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Microstructure achieve injectable mixtures for CIM is described. The mixing behaviour and the feedstocks
Sintering flow behaviour as a function of its solids loading is evaluated. In this way, the ideal attributes
Mechanical characterization for a CIM porcelain powder are discussed, studying the first process stages through to the

production of a sintered component by injection moulding. Finally, density, hardness, bend-
ing strength and microstructural properties of the selected porcelain are investigated and a

cost-efficient ceramic feedstock is suggested for aesthetic and electrical applications.
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Fabricacion de componentes de porcelana mediante CIM: viabilidad de
procesado de diferentes polvos ceramicos

RESUMEN

Palabras clave: El moldeo por inyeccién de cerdmica (en inglés, Ceramic Injection Moulding [CIM]) es una
Moldeo por inyeccién de ceramicas tecnologia avanzada de conformado de polvos establecida hace tres décadas que reciente-
CIM mente se ha convertido en una atractiva alternativa para nuevas aplicaciones avanzadas,
Porcelanas como la gestién térmica y la recarga inaldmbrica de dispositivos. Las cerdmicas de tipo
Microestructura porcelana permiten la introduccién de nuevos feedstocks en el mercado CIM a precios més
Sinterizacién bajos en comparacién con los tradicionales de alimina y zircona. Existen varios factores
Caracterizacién mecénica que influyen en la calidad y las propiedades de los componentes finales en el procesado

CIM y que estan relacionados con las caracteristicas del polvo de partida, como son el
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comportamiento durante el mezclado y la fluidez del feedstock, asi como los pardmetros de
inyeccién, eliminacién y sinterizacién. En este trabajo se describe la viabilidad de tres porce-
lanas para obtener mezclas inyectables que puedan procesarse con éxito mediante CIM. Se

muestra la estabilizacién del par de torsién durante el proceso de mezclado, asi como la flu-
idez de los diferentes feedstocks en funcién de la carga cerdmica. Asimismo, se discuten las
cualidades que idealmente se buscan en un polvo para ser procesados mediante CIM. Final-
mente, se muestran los resultados obtenidos de densidad, propiedades microestructurales

y propiedades mecanicas (dureza y resistencia a la flexién) de la porcelana seleccionada, y

se demuestra que la mezcla inyectable disefiada a precio competitivo puede utilizarse para
aplicaciones estéticas y eléctricas en futuros trabajos.

© 2020 SECV. Publicado por Elsevier Espaiia, S.L.U. Este es un articulo Open Access bajo

la licencia CC BY-NC-ND (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Powder Injection Moulding (PIM) technology (or Ceramic Injec-
tion Moulding, CIM, for ceramic materials) in industry has
experienced a remarkable increment in the last decades,
allowing shaping complex geometries for lower production
costs and reducing the necessity of post-treatments [1]. CIM
process comprises multiple stages, starting with mixing the
selected powder and binder system, usually based on ther-
moplastic polymers, to produce the initial injectable mixtures,
also called feedstocks. Then, the injection moulding machine
is fed with the optimized feedstock pellets, which are heated
and pressured, so the mould can be filled in an adequate way.
After cooling, the component with the desired geometry is
ejected. Debinding of the resulting green parts is performed
by a solvent, by a thermal or catalytic process (depending on
the used binder) and a residual binder amount is left for hold-
ing powder particles. Brown parts are finally sintered upon
temperature leading to high-densified components with its
corresponding dimensional shrinkage. In this context, feed-
stock formulation with optimal solids loading is crucial, since
enough binder is required to provide fluidity during moulding,
but too much binder may cause shape lost during debinding
[2,3].

In a world where ceramic materials have emerged
as unique candidates for advanced engineering applica-
tions such as thermal management and wireless charging,
biomedicine and jewellery applications, the development of
CIM process has been limited by the lack of commercially
available injectable mixtures that suit the requirements of
the ceramic industry. Typically, the most common feedstocks
that manufacturing companies can access are based on high-
cost alumina and zirconia powders, especially designed to
high-tech and luxury sectors. Porcelains, on the contrary,
present remarkable mechanical, electrical and aesthetic prop-
erties while considerably reducing the starting material price
and, therefore, the final feedstock cost, opening a new set
of applications. These materials are available in abundance
and require sintering temperatures that are significantly lower
than those needed for metal oxide-based materials [4,5].
However, few studies concerning manufacturing porcelain
components by CIM can be found in peer reviewed litera-
ture [6,7] and there are no commercially available porcelain
feedstocks for CIM manufacturing. Other adapted processing

techniques, such as aqueous injection moulding or wet press-
ing, have allowed some authors to report well-designed and
homogeneous porcelain products [8,9].

