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Tool based manufacturing processes like injection moulding allow fast and

high-quality mass-market production, but for optical polymer components the
production of the necessary tools is time-consuming and expensive. In this
paper a process to fabricate metal-inserts for tool based manufacturing with
smooth surfaces via a casting and replication process from fused silica tem-
plates is presented. Bronze, brass and cobalt-chromium could be successfully
replicated from shaped fused silica replications achieving a surface rough-
nesses of Ry 8 nm and microstructures in the range of 5 um. Injection moulding
was successfully performed, using a commercially available injection mould-
ing system, with thousands of replicas generated from the same tool. In
addition, three-dimensional bodies in metal could be realised with 3D-Printing
of fused silica casting moulds. This work thus represents an approach to high-
quality moulding tools via a scalable facile and cost-effective route surpassing

the currently employed cost-, labour- and equipment-intensive machining

techniques.

Tool based manufacturing (TBM) is the process of choice when it comes
to cost-effective mass production. Even high-precision components
such as cell phone camera lenses, Fresnel lenses or micro-diffusers™
with tight tolerances must be manufactured in large quantities at
affordable costs. This requirement profile leaves very little choice in the
manufacturing procedures and can only be realised by TBM**. Most
prominently, injection moulding has emerged as the de facto gold
standard for high-throughput manufacturing of complex-shaped com-
ponents with a high standard of quality’. Among all, tools with highly
polished moulding surfaces are of particular interest due to their ability
to produce high-quality components of optical quality at relevant
scalability and costs. However, their manufacturing is complex and

expensive and remains the main bottleneck®. Today, moulding tools for
TBM are mainly produced by subtractive machining such as drilling,
turning, milling and polishing”®. These procedures are time- and
material-intensive and do not scale well®’. To produce moulds with
optical surfaces, ultra-precision machining is usually required, including
diamond turning and polishing of surfaces well into the nanometre
surface roughness range’. This limits the applicability of TBM and
makes moulding tool prototyping extremely challenging. Depending on
the quality, even simple moulding tools can range from thousands to
tens of thousands of euros in cost’ with the actual manufacturing pro-
cess easily spanning weeks, depending on its size, complexity and the
required surface quality®. If micrometre or even sub-micrometre
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resolutions are required, electroplating is usually the method of choice.
In this process, prefabricated templates shaped, e.g., via a photo-
lithography, are copied into a hard metal substrate which can withstand
the stresses of the forming process®, while providing surfaces of optical
quality. The decisive disadvantages of electroplating are slow growth
rates, 12 um/h™ are not unusual for nickel coatings, and the limited
freedom of design for moulding tools with significant variations in
dimensions. Various attempts have been presented to enable faster and
more convenient generation of moulding tools, a field commonly
known as rapid tooling or direct tooling. Several techniques have been
presented to structure a preform of the moulding tool via generative
techniques such as, e.g., selective laser sintering (SLS)" or laser beam
machining (LBM)™. Achievable surface roughness values of these tech-
niques are in the range of R, 2-40 um® %, still requiring time-consuming
and expensive post-processing. The generated preform moulding tool
is then post-processed using classical machining techniques, therefore
saving material and overall processing time. So far, rapid prototyping
for TBM is considered viable only in selected applications and is gen-
erally not considered a scalable alternative to the classical manu-
facturing techniques for moulding tools.

In this work, we propose a different approach in which the
moulding tool itself is generated by a moulding process, i.e., the tool is
generated by metal casting from a replication template. Metal casting
is a long-established technology, but it has proven difficult for high-
resolution casts, as the choice of potential materials for replication
template with sand casting is the most common method for the
use above 1000 °C. If finer surface details are required, high tem-
perature silicone' is often the material of choice. Although structures
in the micrometre range” and surface roughness in the sub-
micrometre range'® can be achieved, this process requires low-
melting metals'®” or special alloys®, as the silicone will degrade at
high temperatures. The need to use low melting alloys thereby limits
the mechanical stability of the moulding tool significantly. We rea-
soned that it should be possible to directly cast relevant tooling
materials, such as cobalt-chromium, if a technology for manufacturing
high-temperature resistive and high-resolution template structures is
available. In this paper, such templates are made directly from fused
silica glass using so-called Glassomer nanocomposites which we pre-
viously described”. These nanocomposites are converted into fused
silica components by thermal debinding and sintering, resulting
in high-temperature stable pure fused silica templates. The

nanocomposites can be processed by stereolithography, 2-photon
polymerisation, lithography, injection moulding or casting” . We
have previously demonstrated, that a wide variety of techniques can be
used to structure these nanocomposites at high resolution yielding
optical surfaces via inexpensive, fast and flexible processes.

