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ARTICLE INFO ABSTRACT

Keywords: Glass has been used for centuries, and its compositions and applications are continuously evolving. Advance-
Glass ments in glass shaping are being made from micro to macro scales. However, robust fabrication of increasingly
Addiﬁ."e.man“facmrmg complex glass parts remains a significant challenge in industrial applications which also demand more sus-
g}l?;g;:gtmg tainable manufacturing processes. Novel additive manufacturing technologies could offer useful alternatives, but
Forming working with glass has proven complex. We have created a “glass putty” composed of micron-sized glass powder
and resin that can be shaped at room temperature by 3D printing, plasticine-like moulding, stamping, and green
machining. Our approach enables multiscale, high-quality transparent glass components with properties com-
parable to commercial materials while reducing manufacturing hazards. The adhesive nature of the putty allows
its modular assembly to produce colour gradients. The putty can be reshaped in case of errors, reducing the part
rejection rate. Such a multiscale and multitool forming approach to glass manufacturing unlocks the true
freedom of design when working with this challenging material and will help to realise its true potential in any

desired application.

1. Introduction

Glass is omnipresent in our daily lives, from bottles on our tables and
displays in our phones to complex microfluidic devices in hospital lab-
oratories. Despite the long history, the fundamental glass-making pro-
cess remains largely unchanged since its discovery. With the rise of new
applications there is a demand for glass parts with increasingly complex
designs and new techniques have been developed to meet this demand.
Additive manufacturing is at the forefront of these developments.
Methods such as molten glass extrusion, lithography, stereolithography,
robocasting and laser powder bed fusion were shown to be able to
manufacture high-quality glass [1-11]. While highly promising, these
techniques often require a high degree of control, the use of hazardous
chemicals and nano-powders or complex post-processing. Moreover,
additive manufacturing requires specialised equipment and suspensions
that often have complex formulations involving nanopowders and
multiple organic components. Therefore, 3D printing remains a cost-
heavy option for most industries that tend to rely on traditional tech-
niques such as blowing, stamping, and cutting. Those techniques, while
cheap and well-developed, still have high rejection rates and are limited
in achievable shapes. There is thus a strong need for a technology that
will either have a low adoption barrier or provide tools to leverage
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existing equipment, thereby increasing sustainability and minimising
costs.

Here we present a widely versatile hybrid method of room temper-
ature glass free-shaping. The method is based on the formulation of a
malleable glass-polymer composite that can be easily machined, shaped
by hand or extruded. The composite consists of just three components —
silica powder, phenolic resin and ethanol. The phenolic resin acts as a
triple-functional building block — a dispersion medium, a curable binder,
and a plasticiser. The silica powder is in the form of microscopic parti-
cles (<63 pm), and forms up to 53.5 vol% paste in a highly viscous
ethanol-phenolic resin mix, where the former serves as a fast-drying
solvent. The composite can be shaped by cutting, sculpting, stamping
and machining. It can also be 3D printed using robocasting into stand-
alone items and pre-forms that can be further shaped post-extrusion
enabling complex bulk and surface designs. The composite is designed
for room temperature shaping, easily preserving created structures by
air drying. Its simple formulation is adaptable to multiple technologies
including additive manufacturing. The parts can then be debinded and
fired above the melting point of silica to densify and form an optically
transparent glass. Unlike other silica sintering techniques that rely on
the combination of nanopowders with carefully adjusted sintering
schedules, firing above the melting point enables fast sintering and
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healing of small defects formed during shaping even though it may limit
the ability to implement very fine design details. The use of micro-sized
silica powder provides a significant advantage as it reduces health risks
associated with the more commonly used nano-powders. Additionally, it
reduces manufacturing costs and paves the way for easier glass recy-
cling, as breaking glass down to micron-sized particles is less energy-
intensive. The high viscosity of molten silica enables thermal finishing
that produces transparent glass with exceptional precision to the orig-
inal design, even in complex shapes, with minimal to no distortion.

