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Abstract

Various techniques and technologies have been agegland fine-tuned in recent years which
have made it possible to improve the investmentir@asprocess and extend its field of
applicability such as, for example, the applicat@fnrapid prototyping, rapid manufacturing,
casting simulation and “non-traditional” materials.the past decades, companies working in
the precious metals sector could keep in theirectibn the same products for a long period,
eventually applying minor modifications. Nowadaymavation is considered one of the key
point for the success of the production, couple@roancreased attention towards quality and
reliability of the product. The present paper degikh an analysis of some of the innovations
introduced into the investment casting of preciogtals in the recent years, in terms of process
analysis, new materials involved for the fabricatemd metal alloys.
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1 Introduction

Investment casting is one of the oldest productimrtesses, dating back over 6000 years ago
and already used in jewelry production. It is atsonmonly known as lost wax casting, since a
wax pattern is "invested” (i.e. coated) with a aetory material to form a mold.

The wax pattern is removed by melting (it is “Is#ihd then the molten metal poured into the
mold, generally made of refractory material (inwestt). According to the wax and refractory
material used, the item is reproduced with verg fitetails. Good surface finishing and respect
of dimensional tolerances constitute the main gtiteof this process, together with an overall
flexibility in terms of shapes obtainable from agle casting operation, and the freedom from
any expensive tooling. However, despite beingry amcient process, the modern technology
of investment casting may not necessarily be eagyontrol, due to the many steps involved.
Several metallurgical principles have to be congdeand complied, which could make it hard
to obtain a good quality product. Moreover, diffdtreparameters could vary in terms of
technologies, equipment and materials.

A schematic draft of the process is reported infélewing Fig.1.

The full knowledge of all the aspects related taheatep of the investment casting process
drafted in Fig.1 are needed to guarantee goodtsasulerms of the final quality of production.
Several studies have been published during the dastdes, particularly focusing onto an
industrial perspective [1-5] and onto the applmatof some innovations, especially in terms of
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alloys [6,7]. During the last years, however, jeweindustry shifted from the traditional
production towards innovation, declined in everypexs: materials, process parameters,
geometries and technologies. Innovative technofpgigen got from different industrial fields,
are more and more applied for production and studie carried out for their optimization into
the jewelry field. In a specific market scenarioenh the gold and precious metals prices are
playing a relevant role into the jewelry desigrscathe geometry of parts is important; the
interest towards the production of hollow partghtiand filigree-like patterns is therefore rising.
Product innovation must however proceed with preagimization and quality control. In this
frame, the opportunity of “virtual” processing awtiecking, given by computer simulation,
clearly represents an opportunity to improve prdidacefficiency (and quality) and reduce
costs.

‘ Model or Prototype ‘

‘ Rubber Malding ‘

‘ Wax Injection ‘

‘ Tree Assembling ‘

‘ Flasks preparation ‘

| Melting of metal |

‘ Metal Casting ‘

‘ Finishing ‘

Fig.1 Common steps of the investment casting process

2 Computer simulation

Several works have been carried out in the pasheruse of casting simulation tools to make
forecasts on the quality of the objects producedpbgcision casting. The use of casting
simulation software makes it possible to make arpdonsiderations on several parameters and
different assembly configurations, basing on déferpossible programs [8]. However these
tools require an in-depth knowledge of the pro@ss monitoring of the real conditions [9]. It
can be noted in the passage to the real conditi@tsnany other factors influence the quality of
the finished object and recourse is had to tradticanalytical techniques to take account of
these.

In particular, all the analytical stages on thdstiied objects use metallographic analysis, the
importance of which is set out in [10].

The assessment of the investment casting process\ail of the help of casting simulation
software capable of foreseeing some of the dethetisoccur on the real objects. Studies have
proven the applicability of computerized simulatiprograms both in the case of silver alloys
and gold ones with different carat values [11]. @ation software provides a valid support for
production activity and make it possible to asgbssinfluence of various process parameters
without having recourse to a posterior analysemukiting the form filing and cast
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solidification stage. However its use presupposemalepth knowledge of the materials used
and of the dynamics in play in the process, asligigted in [12]. It is in fact necessary to
prepare a precise geometrical description of thelehto be considered and of the assembly
configuration, and carry out physic-chemical chardzations of the materials used, both as
regards the refractory material and the precioumyal The simulation using CFD
(Computational Fluid Dynamics) often requires a@ystfor setting and aligning the software with
the reality, making measurements with online tempee and filling sensors [9]. The purpose
of this stage is to bring together the results ofideal system, the one considered by the
simulation software, with those of a real systenicitwill therefore be affected by different
boundary conditions.