In this work we demonstrate that using these fused silica tem-
plates, metal moulds of high quality can be obtained featuring struc-
tures in the single-um range and surface roughness values of 8 nm (R)
without post-treatment. The production time for a metallic mould
inserts with this process requires less than 36 h allowing fast tool
replacement as well as frequent design iterations (for further infor-
mation see supplementary section). The fabricated moulding tools can
be used in conventional high-throughput injection moulding process
without limitations. As this process workflow effectively generates a
moulding tool by a replication process, multiple fused silica replica-
tions can be generated from the same master structure thus rendering
the common concerns in tool calculation (per-tool manufacturing
cost, wear, yield-per-tool, etc.).

Results

Replicative metal moulding process

The production of a metal replica using our process consists of four
steps: master structure fabrication, replication using the Glassomer
nanocomposite, glass transformation via heat treatment of the nano-
composite and finally metal casting. Figure 1 illustrates the workflow
schematically. The production of a master structure requires a free
shaping method with an optical surface finish. We fabricated the
master structure using 2-photon polymerisation, which is a 3D printing
technology capable of printing photoresins with a resolution of down
to 100 nm*?*° and a surface roughness in the single nanometre range”
(see Fig. 1a). The printed template is subsequently replicated into
polydimethylsiloxane (PDMS) (see Fig. 1a). The PDMS is capable of
casting features down to 500 nm* and is transparent to light down to
280 nm. Asiillustrated in Fig. 1b, the liquid nanocomposite is poured on
the PDMS-Replication mould and cured by UV light at a wavelength of
365 nm, resulting in the so-called “green part”. If necessary the green
part can be further post processed using conventional subtractive
polymer shaping technologies®. The green part is subsequently con-
verted into transparent fully-dense fused silica glass via thermal
debinding and sintering at a maximum temperature of 1300 °C as
previously described® (see Fig. 1c). The Glassomer L50 nanocomposite
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Fig. 1| Process from the master structure to the metal replication. a The master
(positive) structure is fabricated using 2-photon-polymerisation before being
copied into polydimethylsiloxane (PDMS) via casting (negative) (scale bar: 5 mm,
maghnified view scale bar: 500 um). b Fused silica part (positive) fabrication, by
casting silica nanocomposite onto the created PDMS-Replication mould and curing

it using UV-Light (scale bar: 5 mm, magnified view scale bar: 500 um). ¢ After
debinding and sintering, a fully-dense and transparent fused silica replication
structure is obtained (positive) (scale bar: 4 mm, magnified view scale bar: 400 um).
d Casting of metals against the sintered fused silica replication structure using
bronze metal (negative) (scale bar: 4 mm, magnified view scale bar: 400 um).
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Fig. 2 | Characterization of the replicated metal moulds. a White-light inter-
ferometry measurement of the generated metal inserts for bronze (red), brass
(yellow), and cobalt-chromium (green). b Optical lens master structure which was
used to characterize the overall shrinkage during the process. ¢ Fused silica repli-
cation of the optical lens. d Resulting cast bronze metal lens (negative). e AFM-
Measurement of an unstructured casted bronze insert with a surface roughness of
only Rq 8.0 nm. f Comparison of Vickers hardness values of manufactured samples

Cobalt-Chrom
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of bronze (error bar standard deviation n =+4 HV), brass (error bar standard
deviation n=+5 HV for casted and n=+11 HV for nickel plated) and cobalt-
chromium (error bar standard deviation n=+9 HV for casted and n=+13 HV for
nickel plated) in pristine form and after nickel electroplating. The error bars were
determined using the standard deviation of measured data, 10 measurements were
carried out in each case.

has a solid loading of 50 vol% which results in an isotropic linear
shrinkage of 20.6% during the sintering process. For the metal casting,
the fused silica replication is embedded in a phosphate-bonded
embedding material (see Fig. 1d). Before casting, the melting chamber
is flushed twice with nitrogen. The melting of the metal takes place
under vacuum (107'bar) preventing the formation of oxide layers
which can lead to defects in the casted metal surface. While pouring
the liquid metal, a nitrogen overpressure of 3 bar is generated in the
casting chamber, which ensures conformal replication from the
embedded fused silica replication.

