful alloying
and microalloying may help to identify additional
950Pt BMGs and novel 950Pd BMGs with sufficient
GFA. While other systems such as Pd-Ni-S BMGs
or novel high-entropy BMGs exist, they have low
palladium contents and so do not seem suitable
for jewellery (5, 126). Li et al. suggest that there
may exist up to 106 BMG compositions (127), so
the search for new glass-forming compositions
should continue. New combinatorial techniques to
assess ∆Tx and Trg (128–130), and computational
techniques (131–133), allow more efficient
sampling of compositional space for undiscovered
high GFA compositions. A new search with these
techniques may yield results that cannot readily
be predicted and rationalised using empirical rules
and experimentally determined phase diagrams.
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