Fig.2 Examples of a standard tree cohfiuration for peeimental study: CAD drawing
(left), and wax model with sensors for acquiring tfata during process (right)

The assessment of the results include an analfdteedreal” casting in order to identify any
criticalities during the filling stage, for examplath the identification the flow soldering zones
or any turbulence.

It is therefore possible to draft the following sae, summarizing the actions for the initial
application (and validation) of computer simulatagplied to jewelry.

Creation of athermal and fluid-
dynamic properties database for
casting alloy and investmet

Jewellry Pattern Selection

r

Creation of digital geometries of
patterns, feeding and sprues

Evaluation of casting parameters and
boundary conditions

SIMULATION SOFTWARE

setting of parameters
run simulation--

Casting simulation

i
Validation of simulation result within
respect to real casting

Fig. 3 Scheme of the set of actions to be carried outhfercorrect use of simulation software
into the investment casting
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The study of the solidification stage also makegadssible to identify the zones subject
shrinkage porosity. With the aid of the softwarésitpossible to go on to analyze sections of
particular interest in such a way as to ascerta&@mreal position of the porosity in the object.

Fig.4 Examples of frames relating to the filling (lefgolidification (center), and porosity
analysis (right) stages in the casting simulatioftveare

The casting simulation makes it possible to loealand quantify shrinkage porosity in the
various objects with variations in different pardems, and typically assessments are made on
the influence of the casting and mould temperatures

A example is given of the simulation of the steglisilver casting of a standard ring in various
mould temperature conditions. It can be seen th#t vising temperatures the quantity of
shrinkage porosity in the object increases anditikgradually involves the whole section of the
object. These results are in accordance with wasbleen presented in [13].

Fig. 5 Analy:smimé of the porosn;/lnthe post-p?ohcesg modﬁilmesmalatlon software, detail of
a ring with sphere, for trees obtained with a flteskperature at the moment of casting
of 300°C (top left), 400°C (top right), 500°C (bartt left) and 600°C (bottom right)
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The combined analysis of the two stages, castingsatidification, also makes it possible to
assess the effectiveness of particular feed systeradicting in which way the metal flow will
enter the cavity and which zones will be involvastlby the filling operation.

It is also possible to make considerations on lleemal stresses which the refractory material
receives when the metal is being cast as regartiseeteapacity of the various mould zones to
remove heat. In this way, it is possible to idgntibnes that are particularly sensitive for the
decomposition of the refractory material and themeffor the formation of gas porosity. In
particular, it is possible to observe that the pnes of objects that are too close together causes
overheating of the refractory material which islonger able to carry out its thermal insulation
action.

ProSAST

Fig.6 Thermal streses of the refractory material deah'n the distance between the
objects, (left) objects closely mounted, (right)eaits correctly spaced.

The casting simulation is therefore a very usetdl tfor the correct interpretation of the
phenomena in progress during the precision caginogess. The use of these technologies
therefore makes it possible to make an a prioresssent of the various parameters used in
terms of the mould and casting temperatures andkctiee effectiveness of different feed
systems. Obviously the software takes an ideaksys$hto consideration and must therefore be
integrated with appropriate evaluations of the naacess, taking into account what occurs
during the tree assembly, investment preparatiomaetal casting.

3 Cagting of thin items

As for jewelry, many other industrial fields hadfece the need of production of thin, weight

saving sections, not only for economic reasons,atsa considering functionality and energy

saving contributing to a more favorable strengthwinght ratio [14-16].

Examples ranging from thin-walled aeronautical itvebblades to automotive components,
electronic devices and power production componargsperfectly explaining the need for thin,

energy and material saving parts.

Many parameters have to be taken into accountderdo be able to get constant results in the
casting of thin items, starting from the model dasand preparation to the final pouring of a
metal alloy [17]

As demonstrated in [18,19], design plays a relevate in the determination of the actual

minimum thickness achievable, both in terms of g@ometry and in terms of sprue and tree
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setting. Different aspects of design (such as ¢imgth of the thin section or its proximity to a
gate or to heavy sections to drive the metal) hheesfore to be examined when going towards
thinning. The simple concept of the thinnest secistherefore under-defining the real features
of a component, whilst other parameters, such asngtry indexes, could provide a better
identification and help in the optimization of tfi@lowing production steps. The use of the
geometrical modulus, usually describing a givenngetoy in terms of specific surface (surface
area/volume) is helping in classifying items acomgdto the tendency towards surface
mechanisms (heat transfer, surface reactions..a fgiven volume. The first attempt to index
parts geometries was carried out by N. Chvorinoerifer to understand the solidifying process
of a cast part as determined by the molten volungeits cooling surface mutual relation [20].
Once defined the geometry, the following step iates to the production of disposable patterns.
When considering the pattern preparation, the raiit is related to the actual possibility of
getting a model with thin cross section, eithertfa@@ mold preparation or for the direct casting
of a RP resin.