The final component quality can be influenced by numer-
ous aspects during the CIM process. The mixing behaviour,
feedstock solids loading, feedstock flow properties, injection
moulding parameters, debinding rate, sintering response or
dimensional control are some of them. Most of these factors
are mainly dominated by powder properties, such as parti-
cle size, particle shape and particle size distribution. Indeed,
for ideal CIM processing, a balance between several factors
needs to be reached, which are often contradictory. For exam-
ple, spherical particles favours not only moulding, higher
solids loadings and faster sintering but also more agglomera-
tion and sintering shrinkage, while irregular particles increase
the component strength after binder removal and raise the
mixture viscosity [3]. On the other hand, the feedstock com-
position in terms of solids loading directly affects the viscosity
of the mixture and, therefore, the injection pressure required
for the process. From an industrial point of view, high-pressure
injection machines are extended due to the high production
capabilities, which allow increasing the ceramic content of the
injectable mixture. Therefore, when designing a novel feed-
stock for CIM, the equipment involved in further steps of the
process need to be also considered. For example, the use of a
low-pressure injection machine could have different require-
ments in terms of viscosity due to the lower pressure achieved.

In this context, the present work aims to develop new
ceramic-binder injectable mixtures containing porcelain pow-
ders to be processed by CIM. Several porcelain powders with
different composition, morphology and particle size distribu-
tion have been tested by mixing with the same binder system
and varying the ceramic solids loading. Differences on mixing
behaviour, flow rate and injection response were analyzed and
porcelain feedstock showing the best properties to continue
with the following steps of CIM process were selected. Two
commercially available porcelain powders and one composi-
tion especially adjusted and conditioned for CIM technology
have been employed in the study. The influence of the differ-
ent particle sizes and distributions on the CIM parameters was
discussed. Moreover, the scale up of the selected composition
was performed adjusting the feedstock’s ceramic content, as
well as the injection conditions, in order to transfer the mate-
rial to an industrial production process. Finally, sintered parts
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Table 1 - Chemical composition (wt.%), particle size (D19, Dsg and Dgg) and density determined for each studied powder.

A1203 SiOZ Fe, 03 T‘j.Oz K,0 Otros D1o (}Lm) Dso (p,m) Dgo (p.m) P (g/cm3)

P1 4045 35-55 <21 <21 = <1 0.74 2.0 4.4 2.61
P2 26 71 0.5 0.6 1 0.8 0.70 8.7 49 2.54
P3 69-70 26-27 0.2 2.9 1 14 7.4 36 3.25
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Fig. 1 - SEM micrograph (left) and particle size distribution (right) of porcelain P1.

were characterized in terms of apparent density, hardness,
bending strength and microstructural analysis.

Experimental part

Characterization of the raw materials

Three different porcelains, named as P1, P2 and P3, and
a thermoplastic-based binder composed of High Density
Polyethylene (HDPE), paraffin wax and stearic acid, were uti-
lized as raw materials in the present study. P1 and P2 were
commercially available porcelain powders and P3 was fabri-
cated and adapted for CIM processing by Vicar S. A. Regarding
the binder system, HDPE (0.9390 g/cm?3) was supplied from
Chemieuro S. L. and paraffin wax (0.9086 g/cm?) and stearic
acid (1.0023 g/cm?) from Panreac Applichem.

The chemical composition of the three porcelain-type pow-
ders was provided by the supplier (see Table 1). Additionally,
granulometry and density were evaluated, and the summa-
rized data are also displayed in Table 1. Granulometry was
analyzed with a Micromeritics Sedigraph 5100 measuring in
a range from 300 to 0.10 um of equivalent spherical diame-
ter. A Helium Pycnometer (Micrometrics Accupyc II 1340) was
used to analyze density values, performing several tests of
each material to ensure reproducibility. On the other hand, the
morphology characterization of the different porcelains was
carried out by Scanning Electron Microscopy (SEM) using the
equipment JEOL model JSM-6610LV. Samples were coated with
a gold film by sputtering using a Cressington Sputter Coater
108 Auto.