Replication quality and characterization

We have successfully used this process for the replication of high-
temperature melting metals such as bronze (1050 °C), brass (1020 °C)
and cobalt-chromium (1440 °C). All of these temperatures are below
the softening point of fused silica, which is 1665 °C%. In terms of pro-
cessing properties, bronze offers very good castability at moderate
melting temperatures. Furthermore, bronze is relatively corrosion-
resistant and has a high thermal conductivity which makes it a material
of choice for variothermal injection moulding®*°. Similarly, brass has
good processing properties but can also be nickel-plated without
pretreatment, which results in a considerable increase in hardness™.
The cobalt-chromium alloy was chosen as a casting material because of
its significantly higher hardness®. All three metals could be replicated
from the sintered fused silica replication and demoulded to form
injection-moulding compatible metal inserts. No release agent was
necessary to remove the metal replications from the fused silica
mould, as the metal does not bond with the fused silica components.
The fused silica moulds were used only once for the metal casting, this
was to ensure that a consistent quality of the metal replications could
be achieved. Using high-temperature metals is of great importance for
the subsequent injection moulding process since these can withstand
both, the repeated temperature changes and due to their higher
mechanical strength and the stresses of the moulding process. In order
to determine the minimum feature resolution for each metal type,
lines-and-space structures were produced and replicated using the

described method (see Fig. 2). The lines are tapered, having a width
between 30 um (bottom) and 3 um (top) and a height of 23.5 um in the
master structure. The structures were characterized in each replication
step using white light interferometry (WLI). Figure 2a shows the cross-
sections of the investigated master structure (black), the fused silica
replication (blue) and the respective replicated metal replications (red,
yellow, green). The minimum feature resolution was determined by
the minimum width of the generated metal structures, measured by
WLL. As shown in Fig. 2a, the minimum feature resolution is 5.2 um for
bronze, 7.5 um for brass and 5 um for cobalt-chromium. The difference
in size between the master structure and fused silica replication is due
to shrinkage during the sintering process. The measured shrinkage
from the master structure to the fused silica replication, is 20.9%. This
is illustrated in Fig. 2b, c, where a lens is shown as a master structure
with a diameter of 8.91 mm and as a fused silica replica with a diameter
of 7.04 mm. This value is in good accordance with the calculated
shrinkage of 20.6% (see supplementary material). The shrinkage from
the fused silica replication to the metal insert was measured to be 2.0%,
2.3%, and 1.8% for bronze, brass, and cobalt-chromium, respectively.
The overall shrinkage from the master structure to the metal insert is
thus 22.60%, 22.85%, and 22.45% for bronze, brass, and cobalt-chro-
mium, respectively. It is important to note that the solidification
shrinkage of metals is a complex phenomenon®?* that can only be
predicted to a limited extent. It is therefore necessary to assess this
shrinkage experimentally. Due to the mismatch of thermal expansion
coefficients of fused silica and metals, there is a risk of the fused silica
being enclosed by the molten metal. As commonly employed in
replication processes, demoulding chamfers can be included in the
design of the master structure in order to prevent this problem. To
allow for high-resolution replication of polymeric components using
the metal moulds, the shrinkage during the fused silica sintering pro-
cess and the metal replication process needs to be compensated in the
fabrication of the master structure. Depending on the manufacturing
method used to fabricate the master structure, this process related
shrinkage must be taken into account as well. In order to investigate
the achievable surface quality, metal inserts were prepared from an
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Fig. 3 | Polymer injection moulding using casted metal moulds. a Schematic
representation of the manufacturing process of a metal insert and its use in
injection moulding. b Close-up of the injection mould which was used as an insert
(scale bar: 10 mm). The inset shows a magnification of the dot matrix struc-

