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Bulk metallic glasses, also called amorphous metals, are a new fascinating class of
materials with special properties such as a low melting temperature, high hardness
and scratch resistance and very higtitglathough their appearance is like that
of/similar to that of conventional metallic alloys they show some very special propel
due to their different atomic structure. They can be thermoplastically formed like
plastics at very low temperaturaeswkg into complex shapes. Compared with

their crystalline counterparts, they usually show a higher strength, hardness and a
hi gher elastic strain while the Young
spring materials.

Amorphous alloys have bieseloped based on many different metals, including

gold and platinum. To enable their way into industrial applications their properties
relevant for jewelry were investigated in a publicly funded research project together
with several partners fromftinydu#snew casting method similar to lost wax

investment casting was developed in order to exploit thelapEafaretability.
Hardness, wear resistance and tarnishing in different atmospheres were investigate
With an as cast hardness of arouhtl/36@ liquidus temperature below 400°C and

an as cast color which ranks it among the best premium white gold alloys, the 18 c:
gold based bulk metallic glass alloy has attractive qualities regarding jewelry
application3his article is an updatesiameiof [26].



Gold based bulk metallic glassésrd like steel, moldable like
plastics

1.1 What is a bulk metallic glass?

The three classes of materials (metals, ceramics and polymers) exist in two principle types: crystalline and al
strut ur e. However, for metal s, the amorphous struct
form under conventional processing conditions, but only after very rapid quenching. A metallic glass is form
crystallization duringlec from the melt can be avoided. This is the case as soon as the cooling rate R dt
solidification is sufficiently high to bypass crystallization. A cooling rate which results in a fully amerphous meta
in the schematic TTT diagram-(@mperaturd ransition) FFigurel. The lowest cooling rate, which is still sufficient

to avoid crystallization in a distinct alloy system, is called the critical coblimgikateetallic glass (BMG) is
formd, if the critical cooling rate is sufficiently high to cast geometries of at least several millimeters and up tc
centimeters in thickness. The maximum thickness, which can be achieved for a certain bulk metallic glass is
critical castirthickness; (see for example reference [5]).

Back when the first metallic glass was introduced in 1960 [6], relatively high critical cooling rates of about 106 1
were necessary to form an amorphous solid. Due tocthigyhigimRhin (20um) samples could be produced by
splat cooling or melt spinning [7]. Years of research have led to complex and viscous alloy compositions,
crystallization retarded to a degree, in which cooling rates oKlessathée hpplied and stitirphous products

can be cast. Cooling rates of that order are typically achieved by casting in cooled copper molds. Today,
metallic glass with the highdstalvn so far is a-lPaked bulk metallic glass. It can be cast fully amorphous in
diamedrs up to 80mm [8]. Now, that the amorphous metals are available in bulk form, applications in indu:
possible, and, regarding their extraordinary properties, very desirable. The most widelyhzsst BiddGanes Zr
currently used for examm@panting equipment and luxurious watches.
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Figurel: Shematic TTT diagram with crystallization nose and typical temperature profiles for casting and thermoplastic forming
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1.2 Properties of bulk metallic glasses

Most bulknetallic glasses are found at eutectic or near eutectic cd®pa8iiems the first metallic glass
(AusSks eutectic) was found in th&ifgystem, which shows a very deep eutectic. In eutectic compositions, the m
is very stable against atlysation, which is reflected in their low liquidus tempeoatpadd with thgdf the
constituents. The low liquidus temperature leads to a very good castability of otherwise high temperature mel
good example is the platinum bafledhbtallic glasssRCw.Nb.aPs3(all compositions in this article are given in
wt.%), which can be cast aBB00C compared to more than 1800°C for conventiondPPRAalbblysr effect of

the low liquidus temmpémnuast Er,e aiss tthhee Yloauw g¥su mpdw |
temperature.