The results regarding microstructure and granulometric
characterization are shown in Figs. 1-3. Porcelain P1 displays
a spherical morphology, while an irregular partially angular
shape and an irregular morphology are observed for P2 and P3,
respectively. The particle size estimated by SEM micrographs
in each case are in good accordance with the results obtained
after the granulometric measurements listed in Table 1. As

noted in the table, the average particle size (Dgg) of P1 is the
smallest value of those studied, 4.4 pm, and the granulometric
analysis shows a narrow monomodal near-gaussian distribu-
tion of the particle size (see Fig. 1 right). In the case of P2,
the particle size does not follow a gaussian distribution (Fig. 2
right) showing the highest value of Dy (49 um). Finally, P3 also
presents a near-gaussian distribution, as is confirmed in the
granulometric studies (Fig. 3 right) and a broader particle size
distribution than P1, having Dgy < 36 pm.

Experimental procedure

Porcelain feedstocks were prepared by mixing the different
porcelain powders with a multicomponent binder system
containing HDPE, paraffin wax (PW) and stearic acid (SA), for-
mulated in the following ratio with respect to the vol. % of
binder content: 30, 65 and 5vol.%, respectively (see Table 2).
Several ceramic solid loadings in the range of 45-55 vol.% were
tested in order to choose the best option.

Feedstock compounding was performed in a double rotor
Thermo Scientific Haake PolyLab OS-System mixer, using
the following experimental conditions: temperature of 160°C
(according to the thermal properties of the binder system),
rotational speed of 30-70rpm and durations between 80 and
300min, depending on the feedstock homogenization. The
mixing process was carried out by adding several fractions of
the components into the mixer during the first 30 min and
then, the mixture was left to homogenize. The torque evolu-
tion with time was monitored and the feedstock was obtained
after milling and sieving in a Restch SM 100 mill.

Feedstock flow behaviour was studied by using a Melt-
ing Flow Index (MFI) equipment, Dynisco LMI 500 Series,
determining flow rate values according to standard UNE-EN
ISO 1133-1. The procedure consisted of extruding the melt
material through a cylinder with specific length and diam-
eter, setting temperature and load in each test. Injection
stage was carried out in a low-pressure injection machine
in the first stage: AB Machinery model AB-400 M varying the
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Fig. 2 - SEM micrograph (left) and particle size distribution (right) of porcelain P2.
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Fig. 3 - SEM micrograph (left) and particle size distribution (right) of porcelain P3.

Table 2 - Feedstock formulations.

Porcelain Solids loading HDPE (vol.%) Paraffin wax (vol.%) Stearic acid (vol.%) Binder ratio (vol.%)
(vol.%) (HDPE:PW:SA)
P1 45 13.5 29.25 2.25
45 13.5 29.25 2.25
P2 48 14.4 31.2 24
50 15 325 2.5 -
45 13.5 29.25 2.25 30:65:5
50 15 325 25
P3 55 16.5 35.75 2.75
57 17.1 37.05 2.85

experimental conditions in the range of 150-190°C and
115-235bar; and in a high-pressure injection machine in the
next stage: Arburg 270s machine varying the experimen-
tal conditions in the range of 150-170°C and 500-850bar.
The injected green parts were cuboid shaped with the fol-
lowing dimensions: 6.7mm (I) x 12.2mm (w) x 4.9mm (h).
In addition, a rheological study was carried out in a
Dynisco LCR 7000 series capillary rheometer varying the
temperature from 150°C to 175°C, at shear rates selected
between 10 and 10000s~!. A die having a length/diameter
ratio L/D=30 and a 0-1400bar pressure sensor were
used.

Thermal debinding cycles were carried out for binder elim-
ination in a Hobersal furnace (12PR450/SCH PAD P) between
25°C and 440°C under flowing air. The brown parts obtained
were subsequently sintered in a tubular furnace Hobersal fur-
nace (ST 186030) at a temperature ranging between 1290°C
and 1430°C, which was maintained for 1h under flowing air
and then cooled down in the furnace.