ture (scale bar: 500 um). ¢ Close-up of an injection-moulded poly-
methylmethacrylate (PMMA) component replicated from the metal insert (scale
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bar: 10 mm). The inset shows a magnification of the structure (scale bar: 500 um).
d White-light interferometry image of the 2000"" PMMA component produced
from the mould (IM-Part 2000) e Comparison of the cross-section measured using
WLI of the first polymer replicated PMMA component (IM-Part 1, red) and the of the
2000™ component (IM-Part 2000, blue) created using the metal insert (black).

unstructured fused silica surface. Without further post-treatment, a
surface roughness of 2nm (Ry) was measured using atomic force
microscope (AFM) for the sintered fused silica components®. The
achievable surface roughness in the casted metal inserts are measured
to be only slightly higher with 8.0 nm, 9.0 nm, and 11.0 nm (Ry) on an
area of 100 um? (see Fig. 2e, Supplementary Fig. 1a—c) for bronze, brass
and cobalt-chromium, respectively. A total of nine measurements was
carried out at different positions and different sized areas in order to
assess the surface quality across a large lateral area. Using the WLIon a
larger area (350 x 350 um?), the surface roughnesses were found to be
35nm, 28 nm and 31nm (S,) for bronze, brass and cobalt-chromium,
respectively. Vickers hardness was measured for all three metals to
evaluate the wear resistance of the moulds during the injection
moulding process* (see Fig. 2f). Common, industrially employed
moulds for plastic injection moulding of optical components are made
from tooling steels with around 510-560 in Vickers hardness (HV)%,
According to literature, values in the range of 120 HV are expected for
the casted bronze* and brass*® components. Our measurements
showed a value of 151 HV for bronze and 157 HV for brass and thereby
exceed the literature values slightly. For the significantly harder cobalt-
chromium dental alloy, 445 HV was measured which is only slightly
lower than the values expected from commercial tooling steels. As
higher hardness values are desirable for injection moulding tools to
extend the tool’s service life time, hardening techniques such as
quenching or precipitation hardening are commonly employed which
are, unfortunately, not accessible for copper-based alloys such as
bronze and brass. However, an alternative is electroplating with hard
nickel, a technique which achieves hardness values above 500 HV
according to literature®. We thus coated casted brass metal moulds
with a 70 um layer of hard nickel, achieving a hardness value of 670 HV.
Similar hardness values of 667 HV were achieved for nickel plated
cobalt-chromium metal inserts. The Ni coating must be considered in
the design, depending on the used plating technique and the layer
thickness.

Injection moulding
In order to assess the injection moulding compatibility of the casted
metal inserts, we prepared bronze metal inserts with a dot matrix

structure. The metal inserts were produced using the outlined process,
followed by injection moulding in a commercial injection moulding
system (Arburg Allrounder 370 S 500-100) as shown schematically in
Fig. 3a. Figure 3b shows the assembled mould, used for injection
moulding with polymethyl methacrylate (PMMA) (see Fig. 3c). To
analyze the durability of the metal insert, more than 2000 PMMA
components were produced and measured using WLI. Figure 3d shows
the cross-section of the manufactured and used metal insert (black
graph), the first manufactured polymer replica (red graph) and the
2000™ polymer replica (blue graph). The cross-section shows no
notable change after 2000 replication cycles (for further information
see supplementary section).