In case additive manufacturing is adopted for tredeh production, relevant parameters are
related to the minimum layer thickness, materiaisgality and working spot size and are
changing according to the adopted manufacturingrigcie. For example, when considering the
production of thin items via stereo-litography €L factors both related to construction
mechanism (laser power, spot size, scan speed, tliggness) and to the resin characteristics
(cure depth, penetration, exposure ) have to feetfined [21,22].

Moreover, when considering traditional wax injentimto silicone molds, an additional set of
parameters have to be taken into account, in cabtain the wax pattern related to wax
thermo-physical and rheological properties and toldmthermal characteristics [23]. In
investment casting, waxes are commonly complexurist of natural or synthetic hydrocarbons
of a wide variety of molecular weights and theiertho-physical properties are usually
characterized in terms of volume shrinkage andogisg [24].

Once demonstrated the possibility to obtain theakable model, casting parameters have to be
taken into account. Traditionally investment cagtie recognized as being able to produce
intricately shaped components in a wide range oftalse with high degree of detail
reproducibility. The possibility of getting thirstions with this technique is function of a wide
range of parameters, mainly related to the fluidifythe alloy and to its ability to flow in the
mold.

Fluidity is governing the molds filling and shargseof cast details. Physicists define fluidity to
be the inverse of viscosity. Metallurgists, on dtker hand, refer to fluidity as the ability of a
molten metal to flow and fill a channel or cavityn foundry and casting industry, fluidity
indicates the distance covered by liquid metal @hannel of fixed geometry before solidifying,
resulting to be not only a matter of flow behavimit also depending on the ability of flowing
and filling the mold. Therefore in this latter casenore complex scenario is taken into account,
where many parameters such as heat transfer aginess play a relevant role [25].

Other parameters to be considered are the tempesatfiboth mold and metal, alloy selection,
feeding system, and casting process.

It is therefore evident that, when trying to idénthe key points for the production of filigree
objects, a very complex scenario is depicted watresal mutual inter-dependencies.

It is extremely difficult to identify the currentage of the art of filigrees in terms of resin afd
castability. Generally speaking the lower sectiaritlconsidering investment casting is set to be
0.3 mm but no information regarding the geometrylatos of parts are reported.
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Fig. 7 Foundry Fluidity test [25]

As for stereolitography, since more than one tepimiand material can be used, it is far more
complicate to set the current limits. For particijacomplex and thin objects, building
parameters may need to be optimized especialljordémage the growing structure.

The building resin is a directly castable produdghly resistant and self-supporting, thus
reducing the need of support structures.

As pointed out in [26,27], different parameters daffuence the final result of a casting trial,
might that be related to feeding systems, procassnpeters or use of proper materials.
However, when direct casting RP resin, other aspleate to be also considered, such as part
cleaning, investment choice, ratio between watdrrafractory powder in the preparation of the
investment (w/p ratio), burn-out cycle. Generalhgaking, thermo-set materials, such as usually
RP resins, do not melt like waxes during dewaxing hurn-out but they partially soften and
burn. This is creating a reactive environment, ligusggressive towards investment materials.
The interaction between resin and investment isaeoéd by several factors such as burn-out
cycle lasting, w/p ratio and part geometry index.

Light filigree-like patterns are characterized byigh specific area, as indicated by the high
geometry index value, and therefore may show aehnigffinity towards interface reaction with
the investment. Moreover, thin and intricate pamsjuire higher w:p ratio when investing, due
to the need of copying fine details and filling $heavities. Feeding a thin part, without almost
no thick sections is a demanding and critical tésKact, this kind of geometry doesn't allow to
play with feeding placement or diameter. Differdaeding systems may also be adapted,
eventually optimized with the help of fluid-dynansoftware [28]. When direct casting resins,
feeding system is playing a relevant role not danlyerms of metal flow but also to guarantee
proper ventilation through the cavity and enhameeresin burn-out. Therefore the influence of
the presence of casting reservoirs also needs toitdered, playing the role of metal and heat
reservoir and of gas trap [29,30].
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The following images show an example of filigregeab designed, prototyped in castable resin
(left figure) an cast in sterling silver by mearigentrifugal casting [31].

. |

Fig.8 SL resin pattern net—penant (left) and as castitrsilver alloy (right).

Casting thin is only one point of a complex procegsere many different parameters are
involved.

The demonstrated feasibility of extremely hollowntwalled patterns by means of directly

castable RP resins and properly optimized preparagéind casting processes represent one
possible strategy of a new approach towards “mddewelry.

4 Bulk Metallic Glasses

When conventional metal alloys are cooled fromrth@lten state, atoms will quickly rearrange
themselves into ordered lattice spaces and quiiistallize. This crystallization process could
be completely avoided, as discovered by Duwez, 9601 for the Gold-Silicon system [32],
which however requested relatively high criticabling rates (of about £Go 1¢ K/s) to form
the amorphous solid.