2. Results and discussion
2.1. Paste flow properties and extrusion behaviour

After mixing the components, the paste is used to print dense pre-
forms layer by layer using extrusion through a microscopic nozzle.
The extrusion process itself is critical in preventing large bubble defects
because although the pastes undergo defoaming, some residual air re-
mains trapped due to their high viscosity, which is then released during
extrusion. This creates small gaps between the paste lines being printed,
that are filled in by the subsequent paste layers, and are further elimi-
nated during re-melting to produce high quality glass. The paste can also
be used for the direct 3D printing of finer mouldable objects using
robocasting. The process relies on a smooth extrusion process and on the
part retaining its shape after printing. The paste thus must exhibit shear-
thinning behaviour, reducing its viscosity under applied stress. Rheo-
logical measurements of the optimised ink reveal favourable flow
behaviour for the process (Fig. 1). It is evident that the viscosity adheres
to the desirable trend and the ink exhibits shear-thinning properties. The
shear-thinning coefficient for this ink is n = 0.45 as derived from the
graph Fig. 1a and the power law fitting

n=Ki""! €8]

where 7 is the viscosity, K is the consistency index, 7 is the strain rate,
and n is the shear thinning coefficient (power law constant). The power
law fitting has been chosen to describe the viscosity of the inks instead of
a more commonly used Herschel-Bulkley model. When applied to the
intermediate shear range, i.e. in conditions of stable flow, the power law
fitting provides a more accurate estimate of the shear thinning coeffi-
cient. This is due pseudoplastic behaviour of the ink being challenging to
accurately measure at low and high shear [12]. The coefficient quan-
tifies the extent of non-Newtonian flow behaviour, with smaller n values
indicating a greater shear-thinning character.

The stress at which the ink starts to flow, the flow point 7, = 48.3Paq,
can be found on the intersection of the graphs for storage and loss
moduli depicted in Fig. 1b. This indicates relatively low extrusion
pressures required for printing. The extrusion pressure experiment
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(Fig. 1c) confirms the finding — the pressure required to initiate the flow
from a @ 9.54 mm syringe was found to be 2.24 MPa. It is worth noting
that the pressure required to initiate the flow is significantly higher than
the stable flow pressure of 0.83 MPa. Furthermore, the flow termination
is not immediate. The ink continues to flow for several minutes after the
piston comes to a stop. To prevent printing defects, 3D models should
feature appropriate lead-ins and lead-outs so that the print falls within
the “stable flow” pressure range.

2.2. Multiscale shaping capabilities

After extrusion the pre-forms can be further shaped using either wet
or dry methods (Fig. 2). The size of the pre-forms ranges from 0.6 mm to
1.5 cm in height, reaching 5 cm in x-y dimensions. Wet shaping includes
clay-like forming, cutting, and stamping, and requires the pre-forms to
be at optimum workable condition. Such a condition is achieved when
the print is easily mouldable without breaking, keeps the shape once
moulded and is not sticky to the touch. It is determined by the amount of
solvent remaining in the print which decreases with drying time. Thin
prints ranging from sub-mm to 2 mm can be moulded (Fig. 2a) within
1-4 h of bench room temperature drying. Thicker pre-forms of 3 to 5 mm
require longer drying times, from 24 to 72 h, after which they can be
shaped for up to 12 more hours. Once shaped, parts maintain the design
and can be left to air-dry to reach full hardness.

For stamping (Fig. 2b, ¢), it is necessary to wait for the formation of a
thin dried layer of solidified phenolic resin on top of the print. This
prevents the stamp from sticking and helps the retention of the created
impression. The layer forms within minutes post-extrusion. The
achievable stamp resolution is ~0.1 mm (Fig. 2¢, 4d). Small stamping
features require a softer state of the printed pre-form, while larger pat-
terns can be manufactured up to several hours before the complete
drying of the part.

To shape by machining, the pre-form (Fig. 2d) must be dried and
cured at 165 °C, the curing temperature of the phenolic resin. Once
treated, it can be effortlessly machined using standard carbide CNC or
hand tools, ground and polished if necessary. During machining the
surface of the pre-form might become burnt due to poor dissipation of
heat. This, however, does not appear to compromise the quality of the
final product.

The method also offers the capability to produce composites in a
modular manner. Once extruded, the parts can be joined together much
like sticking plasticine pieces as the inks are adhesive. This can be used
to create, for example, internal structures in glass by placing sacrificial
structures between two printed pre-forms (Fig. 2e). The bottom pre-form
is printed first, followed by placing a plastic microchannel negative
shape on top. It is then placed back inside the printer, where the top part
is printed directly onto it. The composite is left to fully dry before further
thermal processing. The modular capability can also be used to create
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Fig. 1. Rheological properties of the SiO2-phenolic resin ink. (a) The flow ramp demonstrating shear-thinning behaviour, (b) dynamic strain sweep indicating
the flow point of the ink 7, = 48.3Pa, (c) extrusion test showing the pressure = 2.24 MPa is required to start the flow of the ink from a @9.54 syringe through a

@0.61 mm conical nozzle (printing configuration).
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Fig. 2. Showcase of the technological capabilities. (a) Complex perforated artefact moulded by hand from a direct ink writing printed flat thin net; (b) printed
pre-form that is stamped with a coin; (c) printed pre-form that is stamped with a fingerprint to capture micron-sized features; (d) a well shape obtained by machining
a printed pre-form; (e) microchannels obtained by using sacrificial templates; (d) modular-assembled colour (Cr,O3) gradient glass piece. The scale bar is 1 cm.