Process variants

To demonstrate the applicability of the replicative metal moulding
technique, various structures from nature and technology with a size
from several cm to structures of a few um were replicated (see Fig. 4
a-e). These were moulded in PDMS directly from existing objects, no
master structure produced by 2-photon polymerisation was used.
Bionic structures like the wing of a cicada or a human fingerprint could
be directly replicated using the metal casting process (see Fig. 4a, b).
Feature sizes in the range of several tens of micrometres were repli-
cated successfully into cobalt-chromium and brass. Further we show
the successful replication of refractive and diffractive microoptical
elements. Figure 4c shows a microoptical lens array with lens dia-
meters of 30 um in brass. The sample in Fig. 4c shows a surface defect
resulting from a contaminated fused silica surface. Defects of this
nature can be avoided by working under clean room conditions. Fig-
ure 4d shows diffractive line-and-space structures with line widths
between 5 and 25 um in bronze. Figure 4e shows the mirror surface
finish replicated from an unstructured fused silica part without post
treatment after casting in bronze, brass and cobalt-chromium using
the described process. A further modification of the process also
allows the direct production of a 3D-Mould, from the polymer nano-
composite as schematically depicted in Fig. 4f. This allowed the direct
production of moulds in the nanocomposite polymer for metal casting
without the use of a master structure via 3D-Printing. After sintering,
the printed mould can directly be filled with liquid metal, resulting in a
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Fig. 4 | Various examples from nature and technology for the applicability of
the described metal replication process. a Cicada wing made of a cobalt-
chromium alloy (scale bar: 10 mm, magnified view scale bar: 500 um). b Metal
replication of a human fingerprint in brass (scale bar: 10 mm, magnified view scale
bar: 500 um). ¢ Microlens array in brass with a lens diameter of 30 um (scale bar:
10 mm, magnified view scale bar: 200 um). d Bronze metal replication of different
lines-and-space structures in the range of 5-25um in bronze showing interference
effects (scale bar: 10 mm, magnified view scale bar: 100 um). e Function test of a
polymeric component replicated form the structure in d showing the expected

diffractive far-field pattern (scale bar: 25 cm). f Replicated metal inserts with a mirror
surface finish in bronze, brass and cobalt-chromium (scale bar: 10 mm). g Schematic
representation of the production process of 3D-Printed Glassomer moulds for direct
metal casting. h Metal figurines in bronze, brass and cobalt-chromium, produced
using a 3D-Printed Glassomer mould (scale bar: 10 mm). i Detailed view of the face of
one figure, as brass metal replica (scale bar: 1000 um). j Top view of the one figure,
cobalt-chromium metal replica (scale bar: 5 mm). Original Sphinx design (Thing #
1404323) by Perry Engel from thingiverse.com (2016), adapted by author.

metal part like shown in Fig. 4g in bronze, brass and cobalt-chromium.
The lines created by the 3D-Printing process can be seen in the metal,
as shown again in Fig. 4i, j.

In this paper, we demonstrated a replicative manufacturing
process allowing rapid and cost-efficient production of metal
inserts for polymer replication with low surface roughness, using a
replication technique. We have shown that high-temperature metals
like bronze, brass, and cobalt-chromium can be successfully shaped
with a feature size down to 5um and single nanometre surface
roughness. The inserts were successfully used in industrially-
established polymer injection moulding instruments generating
thousands of components. This process thus enables the flexible
and cost-efficient production of metal inserts with low surface
roughness by a replication process for tool based manufacturing
like injection moulding or hot-embossing, bypassing the common
problems of classical tool manufacturing such as high per-mould
costs and processing times commonly associated with the high
costs of classical moulding tools.

Methods

Materials

Glassomer L50, Glassomer SL-v2, Glassomer Developer, and Glas-
somer Hardener was kindly provided by Glassomer (Germany).

Elastosil M4601, was purchased from Wacker (Germany). The Plas-
ter “Pro-HT Platinum” as an embedding material, the metal alloys
bronze (BR10/L) and brass (Messinggranulat Hart) were purchased
from Horbach Technik (Germany). The cobalt-chromium alloy for
dental purposes” Wironit extrahart” was purchased from BEGO
(Germany).

Two-photon-polymerisation

In order to produce master structures, the “NanoOne” printing system
from UpNano GmbH (Austria) was used. The structures were printed
on a glass substrate with the refractive index matched 2-photon resin
“UpBrix”. The print was carried out using 10x magnification, a laser
power of 50 mW, and a layer thickness of 5um.

3D-printing

In order to produce casting moulds directly in the polymer nano-
composite, the resin printer Prusa SL1S Speed of PRUSA (Czech
Republic) was used to print. The material (Glassomer L50-SL-v2
according to the manufacturer’s specifications) for printing was kindly
provided by Glassomer (Germany). The structures were directly prin-
ted onto the printing platform. The Printer was used with a wavelength
of 405 nm, an exposure time of 20 s and a layer thickness of 50 um. The
printed components were developed using Glassomer developer.