Having a eutectic or near eutectic composition is not the only criterion for finding good glass forming alloys. D
absence of a precise theory for the rules ofdodligiggs formers, some empirical rules seem[1d]apipty

more complex an alloy is and the more different atoms with different sizes are arranged in the melt, the more d
atoms are packed and the more difficult the movement of a &iegtenasonThis helps to slow down the
crystallization but it also means that a metallic glass melt usually has a higher viscosity than a conventional n
[12] E.g. for the weflown Zpased BMG Vitl, the equilibrium melt viscosity is repdrntetdemiuer oPa-s,

which is three orders of magnitude higher than the viscosity values usually found in [i3lePuetahatalts

melts have a similar viscosity as water has at room temperature. This has to be kept in mindyitechase togethe
need for fast quenching, these properties can be detrimental for a good form filling during casting and they h
considered during design for casting.

When a metallic glass is cooled down from its melt to room temperature, theidiserddréue diquid is
preserved while the supercooling causes the viscosity to rise significantly. The temperature at which the visco
value of 28Pa:s is defined as the glass transition tempgfatd]r8elow glthe viscosity reachessslin the

order of 2®Pa-s and is high enough for the material to behave like a usual/crystalline solid. When the metalli
passes glduring reheating, the viscosity drops again and the glass relaxes into a so called super cooled liquid st
during further heating it finally passes the crystallization terapeaitthiét Thstantly crystallizes. The temperature
rangedi Tyi s often r ef err ed-rangeisafpradcél.impdrthnee bacaudet the budkfmetallic
glass can be thermoplastically formed and strained within this temperature range up to several hundred pe
thermoplastic forming. The mejibs can withip Be handled similar to a thermoplast and even blown like a
conventional silicate glgss15] The limitation for this process is crystallization; the time limits for the onset
crystallization depend on the applied processhagutengoeording to the TTT diagram. Once the supercooled liquid
crystallizes, it can no longer be thermoplastically formed. A typical processing route for thermoplastic forming i
the schematic Tdiagram iRigure (left).

Bypassing crystallization during quenching of the melt not only means, that an amorphous phase is formei
means, that crystallization shrinkage is not takirggptageifht). fie lack of crystallization shrinkage leads to a
significant reduction of shrinkage related casting defects like shrinkage porosity. This also means that or
dimensional discrepancies between casting products and mold geometries arerpecserihamgéitigrns are
accurately reproduced on the surface of the cast produsthijmacasting can be applied.
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Figure2: Volume change during solidification for a metallic glass and for a conventional crystalline allo
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Amorphous metals lack the classic mechanisms for plastic deformation of crystals like the movement of disloc:
can therefore withstand higher mechanical stresses without yielding. They show elastic strains of up to
combination withthe et i vely | ow Youngds mo dru0 UEIP] InFiguresther e s u |

resilience, which is resembled by the areagtheneat
steel, polymers and bulk metallic glasses in comparison. These typically high resilience values make the bul
glasses excellent spring matgr&I3his combination of high strength and high elasticity is usually not found in ot
engineéng materials.
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Figure3: Schematic resilience of different Material groups classes in comparison

Due to their amorphous structure, the bulk metallic glasses possess unique properties, which make them n
attractive for dimations in jewelry technology. They cannot, however, be processed like crystalline alloys. The
classic deformation mechanisms leads to a completely different failure behavior. Under tensile loading, in
yielding by plastic deformatiobutkemetallic glasses almost reach the theoretical strength, before they abruptly
under the evolution of shear bands. As all the plastic deformation in most glasses is concentrated in one or f
bands, those metallic glasses macroscopibaitifefal hey are therefore not fit to be plastically deformed below th
glass transition temperature like it would be the case during cold working.