Bypassing crystallization during cooling of the tndbes not only mean that an amorphous
phase is formed, but also that crystallizationrdtage is not taking place.

The following figure reports a simplified relatidng between volume and temperature during
the cooling of BMG-forming liquid and crystals-foimg liquid.

Upon cooling, molten metal would typically undergo abrupt freezing, followed by a 4-9%
drop in volume AV) as denoted by the length of a solid verticat ldrop. BMG-forming liquid
has incredible stability against crystallizatiordanill not crystallize upon cooling. The dash line
represents a cooling pathway for a BMG liquid thlatinks in volume and remains in a liquid
state even after the temperature drops below Tonarteeply under-cooled liquid region. Right
around Tg, liquid metal freezes and becomes sdtigowt much change in volume.

The lack of crystallization shrinkage leads togngicant reduction of shrinkage-related casting
defects like shrinkage porosity. This also mearat tinly minor dimensional discrepancies
between casting products and mold geometries asept, and filigree surface patterns are
accurately reproduced on the surface of the castyot. Near net-shape casting can therefore be
applied.
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Fig. 9 Volume change at solidification for a ,crystallinalloy and for a metallic glass

Most bulk metallic glasses are found at eutectinear-eutectic compositions [33,34].

As for what concerns precious metallic glassesjcjpcompositions are represented by a
platinum based alloy (Rt>Luw; 1Ni, s¢Ps.3), which can be cast at 600-800°C compared to more
than 1800°C for conventional Pt alloys [35] and aoldg based alloy
(Au7e 26204 6P 0h 98C U3 5SI3 62), Which is showing a glass transition Tg of apprd80°C and a
crystallization temperature Tx of 186°C. The follag table reports the main characteristics of
the two aforementioned alloys and, for comparisbose of commercial crystalline alloys [35].

Table 1 Main properties of BMG and crystalline alloys basedAu and Pt systems

Au 18K BMG Au 18K ptgsopmc | FUir.Pt/Co
crystal. crystal.
Melting 371°C ~1000°C 522°C ~1700°C
temperature
Casting 450-600°C >1100°C 600-800°C >1800°C
temperature
Glass
transition 130°C N/A 235°C N/A
temper ature
Yield strength
(MP3) 1100 350 1470 420
Vickers
har dness (HV), 360 100-150 400 110-160
as-cast
Density
(Mg 13,7 15,4 15,3 21,5

To cast a completely amorphous BMG alloy, the psst® may be similar to casting
conventional precious metal alloys. However, theliog path during solidification from casting
must not intersect the crystallization “nose” asweh by the dark blu curve in the following
figure 10. Intersection into the crystallizatiomeowould cause the BMG to crystallize partially

or fully.
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Fig. 10 Schematic TTT diagram with crystallization nose aypical temperature profiles for
casting and thermoplastic forming (TPF)

The critical cooling rate for Au based BMG is appmoately 100°C per second, while Pt based
BMG require 8—15°C per second.

This results in one possible limitation relatedth® use of the aforementioned alloys into
traditional casting processes: the critical casthigkness. It is reported to be equal to 5mm for
gold alloys [35] and of about 20 mm for Pt alloytigher thickness result in a progressively
increasing degree of crystallinity of the final geat.

Another alternative way to get the final produch dowever be by means of thermoplastic
forming (azure line in figure 10) for processing tmaterial.

In this case there are two separate processes/auidFirstly the material has to be shaped in a
~glassy feedstock like shape"; secondly the gldeggstock must undergo thermoplastic pro-
cessing (without intersecting the crystallizatiamrve). Feedstock material could be made in
different shapes and sizes based on the requirepfettte final net-shape forming stage.
Pelletsor granules can be produced by jet-nozaeching into water or other liquid [36, 37].
Despite being relatively new, the use of BMG foe firoduction of jewelry has already proven
its potentialities, especially in terms of the fimaechanical characteristics which can be
obtained. However, despite higher hardness andteaiyn easier processability, the full
exploitation of BMG for jewelry production still ees a final validation which can be obtained
only through the support of industries.

5 Conclusions

Several opportunities are possible, both in terrhsmaterials and processes, to improve
production quality, efficiency and properties oégious metals products.

Casting does not have to be considered a simptepsoor the final point of production, but the
starting point of a complex process where manyetkffit parameters are involved.

According to the opportunities given by the usenefv (most of the times to be intended in
terms of applicaton to the jewelry sector) matefdevices, several
properties/parameters/design issues have to bentsrmgd” or “re-engineered” in order to get
consistent results both in terms of production wedr-ability.
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