coloured glasses with gradients with possible applications in gradient-
index optics. The colouring of the glass is achieved by the addition of
metal oxides into the pastes, as illustrated by the CryOs example
(Fig. 2f). Using three pastes with different pigment loading (0, 0.15, and
0.2 wt% of silica powder), three pre-forms were extruded and put
together by hand. The pigments used in this system must be stable at
high temperatures both in air and in vacuum to withstand the thermal
treatment. Metallic nanoparticles and quantum dots, for example,
cannot be used as they will degrade at the temperatures above 1700 °C
required to melt the glass. The chosen oxide colourants must not reduce
during vacuum heat treatment; oxides with low oxidation potentials,
such as copper or iron, can revert to their metallic state. Introduction of
any pigments into the glass melt will generally decrease its viscosity; the
amount of pigment added must be thus minimised to avoid significant
viscosity decrease as this could affect shape retention during firing and
promote crystallisation during cooling.

2.3. Melting of pre-forms into pure transparent glass

The primary advantage of our method is precise shaping at room
temperature. The parts, however, must be still heat-treated to achieve
transparency. A slow burnout at 600 °C is required to remove the resin,
followed by a swift ramp to partial sintering at 1600 °C for 2 h and 2-
minute remelting at 1780 °C for 2 min in a high vacuum. The finished
dense parts exhibit final shrinkage of 7.5 % to an original design
(measured on a standard rectangular bar print).

The initial sintering and further densification processes are rapid.
The time required to form a 100 nm neck between micron sized particles
is ~ 102 %, defined by the equation [13]:
X 3yt

(5) " 24D

(2)
where 7 is the viscosity of the material (7-10° Pa's at 1800°C [1 4D, D is
particle diameter (1 pm), X is the size of the neck between particles, y is
surface energy (~0.3 J/m> [15]). The time to reach full densification
(from 50 %, state of the green pre-form) can be derived from

(n%) C}’;)%(t to) 2.5 3)

where, [y is initial cell dimension (order of particle size), p, is initial
density, p; is final density, t is time of the densification process and ¢, a
fictitious time at which the density is zero. The proportionality coeffi-
cient 2.5 is extracted from a graph of the Scherer’s glass densification
model [16]. The time to reach full densification of silica glass (/%‘) =1,

from the starting point of p, = 0.5p,) is then calculated to be ~ 5. Thus,
the firing process to achieve full density glass is the order of seconds.

. . . p
For centimeter sized parts the associated Bond number, ’%, where g

is the gravitational acceleration and L is a characteristic length scale (of
the order of the part size) is larger than one. This suggests that gravi-
tational forces are dominant over capillary ones. To give an idea of the
speed of deformation under gravitational forces, we can compare the
times required for sintering with the times required for bending a
viscous beam clamped in one side due to gravity. This is an estimation of
the expected degree of sagging for an overhang feature. The character-
istic velocity, W, for the initial bending of a beam with length L and
thickness H will be [17]:

_ gopL*

W11H2

4

where &p is the difference in density between the glass and the atmo-
sphere (~2.1 g/cm®). For an overhang formed by a plate with a length of
0.5 cm and a thickness of 1 mm, W ~ 20 pm/s. This means that in the
sintering times of few seconds calculated above, the degree of bending
will be well below the thickness of the plate. For small features distor-
tion may be driven by capillary forces that try to minimize the surface
energy. We can estimate the speed of capillary driven change using as a
reference the speed of glass spreading (also driven by capillarity) [18].
The maximum expected speeds for molten silica glass drops on inert
substrates are of the order of 1 pm/s — small compared with the calcu-
lated sintering times. Our results suggest that we can retain details with
characteristics sizes in the order of 100 s of microns without major
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distortion.

Close to the melting point, the viscosity of the silica melt [19] ranges
between 10°-10° Pa-s, which is sufficient to preserve the details and high
aspect ratio features of the pre-forms without significant distortion.
While helping to preserve the shape, the high viscosity hinders the
removal of trapped air, which can reduce transparency and compromise
properties. The velocity of a spherical bubble leaving a viscous liquid
cast described by the Hadamard-Rybczynski equation [20]

2r’g(py — p)
v= Tﬁ 5
where v is the steady-state velocity of a bubble radiusr, , p,, is the density
of the bubble, p is the density of the liquid, and = (1 +«)/(2 +3«) and
Kk = n,/n with 7, the viscosity of the bubble phase. Thus, to calculate the
velocity of a CO2 bubble escaping silica melt at 1780 °C, we take the
viscosity of glass at that temperature, assuming bubble size range of 10 —
100 um, and find the value of v~e1073-e10"1! m/s. Such low mobility of
gas bubbles prevents their easy removal during the short heating cycle
required to preserve the shape of the pre-form. To minimise this, the key
step of extrusion, as well as firing in a vacuum, must be performed
regardless of the shaping method chosen.