1.3 Gold based bulk metallic glasses and their properties regarding jewelry technology

In 2005, gold basedkmetallic glasses were introduced for the firg} Wite a gold content of 76 wt.% Au, they
can be hallmarked as 18k gold alloys.-idsedibulk metallic glasses, which are known today, are all based on th
AuSi eutectic. The critical catiogness was enhanced by alloying palladium, copper and silver and is today as |
as 5mm when cast in copper molds. In 2007, one of those Aoy duCus Skez was introduced at the

Santa Fe Symposium together withaadet alloyitlv the compositioss REw Nb 3Ps3[2] As those bulk metallic
glasses have an as cast hardness of 360HV1 and 400HV1, respectively, their hardness and strength are st
classic crystalline alloys, without the need for thermo mechaeical Faratsimplification, the alloy
Aue2AG 6P d oL U3 Sk e2Will be referred to asBMIG1 in this article. With a glass transifoi?8°C and a
crystallization temperatyref T86°C, ABMG1 can be thermoplastically formed within autengerat e gi on
58°C. Its critical casting thickness ifL3iritris reported to have a tensile strengthidfPl 200 a Youngo6s
of 66,3&Pa and an elastic strain limit off 185%his results in a resilience of abddP&.5All these pesties

are already present in the as cast state.

Conventional crystalline precious metals based alloys, on the other hand, are usually comparatively soft ir
condition and are therefore prone to be scratched in use and appear dull attgaelyodftenfshearing. The
hardness of gold can be improved by alloying with other metals and by thermo mechanical treatment suck
working and ageing. With these measures, hardness values almost simileéBNtiSthaiaaf euachieyEe]

Typial hardness values ofCA\g alloys are plotted for annealed and hardened state depending in Ag conten
Figurel. One has to keep in mind that those values were measured after preparation at |&homatpackedles.
industrial production, those values are difficult to achieve and values betweklV1&0eantha58ommon.
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Figure4: Effect of alloying and hardening in 18k AuAgCu §lielys

With this background in naindidespread use of gold based bulk metallic glasses in jewelry production within
years after their development was antif3patet! bulk glass forming alloy compositions iHPtHeuAgSi

system were patenf2d] To test the prospects ofyaqgpbulk metallic glasses as jewelry alloys, a research project
was brought to life and has been carrieteour@n 2011 to 2013. The processingBM@1 was investigated

and studies on the tarnishing behavior were carried out.
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1. Processing ofold based bulk metallic glasses

For an easy handling as a jewelry alloy, the productiosimiEaesegranule product with the final composition of
AuBMG1 was developed. In a first step, alloying of the pure elements was tested inradilimamitiite ¢
graphite crucible. Subsequently, the carbon contamination of both samples was analyzed but in both cases, 1
could be detected. Thus it was concluded, that the alloy can be processed in graphite crucibles.

For the granulation precd®e compounds were alloyed in a graphite crucible, which was designed with a small n
at the bottom. Forcing the melt through the nozzle by applying an Ar pressure on the melt surface led to the fo
small spherical droplets which werdngdéna mixture of water and ethanol to guarantee an amorphous structur
Figuresa) shows a test installation with small melt droplets. After investigation of the parameters for droplet forr
this test sep, the process was transferred to an industrial casting device (Indutherm VC500D), because proce
pure air, as is the case in this setup, caused a madaixar 8dorm on the surface. To prevent the silicon from
forming a massive Si@yer o the surface, the atmosphere in the quenching tank was fluxed by Ar. (Sor
optimization of the process was necessary to produce homogeneous spheres, because the high viscous mel
solidify as wires instead of spheres.) With this optimizesppesesssjth a very smooth surface and diameters
mostly between 0.7 amah2 were obtain&dglres b) and c)).