The mechanical characterization was evaluated in terms
of microhardness and three-point bending strength tests. The
microhardness was evaluated in the sintered parts using a
Vickers diamond pyramid (Digital Future-Tech series FM-7),
applying a load of 9.8N during 15s. Three-points bending
strength has been carried out in a SHIMADZU equipment
(Autograph AG-X 50kN) at a speed of 1 mm/min.

Results and discussion

Feedstock production

The first feedstock of porcelain P1 was prepared at 160 °C con-
taining 45 vol.% of ceramic solids loading. Results concerning
torque evolution over time are shown in Fig. 4 (left). It is read-
ily apparent that torque reaches a steady state after almost
100 min of homogenization. However, the obtained feedstock
did not result in a homogeneous mixture, as powder segre-
gation was observed in the mixer (Fig. 4 (right)). During that
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Fig. 4 - Torque change over change in mixing duration of porcelain P1 containing 45 vol.% of solids loading (left) and the

resulting feedstock obtained in the mixer (right).

time, clusters of particles were not completely broken down
under shear action and the binder could not surround the
powder efficiently, even with the addition of a surface-active
agent such as stearic acid to the binder system. Therefore,
similar mixtures extending mixing times up to 300 min and
increasing rotational speed up to 70 rpm were attempted, with
the objective of decreasing cluster size and dispersing the
binder between powder particles using only shear action, but
no improved results were obtained.

These difficulties can be associated to the formation of
ceramic powder agglomerates due to the effect of the small
Dy value, together with the narrow particle size distribu-
tion. Despite its spherical morphology and small particle size
with Dgp<10pm (see Fig. 1), both features usually recom-
mended for injection moulding and sintering steps in CIM
process, the narrow monomodal particle size distribution
could be harmful for packing density and flow characteris-
tics [3,6,10,11]. This fact is currently under investigation and
a surface treatment with dispersants or milling the ceramic
powder are being considered in order to avoid agglomera-
tion and ensure a homogenized mixture [3,12-14]. Another
approach would be to test different binder compositions that
would better suit this material, as it seems clear that the
amount of stearic acid incorporated as compatibilizer was
not enough. On the other hand, the small and spherical par-
ticle size observed in P1, related to a high specific area of
the particles, might also imply the need of a higher amount
of binder to surround the powder in an efficient way, which
means a reduction of the ceramic solid loading. Since high
ceramic contents are desirable for achieving high density
CIM components after sintering, values of solid loading lower
than 45vol.% are not recommended. The other possibilities
mentioned above, are out of the scope of the present study.
For this reason, this material was discarded in the present
work.

Similarly, feedstocks of porcelains P2 and P3 were also fab-
ricated. Ceramic solids loading was varied in the range of
45-50vol.% for P2 (P2-45vol.%, P2-48vol.% and P2-50vol.%)
and in the range of 45-57 vol.% for P3 (P3-45 vol.%, P3-50vol.%,
P3-55vol.% and P3-57vol.%). In all cases, mixing conditions
were carried out at 160°C and 30rpm. In these cases, homo-
geneous mixtures were obtained under shear action, as the
porcelain powder was completely incorporated into the binder
system (see Fig. 5).

Table 3 - Density values obtained for feedstock
P3-55vol.% measured in the Helium Pycnometer.

Feedstock Density (g/cm?) + std. dev. (g/cm?)

2.2205 £ 0.0010
2.2157 £ 0.0011
2.2186 + 0.0009
2.2098 + 0.0014
2.2112 £ 0.0011

P3-55vol.%

Density measurements of several feedstock fractions with
the Helium Pycnometer allowed to get further confirmation
of the achieved feedstock homogenization. It is accepted that
larger variation between density values than4+0.020 g/cm3
results in a lack of homogeneity [15-18]. In all the current
cases, density variation was lower than +0.020 g/cm3. As an
example, the results obtained in the case of mixture P3-
55vol.% are shown in Table 3, where a density variation lower
than +0.0011g/cm3 in average was found after five tests of
different material fractions.