The resulting glass exhibits ultra-violet and visible transparency of
the range similar to a commercial microscope glass slide (Fig. 3a). The
chemical nature of the glass is confirmed to be pure fused silica by
Raman spectroscopy (Fig. 3b) and X-ray photoelectron spectroscopy
(Fig. 3c). Slight differences in the Raman spectra of the printed and
commercial glass may result from the formation of small amounts of
residual cristobalite during cooling (supplementary Fig. 6). No crystal-
line phase can be found by XRD (Fig. S4) and the trace cristobalite does
not appear to have a significant effect on the final glass properties. The
mean elastic modulus of the printed glass was measured using nano-
indentation (Fig. 3e, supplementary Fig. 1) is 59.91 GPa. Reported
modulus values for fused silica are in range of 60-72 GPa[21,22].
Supplementary Fig. 4 shows that the material is amorphous as further
validated by X-ray diffraction analysis. The average surface profile
roughness of the as printed material is 3.7 pm (supplementary Fig. 7).

Overall, we have used our approach to produce bubble-free parts in
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the centimetre scale. Even when firing in vacuum and using the pre-
extrusion step thicker walls may hamper the elimination of trapped
bubbles. Larger thin-walled items might be produced with no detriment
to transparency; there is some limitation in the complexity of the designs
as gravity will increasingly affect the stability of large overhanging
features. The main implication for scale-up is the need to balance the
melting conditions: the parts must be kept above the melting point long
enough for viscous sintering and pore elimination but not too long as to
preserve the geometry. Although re-melting during sintering will close
bubbles and small drying cracks, scaling up should also require an
optimization of the drying conditions as to avoid the formation of large
defects.

One of the advantages of this method is the possibility of recycling
the glass putty. Defective putty can be fixed if the mixture is fresh; if
required the powder content can be increased and re-mixed. If the
powder content in the putty is too large, the issue is more difficult to fix,
as adding solvent to the mixture thins out the resin and reduces
malleability. The putty is difficult to reuse once it is dry, as significant
amount of solvent is needed to re-dissolve the resin, resulting in a low-
viscosity putty that does not print or holds shape.

3. Conclusions

In summary, we have developed a simple tricomponent “glass putty”
that can be 3D printed, cut, stamped or machined, allowing for ultimate
optionality in the manufacturing approach. The formulation uses
micron-sized silica particles that can be easily obtained by grinding
recycled glass. It produces transparent high-quality glass parts regard-
less of the shaping method, with exceptional precision using additive or
subtractive manufacturing. It helps to broaden the design space of glass
components by enabling the implementation of complex shapes and the
spatial manipulation of optical properties. This advance highlights the
need to adopt innovative ways to manufacture glass, promoting acces-
sibility across various applications.

e —— 25 mN maximum load
70 4 —— 50 mN maximum load|
—— 75 mN maximum load

T T T T J
0 200 400 600 800 1000
Depth (nm)

Fig. 3. Properties of the shaped glass. (a) UV-VIS transparency measurement indicating ~10 % difference with a commercial glass slide in visible spectrum, (b)
Raman spectra and (c) XPS spectra confirming the purity of the shaped glass (compared to commercial fused Si02), (d) SEM image of the fingerprint on glass
indicating micron resolution of stamping on printed pre-forms (scale bar 500 um), (e) Examples of load versus nanoindenter displacement curves for calculation of

elastic modulus.
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4. Methods

Materials. White quartz silica powder and chromium oxide powder
(Crp03 the colourant) were purchased from Sigma Aldrich, Germany.
Low free phenol content phenolic resin Durez 30,562 was kindly pro-
vided by Sumimoto Bakelite Europe, Belgium. Ethanol was purchased
from VWR International.

Paste preparation. Phenolic resin was dissolved in ethanol to form
66.7 wt% solution at 37 °C overnight. Silica powder was dispersed in the
phenolic resin solution using a planetary mixer (ARE-250, Thinky,
Japan) at 2000 rpm for 30 s, repeated 4 times with cooling steps to form
a 50 vol% ink. It was then de-foamed at 2200 rpm for 5 min and loaded
into 3 ml printing syringe barrels (Nordson).