Figure5: Production of granules as sdimished products

The seninished product ofBMG1 was then used as feedstock material for thermoplastic forming (not publis
here) and for casting. To investigate the behavior of bulk metallic glass forming alloys in casting processe:
simple shapes werestcan massive copper molds like for example 2mm thi€kgpte®s Temperature
measurements of the copper mold near the sample showed, that a temperature rise-&iGhizomngoimi 3
temperature ocd during casting, which granted at any time a sufficiently low temperature to provide an «
cooling rate for casting of amorphous products. Both tilt casting in an Indutherm MC50 and centrifugal cas
Topcast TCE10 casting machine were tpfaied amorphous samples-BM&L, thereby casting directly after
inductively melting the pure elements as well as usinfnisbestmioduct as feedstock material. In all cases, a
good reproducibility of amorphous samples was obsenid @idtfikualloy showed a high tolerance towards the
handling in industrial casting madfionesb a) shows-J#ay diffractograms of polished plates, which were centrifugal
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cast and tilt cast, respectively, boshuing the amorphous granules as feedstock material. It shows the typical t
broad maxima of amorphous samples. In crystalline metals, the long ranged ordered atomic structure give
peaks for each crystalline phase in the diffractograntadf widlenthe only medium range ordered bulk metallic
glass results in two broad maxima.

Investigating the downsizing of the sample geometry, an interesting behavior was observed. For these small g
critical minimum mass seems to exist, betothevamorphous granules can no longer be inductively melted. This i
probably due to the low electric conductivity, which is typical for amofphpursauetalsting device, this critical
mass was found to bg l8low which we no longer wkrdcaimductively melt the granules. Small geometries can
still be cast from those granules, using indirect heating for example in graphite crucibles or by simply crysta
granules prior to casting in an annealing procedure.
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Figure6: a) Xray diffractogram of cast plates after centrifugal casting and after tilt casting; b) 2mm thick plate

During casting of other compositions some problems occurféiduteospbws aretched cross section of a
2mm plate of the alloys &8¢ 7£ W oSk 3oWhich was introduced by Zhang et. al. [aZ}0048s alloy, centrifugal

cast under the same conditions as alloy -BBAGRAushowed partly crystallization in some tedts.a@ysta
distributed inhomogeneous over the entire crosEigecadnkut somewhat concentrated towards the surface and
in the center of the sample. This is probably on the one hand due to heteroeméoesmaciet the copper
molds surface and on the other hand to lower cooling rates in the center of the sample.

Figure?: cross section of 2mm plate of alloysA#\gs 7L 95k 39

This alloy, despite having the saiti@al casting thickness of 5mm, proved to be much more susceptible 1
crystallization than 18kBM&G1. As the critical casting thickness is reportedntofdsetbis alloy, and the sample

in this case has only a thickness of 2mm, the casting probatlly has an influence on the crystallization kinetics.
To investigate how the casting procedure may be able to trigger crystallization, a simulation of tilt casting and
casting was carried out and the strain rate of the melt wasrgdtiea filling. While form filling during tilt casting is
happening in a rather laminar méagersd), a lot of turbulences are present during form filling in the centrifuga
casting procesBidure9). The turbulences and the velocity gradient in the melt caused by the dynamics of
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centrifugal casting process result in significantly higher (up to three times higher) strain rates thais e tilt casting
probable explanation for the reduced critical casting thickness in this case, as strain rate induced crystallizz
observed to take place Hbased bulk metallic glasses Hef@fré&evertheless, after learning how to successfully
cast fully amdmpus samples of 18kBMG1 in simple shapes, the process was further refined and developed to c:
actual jewelry products with more complex shapes.

Figure8: Simulation of the strain rate duriiigcasting process

Figure9: Simulation of the strain rate during centrifugal casting process, blue and red color indicate low and high stspiactately, re
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Investment casting is a widagcessing routine in jewelry production. For the casting of amorphous products
cooling rate provided by the investment is unfortunately not sufficient to guarantee an amorphous solidifica
classic investment casting process was theuif@e byoreplacing the investment with a copper mold. The coppel
mold was grown directly on the actual wax surface of the jewelry modetingElganel(. The galvano

formed copper mold can easilydven to a thickness of several millimeters, until a copper mass is build up tha
sufficient to guarantee a fast enough cooling hefRégtineT0 shows an example of a copper mold directly
electroformed omvax surface. The wax can be removed by a melting procedure similar to the melting procedure
applied in conventional investment casting. The now empty copper mold can be used like any other metal m
desired casting process. After thenétalllic glass is solidified inside the mold, the copper is removed for example
immersion in nitric acid. The acid does not affect the noble jewelry product. A patent for this processing routi
under number DE 10 2013 009 975.7
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FigurelQ New casting technique with lost metal molds: wax model (left), datraem copper mold (center) and CT
image of a filled copper mold (right)