Optimal solids loading selection

It is well known that a balanced powder:binder ratio is a deci-
sive factor for CIM process success. Each powder requires a
specific binder concentration range, depending on its particle
size distribution and particle shape. When the ceramic powder
is mixed with the binder, the “critical solids loading” situation
corresponds to powder particles in point contact while the
remaining free space is filled with binder. However, moulding
is preferably carried out at a slightly higher binder amount,
corresponding to the so called “optimal solids loading” [3].

With the objective of selecting optimal solids loading of the
previously designed powder-binder mixtures of porcelains P2
and P3, several aspects have been jointly considered. The aim
is to reach homogeneous mixing behaviour, flow rate in an
adequate range and keep the powder concentration (vol.%) as
high as possible, in order to provide better shrinkage control
during debinding and sintering.

Torque evolution over time was tracked in P2 and P3 porce-
lain feedstocks during the mixing process, having powder
loadings in the range of 45-50vol.% and 45-57 vol.%, respec-
tively (Fig. 6). Torque fluctuations upon additions usually
finish when powder and binder are uniformly distributed.
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Fig. 5 - Appearance of feedstocks obtained after the mixing process for porcelain P2-48 vol.% (left) and porcelain P3-55vol.%

(right).
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Fig. 6 - Torque evolution with time during mixing process
of porcelain P2 with 45, 48 and 50 vol.% solids loading (left)
and porcelain P3 with 45, 50, 55 and 57 vol.% solids loading
(right).

Higher torque values after reaching the steady state are
found with the increment of powder concentration. This is
related associated with a lower flow rate of higher loaded
mixtures, as discussed below [16,19,20]. On the other hand,
and additionally to the density measurements detailed previ-
ously, feedstock homogeneity is evaluated by considering the
steady-state torque values after monitoring the torque. It is
well-known that a homogeneous mixture is characterized by
a constant torque [3]. In both families of porcelain feedstocks,
although longer times are required for homogenization of the
highest solid loading constant torque values after homoge-
nization time are reached with both materials. In the case of P2
steady torque values in the range of 0.3 N m (for mixtures with
45%vol. of powder loading) and 0.9 Nm (50%vol.) are achieved
whereas in the P3 powder the torque value is between 0.4
(45%vol.) and 1N m (57% vol.) after 80 min of mixing process.

Once the porcelain feedstocks are produced and with the
aim to study a suitable flowability, the flow rate behaviour
was investigated using the MFI equipment and calculating two
flow parameters: the Melt Volume-Flow Rate, MVR (cm3/10')
and the Melt Mass-Flow Rate values, MFR (g/10’). This study
can provide valuable information to anticipate the feedstock
flow behaviour and the most suitable temperature during the
injection step. Accordingly, three temperatures were chosen,

varying from 150 to 170°C in agreement to the selected ther-
moplastic binder, and load was set at 2 and 5kg, performing
six tests of each material. In the case of P3-57 vol.%, an extra
experiment with 7 kgload was also performed at 160 °C, since
it presented high viscosity and, therefore, more difficulties to
flow under lower loads.

All these results are gathered in Table 4, where good
agreement with the conclusions previously obtained from the
torque study can be noticed. MFI values decreased as the
feedstock powder concentration, and therefore the torque,
increased at a constant load, resulting in a higher viscosity.
Accordingly, MFI values are found to increase with an applied
load increment, at a constant temperature, which indicates
the pseudoplastic character of the powder-binder mixtures.

However, the complexity of the injection moulding process,
especially in the case of high powder content systems, intro-
duces difficulties to establish a universal relationship between
fluidity measurements at lab scale and feedstock mouldability
[21,22]. Some authors have predicted the best choice depend-
ing on each specific powder and binder system [23-25]. Based
on our previous experience [26-28], the selection criteria of
the most suitable feedstock to continue with the next stages
of the process takes into account the combination of torque
evolution, flow properties and volume fraction maximization.
Yet, an approximate range of MVR values regarding the results
obtained with P2 and P3 mixtures can be estimated as the
recommended ones in our study, being 15-35 cm?/10’ for 2kg
load when a low-pressure injection machine is employed. In
this way, feedstocks P2-48 vol.% and P3-55vol.% (highlighted
in Table 4) are selected as the optimal mixtures for each type
of porcelain studied according to MFI and torque studies.
Both has similar torque values (0.7 and 0.6 Nm respectively)
although it is relevant to remark that the mixture of P2 has
48% vol. of powder loading and the P3 mixture achieved 55%
vol. Higher solids loadings in both cases (P2-50vol.% and P3-
57 vol.%) imply a significant reduction of the flow rate (together
with a torque increment) even increasing temperature up to
170°C, which could have a negative impact on the subsequent
injection moulding process.