Colouring. 0.1 and 0.2 wt% Cry03 powder were added to the stock
silica powder via ball milling. The mixed powder was then used to
fabricate pastes as above.

3D-printing. All samples were printed using 3dInks direct ink writing
system (USA) at 15 mm/s with a conical @0.61 mm nozzle (Nordson)
onto flat paper substrates greased with oleomargarine. The samples
were then subject to drying (from 1 h to 4 days, depending on the ge-
ometry and size) and post-printing shaping.

Shaping. The printed parts were further formed using several tech-
niques. Hand-shaping was used to create thin-walled structures with
unsupported and high-aspect ratio features. The printed nets were
separated from the substrate paper after 1 h of drying and shaped by
hand with no visible damage to the prints. Stamping was performed on
30x30x3 mm square prints. After 2 h of drying, the stamps (coin, finger)
were pushed into the prints and removed immediately. For machining,
the parts were printed, dried for 4 days, and then cured at 165 °C for
10 min. The Roland MDX-40A CNC machine with a tungsten carbide
drill was used to drill out the circle pattern.

Thermal treatment. The parts were heated at 1 °C/min to 600 °C in air
to slowly burn out the phenolic resin binder. They were then sintered at
1600 °C in air for 2 h. The sintered parts were melted in high-
temperature vacuum furnace at 1780 °C and 10" vacuum for 2 min.
Step-by-step results of thermal treatment, as well as some of associated
challenges, are available in Fig. S1.

Paste characterisation. Rheology experiments were performed using a
40 mm parallel plate geometry (Discovery HR-1, TA Instruments, Ger-
many) at 25 °C. The storage and loss moduli of the paste were obtained
using oscillating torque experiments. A strain rate ramp experiment was
conducted to evaluate the shear thinning behaviour. Extrusion pressure
was assessed using a push test. 3 ml printing syringes, 0.61 mm
nozzles, @9.54 mm robocasting piston and Zwick/Roell Z010 me-
chanical tester as a controlled pressure source were used to move the
piston at the displacement rate 1.2 mm/min to obtain the plateau
pressure value (stable extrusion).

Powder and glass characterisation. Scanning electron microscopy
(JEOL 6100, 20 kV) was used to assess the quality of the patterns and the
morphology of the raw silica powder (Fig. S2). Particle size for the silica
powder was confirmed using Mastersizer 2000 laser diffraction particle
size analyser from Malvern Panalytical (Fig. S3). X-ray powder diffrac-
tion (D2 Phaser, Bruker) was used to ensure the amorphous nature of the
printed glass (Fig. S4). X-ray photoelectron spectroscopy (K-Alpha+,
Thermo Scientific) and Raman spectroscopy (inVia Raman Microscope,
Renishaw) was used to confirm the purity of the printed silica glass.
Transparency of the glass was characterised using ultraviolet-visible
spectroscopy (Perkin Elmer Lambda 25). Surface profile roughness was
measured using Olympus Lext 3D measuring laser microscope OLS5000.

Elastic modulus was measured using nanoindentation experiment.
Indents were performed on one sample, hot-mounted in Bakerlite and
polished to 6 pm surface finish. Each indent was performed via a
MicroMaterials NanoTest Vantage platform 5 nanoindenter. All indents
we carried out with a Berkovich indenter. To avoid cracking on inden-
tation, cycles with low maximum loads of 25mN, 50 mN and 75 mN
were used. 20 indents in a row were applied at each load, with loading/
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unloading rates of 0.5 mN/s, 1 mN/s and 1.5 mN/s respectively. A 60 s
dwell period is applied at maximum load, to ensure that time dependent
plastic effects within the fused silica are reduced. A 30 s thermal drift
correction period is applied post indentation at appoint 80 % through
the unload cycle. Each indent was offset with 10 um from the last, and
each row was offset by 15 ym. The depth versus load curves for all
accepted indentation cycles are presented in Fig. S5.

Unloading stiffness and hardness for each indent was calculated via
P5 NanoTest Vantage software. Firstly, indentation cycles which are
affected by surface roughness and porosities are removed. A power law
fit is applied to the unloading curve (Oliver and Pharr method), fitting
through 100 % to 20 % of the maximum load with post indentation
thermal drift correction. A diamond area function calibration (on fused
silica) corrects for variance in the Berkovich tip profile. The elastic
modulus (Es) can be calculated from the reduced modulus (E;) through:
1 (1-v%H (1-v?

E B | E ©

where the Poisson’s ratio for the diamond indenter (v;) is 0.07 and for
the sample (v;) is 0.17. The elastic modulus of the indenter (E;) is 1141
GPa.
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