Despite the need for high cooling rates and the higher viscosity of the lastkmedtalicgyprisingly high form
filling was achie¥gurel1shows some jewelry items cast with the new casting process.

Figurell Jewelry products caat Fem
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2. Investigation of the tarnishing behavior

The properties of-BMG1 relevant for jewelry products as analyredese partly published in 224DThe

color of the alloy was then reported to be standard whiitibeowitlif an averageoyaibss index of 25.3. New

tests revealed, that those values were affected by the samples storage conditions. Testing the yellowness
several freshly polished samples according to standard test DIN 6174 produced an average Yellowness Inde
which corresponds to a premium white g@@&lolor

To evaluate how the high hardness and other properties of bulk metallic glasses influence abrasion during
polished samples ofBMIG1 and an 18k white gold alloy were subjectédrotshib@brasive test according to
standard method DIN EN 12472 to simulate the wear behavior of a typical jewelry product. The bulk meta
samples experienced much less change in roughness.

Tablel: Roughness values before after 10h nutshell test

polished 10h nutshell test
Sample Hardness HV1 | R, [um] R, [um] ® Rz |
18k WG alloy | 221 0.13 0.37 0.24
AuBMG1 a 361 0.27 0.31 0.04
AuBMG1 b 358 0.14 0.19 0.05
AuBMG1 c 353 0.13 0.24 0.11

The success in casting ofabgtwvelry products gives rise to the expectation that bulk metallic glasses are to
applied in jewelry industry within a foreseeable future. There is only one disadvantadviis tha doslldy
happens to show significant color changesr ah@thtime scales if worn on skin or after longer storage at room
temperaturerigurel?). As this is usually the case for jewelry products, this tarnishing effect is detrimente
widespread applicationsarljg production.
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In order to understand the underlying mechanisms behind the tarnishing benatiertestidiesg effects were
carried out under several different environmental conditions, including standard tests in artificial sweat and s
ageing of a set of samples in air, Ar and vacuum at different temperatures. However,ishitdsiigiedram

this point and will require further work in future to understand the underlying mechanism of this tarnishing effec
The test in artificial sweat and artificial saliva was carried out according to the standard DIN EN ISD 10271 an
1811. The samples surface was sanded prior to the test in order to remove possible oxide residues of the
process. Some minor parts were not sanded, though, as some pores were present on the samples surfaces,
seen irFigurel3 The samples were then kept in test solutions, which are designed to represent body fluids (a
sweat and artificial saliva), at 37°C for 7 days and the metal release into the test solution was anetl,zed after th:
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artificial sweat artificial saliva
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Figurel3 Sanded samples of MMG1 before and after the test in artificial sweat and artificial saliva (left), distribution of
element concentration in test solution (right)

After the test, the test solution is analyarelér to quantify which alloy constituents are soluble in body fluids. Th
test was originally established to investigate whether or not elements, which are detrimental for human he
nickel), dissolve during wearing. In this case, thetalhsynmhazardous elements, but the solubility ef the non
precious elements copper (Cu) and silicon (Si) can be detected nonetheless. Two samples each were indej
tested in artificial sweat and artificial saliva. The test solution ieraduttifidial sopper concentration of 0,017 and
0.026ng/cm?, respectively, after the test. For the artificial saliva test solution, an even higher concentration of O
0.062mg/cm?, respectively, was detected. A comparatively small amountwafesili@d® 1E20.0024ng/cm?

was also found, the noble elements were not dissolved.