Nature Communications | (2022)13:5048
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Table 1| Characterization of the metal replication process

Material Replication Limit Roughness (R, /Sq) Shrinkage Hardness Casting Temp.
Bronze 5.2pum 8.0+£1nm/35.0£2nm 22.60% 151+4.5 HV 1050 °C

Brass 7.5um 9.0+2nm/28.0+1nm 22.85% 157+£5.2 HV 1020°C
Ni-Plated Brass — 6.0+1nm/25.0+1nm 22.85% 679+11.0 HV —
Chrom-Cobalt 5.0 um 1M+1nm/31.0£3 nm 22.45% 445+13.1 HV 1440°C

Comparison of the minimum feature resolution, surface roughness, hardness, shrinkage, and casting temperature in dependence of the used metal.

Replication of the master structures

PDMS was mixed for 1 min in a ratio of 9:1 by weight (A:B component).
Entrapped air bubbles were removed using vacuum in combination
with a desiccator. The master structure was fixed in a Petri dish and
then moulded using PDMS in the oven at 60 °C for one hour to cure the
PDMS-Replication. The cured PDMS-Replication was peeled from the
master structure. Glassomer L50 was mixed with Glassomer Hardener
according to the manufacturer’s specifications. Glassomer L50 was
then poured onto the PDMS mould and cured by illumination at a
wavelength of 320-405 nm for 2 min. After curing, the nanocomposite
could be removed from the PDMS mould.

Heat treatment and shrinkage

Thermal debinding of the cured Glassomer green parts was carried out
in an ashing furnace (type AAF, Carbolite Gero, Germany) at 600 °C.
The brown parts were sintered in a tube furnace (type STF16/450,
Carbolite/Gero, Germany) at 1300 °C and a pressure of 5x 10~ mbar.

ys:1—< d ) @
Pe/Ps

The theoretical shrinkage Y is calculated by Eq. (1) which depends
on the solid loading @, the final density ps, and the theoretical density
p; of the produced part. The actual shrinkage was determined by
measuring the parts in the green state, in sintered state and after metal
replication using the digital microscope model VHX 6000 from Key-
ence (Japan).

Fused silica embedding

In order to prepare the sintered glass components for the casting
process, the components were fixed in a steel cuvette using
phosphate-bonded embedding material (Pro-HT Platinum, Horbach
Technik, Germany). The embedding material was mixed in a ratio of
31:100 by weight (water/powder) and poured into the prepared metal
cuvette before heating at 800 °C for 2 h.

Metal casting

For the metal casting, the prepared steel cuvette with the fused silica
replication master was preheated to 200 °C to increase the form filling.
The setup was then installed in the casting furnace (type M20, Indu-
therm, Germany). After closing the casting chamber, it was flooded
with nitrogen, then a vacuum was applied and the crucible with the
casting material was brought to the desired melting point (bronze
1050 °C, brass 1020 °C, Co-Cr 1450 °C). When the melting point was
reached, the entire casting chamber was tilted, and the melt was
allowed to flow into the steel cuvette and onto the glass body. In the
tilted position, a pressure of 3 bar nitrogen was generated in the
chamber. The casting furnace was left in this position until the metal
body cooled.

Characterization
The roughness was measured using an AFM of type Multimode 8
(Bruker, Germany) on an area of 10 x 10 um as well as a WLI of type

NewView 9000 (Zygo, USA) on an area of 350x350um and
860 x 860 um (see Supplementary Fig. 1 and Table 1). All surface
roughness measurements were carried out three times, at different
locations. The corresponding values can be found in Supplementary
Table 1. The replication limit was determined by comparing the
cross-sections of a structure at different stages of the process
(master, fused silica, metal) using WLI. Vickers hardness was mea-
sured using a micro Vickers hardness tester of type FALCON 608
(INNOVATEST, Netherland). The applied load was 100 mN at a load-
ing time of 20s.

Data availability
The authors declare that the data supporting the findings of this study
are available within the paper.
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