Further comparison between porcelain feedstocks P2 and
P3 when a 2kgload is applied at 160°C is represented in Fig. 7.
For this purpose, only MVR values were considered against
solids loading formulated (vol.%). In this graph, the recom-
mended MVR values range for low-pressure injection process
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Table 4 - MVR and MFR values corresponding to the
different solids-loaded feedstock obtained from

porcelains P2 and P3, according to the different load and
temperature conditions studied.

Feedstock Load  Experimental MVR MFR
(kg) conditions (em3/10")  (g/10))
2 . 28.4 61.2
5 10%¢C 318.6 686.9
P2- 2 R 67.9 146.4
45vo0l.% 5 160°C 254.4 548.5
2 101.1 218.0
5 vot¢c 542.6 1168.6
2 . 31.4 54.1
5 10%C 185.4 319.6
P2- 2 R 33.7 58.1
48v0l.% 5 160°C 187.1 322.5
2 . 54.1 89.8
5 otc 287.4 495.4
2 ) - -
5 e 30.9 66.6
P2- 2 - -
50vol.% 5 160°C 34.2 73.7
2 = =
5 G 136.4 294.1
2 . 52.6 105.3
5 UG 246.5 493.5
P3- 2 ) 200.7 400.4
45vol.% 5 160°C 287.3 575.1
2 . 97.9 196.0
5 S 413.3 827.6
2 26.5 55.7
5 1s0%¢C 155.1 326.0
P3- 2 R 433 91.0
50vol% 5 1e07c 2302 4838
2 61.7 129.7
5 votc 322.3 677.4
2 12.2 25.3
5 10%C 79.3 176.1
P3- 2 19.1 402
55vol.% 5 160°C 95.6 212.3
2 30.3 67.3
5 7ot¢c 101.4 225.2
) ) - -
s 150°C B ~
P3 2 - -
57",01' s 160°C 14.3 30.4
7 40.1 85.2
2 . - -
5 S 20.8 45.3

is highlighted. The inset part confirms the mixtures pseudo-
plasticity in all cases, showing a deviation from the linear
MVR increment when the applied load is increased up to 7 kg,
which is a desirable feature of feedstocks for PIM technology
processing [3]|. Moreover, it can be observed that the binder
system is able to incorporate a higher powder concentration
of P3 porcelain in relation to P2, since MVR values measured
with P3-50vol.% exceeded the MVR values of P2-48vol.%, as
previously described. This can be associated to the more angu-
lar shape of P2 powder when compared to P3, resulting in
lower packing density and lower critical solids loading [3,10].
When it comes to selecting the most interesting powder to be

T T T
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Fig. 7 - MVR values as a function of feedstocks solids
loading for porcelains P2 and P3 when 2 kg load is applied
at 160 °C. Inset graphic shows MVR values as a function of
the applied load (2, 5 and 7 kg) obtained with feedstock
P3-57 vol.% measured at 160 °C. The shadowed region at
each load applied indicates an estimation range of
appropriate MVR values for the low-pressure moulding
injection step.

processed by CIM, all these facts previously mentioned may
be detrimental in the case of P2.

Once these two P2 and P3 porcelain feedstocks, contain-
ing different powders and showing the best mixing and flow
behaviour are selected, another important factor to analyze is
the reproducibility of the torque evolution during the mixing
process for feedstock fabrication. An appropriate powder for
PIM will lead to homogeneous and reproducible feedstocks,
with similar steady-state torque after a determined mixing
time [29]. Fig. 8 plots torque evolution with time for feed-
stocks prepared up to four times with each porcelain material.
The mixing behaviour of feedstock P2 is not reproducible in
comparison with P3 and, consequently will present inhomo-
geneities, showing a higher steady torque variation in the four
mixtures tested (+ 0.3 Nm) than that obtained in the case of P3
(£ 0.1Nm). Since particle size, shape and size distribution are
known to affect the mixing behaviour of the feedstocks [29],
the angular shape, the bigger Doy value and the non-gaussian
distribution could explain this result.