The samples show a uniform reddish coloring of the sanded surface area after the test. The surface of th
though, retained their initial white color, as canibd-igeegld The pore surface is only compromised and
discolored, where it was damaged by scratches from the initial grinding procedure. These scratches, show
color as well.

I -

Figurel4 magnified images of the samples surface after the t'ésTinA artificial sweat

An energy dispersivRay mapping (EDX) of the copper and the oxygen distribution at the interface between sg
surface and pore surface revealed a depletion af tuppanded surface, whereas in the pore, copper was clearly
detectedRjgurel5a). For the oxygen, the distribution was found to be exactligexeddds). (Inthe silicon
distribution, no relation to the surface condition (sanded or pore) cokiguinel 5a)ndg was the case for the

noble alloy constituents, Au, Pd and Ag (not shown here). From thigrobgielattiomeaction was concluded to
have taken place in the sanded surface region. A transparent predectosel®yer on the as cast pore surface is
supposedly preventing the pore surface from tarnishing.
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Figurel5 EDXMapping after test in artificial sweat a) copper distribution, b) oxygen distribution, c) silicon distribution

A similar surface layer is suspected to be present on the granules. The granules were observed to maint
premium white color over long periods of time at room temperature (in air) and tarnish remarkably slow whe
75°C in aiFigurel6shows granules in as produced condition next to granules, whichAség: (kepirqtfor 7

days. The color did not change. When etched with hydrofluoric acid (HF) prior to ageing for 7 days at 75°C, the
tarnish significantly within 7 days. This can be explained by the removal of thdasigyinstte $iBdtment.

Silicon oxide is known to be removed very efficiently by HF etching, in this case leaving the granules without
Although it could be proven, that they®iCeffectively improves tarnishing, this does not help to avoid tarnishing
jewelry items as the protective cast layer is removed during polishing.

As produced After 7 days at 75°C

Without pretreatment HF pretreatment

[ [ | U o | ‘?’1!\‘1"“1
| i A (O | 0O L0 6
[ \MJH:\uH,M\p\‘;\M‘

Figurel@ granules as produced, and after 7 days at 75°C with and without HF etching prior to ageing

To quantify the tarnishing behavior at differentuiespanather experiment was set up. Rectangular samples were
cut from 2mm plates and polished to obtain a smooth and clean surface without residual oxides. The samples
subjected to different environmental conditions i.e. different athbfphemeseamperatures and the Yellowness
Index was monitored. Not surprisingly, the higher the temperature, the faster the tarnishing occurred. The colo
measured according to standard test DIN 6174 in freshly polished conditionesdisevgiadeifggurel 7

shows the development of the YBM®@d at room temperature.
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Figurel? Yellowness Index (Y1) development eBMG1 at room temperature

Microstructural@stigation of tarnished surfaces revealed, that the interaction between Cu and Si causes the u
fast tarnishing of-BMG1. As was already reported -#9][26ilicon has been observed to oxidize at room
temperature in the presence of copper@anl O¥kien the cast.SiDface layer is removed from the cast item, the
silicon in the bulk metallic glass matrix is oxidized, thereby releasing Cu from the amorphous matrix [30]. The c
diffuse to the surface where it itself can react wifnooxygersurrounding air to fos® @uCs5, depending on

the environmental conditions under which the item isHigte]®ldhows a distinctly large corrosion pit on Au
BMG1 which was formed during @&Xposure to air at 75°C for 327 days. The growtimtof tS&Omatrix and

CuO on the surface was detected by EDX and XPS analysis and can cle&iyubel8een in

Si102
growth

WD=50mm EHT=200kV InLens ESBGridis= 50V 19 Sep 2013 E
30KV:1nA Stage at T = 54.0 ° Tilt Angle = 36.0° On AiF_MMG_GiV69_1

Figurel8 Corrosion pit on the surface of-BMG1. Sigyrows into the matrix, &b is formed on the surface
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