Low-pressure injection moulding stage

Green parts with cuboid geometry of both porcelain types were
manufactured by injection moulding of the selected optimal
feedstocks, at adequate temperature and pressure conditions.
In the case of P2-48vol.%, the injection process optimiza-
tion implied the variation of the experimental conditions in
the range of 150-190°C of temperature and 115-235 bars of
pressure. Unfortunately, superficial defects observed by visual
inspection and the presence of internal pores could not be
avoided, as is illustrated in Fig. 9. On the contrary, green parts
of P3-55vol.% were successfully manufactured, free of exter-
nal defects and/or internal pores. The optimized injection
conditions were set at 160°C of temperature and 140 bars
of pressure. The reason for such differences can be associ-
ated again to the inhomogeneities found in P2 feedstock after
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Fig. 8 - Study of reproducibility and homogeneity after several mixing processes at the same conditions of the selected

optimal feedstocks P2-48vol.% (left) and P3-55vol.% (right).

Fig. 9 - Green parts after the low-pressure injection process
of P3 feedstock (left) and P2 feedstock (right).

mixing when compared to P3, due to the more angular powder
shape and non-gaussian particle size distribution, as already
commented [30,31]. Moreover, the lower porcelain content
(48vol.%) and higher flow rate confirmed by the MFI studies
may also cause defects in moulding. Further steps of the CIM
process (debinding and sintering) were then carried out only
with feedstock of P3 porcelain, discarding the P2 feedstock for
this work.

Reformulation of the P3 feedstock

Positive results were achieved after the low-pressure injection
of P3 parts, once they were properly debound and sintered.
However, the study of the novel designed P3 porcelain feed-
stock for high-pressure injection moulding process is required
to ensure the industrial scalability since the high-pressure
injection machine is more robust and able to achieve more
accurate control of the injection parameters, similar to the
automatization found at the industrial process. Besides, the
high-pressure injection process enables the correct injection
of feedstocks with higher viscosity than those available for
low-pressure injection. This may favour the sintering step
since a higher ceramic content can be used in the feedstock.
For this reason, a slight reformulation of the feedstock is

carried out. Powder loadings from 45 to 65vol.% were pre-
pared and both the rheological and mixing behaviour were
then evaluated.

First, the viscosity dependence on shear rate, measured in
a capillary rheometer, is shown in Fig. 10 (left) for all the new
P3 feedstocks. As observed with the flow behaviour studied in
terms of MVR values, viscosity increases with the solid loading
increment. More significantly, viscosity shows a pseudoplastic
behaviour (values decrease upon the shear rate increment), as
determined during the MFI experiments, which confirms that
the mixtures are injectable and processable by CIM. On the
other hand, Fig. 10 (right) plots the steady state torque and the
viscosity of each feedstock at 160 °C temperature and 1000s~!
shear rate as a function of the ceramic loading. A near-linear
increment of these values is observed when increasing powder
loading in the mixtures up to 60vol.%. However, a change in
this trend is detected at higher powder loadings, meaning that
the critical solid loading has been overcome at solid loadings
higher than 60vol.%. To ensure an adequate flow behaviour
during the injection process, a reduction between 2 and 5vol.%
in the solid loadingis recommended in PIM processing to allow
for the normal fluctuations in particle size distribution, par-
ticle shape and mixture homogeneity in the different powder
batches [3]. For this reason and applying this criterion, 57 vol.%
was chosen in this work as the optimal solid loading, below
the critical solid loading estimated through the rheological
measurements.

High-pressure injection and debinding steps

The high-pressure injection process was then performed with
the reformulated feedstock of P3 porcelain and defect-free
green parts were successfully obtained, as shown in Fig. 12.
The optimal injection conditions selected were 160 °C and 700
bars. Green parts were subsequently debound by the follow-
ing heating cycle under flowing air: heating rate at 0.5 °C/min
to 120°C (hold 1h), heating at 0.5°C/min to 380°C (hold 2h)
and again heating at 1°C/min to 440°C (hold 1h) followed by
furnace cooling. With this sequence, high quality brown parts
were obtained containing a residual amount of binder to keep
the shape.
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Fig. 12 - Green part (top) and sintered part at 1410°C
(bottom) of the optimal P3 porcelain feedstock processed by
CIM.

Sintering, mechanical properties and microstructure
characterization

Once the brown parts were produced, the sintering process
was performed at different temperatures in the range of
1290-1430°C, holding this temperature for 1h in all cases fol-
lowed by cooling in the furnace. In order to select the optimal
sintering temperature, apparent density and hardness were
evaluated. The densification curve for the P3 porcelain feed-
stockin the selected temperature range is shownin Fig. 11. The
apparent density and hardness values increase up to 1410°C

Table 6 - Sintering conditions, density and mechanical

properties of the sintered P3 porcelain parts.

Sintering temperature (°C) 1410
Sintering time (h) 1
Sintering atmosphere Air
Density (gcm™—3) 3.04
Linear shrinkage (%) 15
Vickers hardness (HV) 800+70
Bending strength (MPa) 200420

after which both parameters drop, indicating that densifica-
tion cannot be further improved. Thus, 1410°C is selected as
the optimal temperature for the sintering process, achieving
the highest apparent density and hardness values with this
porcelain material (3.04 g/cm?® and 800+ 70 HV). Fig. 12 shows
a comparison between a green and a sintered part, where the
shrinkage due to the binder removal is illustrated. In Table 6,
sintering conditions, density, shrinkage and mechanical prop-
erties are summarized.

The results concerning hardness and bending strength
are particularly remarkable especially when compared with
conventional technical ceramics, such as alumina and zirco-
nia, which are more expensive than the suggested porcelain
material. In fact, a dramatic cost reduction in ceramic
manufacturing of complex components can be expected by
replacing the more expensive raw materials with the pre-
sented P3 porcelain which could be interesting for a variety
of applications, aesthetic and electrical among others [32].
Finally, a microstructural characterization was carried out
by SEM and results are displayed in Fig. 13. Microstructure
is in accordance with the conventional features of porce-
lains. Different crystalline phases are identified embedded
into a silica-rich glass phase (dark grey coloured) and porosity.
Regarding the crystalline phases, the round shaped particles
can be associated with quartz, while the trapezoidal parti-
cles are related to mullite and corundum crystallized phases.
Porosity has a considerable influence on the technological fea-
tures, mostly on the mechanical properties. In the case of the
P3 microstructure the porosity found is very rare, closed and
round shaped. During the sintering process, the development
ofliquid phase is progressively closing the capillaries that con-
stituted the open porosity. The larger isolated pores with a
spherical shape (>10 pm) found are directly linked to the melt-
ing of the feldspar grains. Coarse closed porosity is mostly
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Fig. 13 - SEM micrograph of the P3 porcelain microstructure
after sintering at 1410 °C and the different phases
identified.

associated to the stain resistance because when the porce-
lain is polished, the closed porosity is exposed at the surface
[33]. There is no evidence of interparticle porosity, which is the
most critical in the mechanical strength, since it is considered
stress concentrator, and which could facilitate fracture. Con-
cerning the glass phase content on mechanical properties of
porcelain, there are controversial results because the role dur-
ing the sintering process is not fully understood yet, although
there are evidences that the viscous phase is governing the
densification kinetics during the sintering process. On the
other side, the quartz particles seem to have a decisive con-
tribution on the fracture energy and the mullite could be the
responsible for the strength. Consequently, bending strength
used to increase with increasing amount of mullite crystals.
In conclusion, the observed microstructure, obtained by CIM
process, is in good agreement with the mechanical properties
measured and the mechanism of formation described in the
peer reviewed literature for sintered porcelain system [33].

Conclusions

The viability of processing three different types of porcelain
powders by CIM has been investigated. Porcelain P1, showing
spherical shape, the lowest particle size and the narrowest
particle size distribution, became difficult to mix with the
studied binder at 45vol.% ceramic content. Contrary to P1,
porcelains P2 and P3 presented irregular shape and higher
particle size. Despite this, P2 and P3 feedstocks resulted in
being homogeneously mixed under the same mixing condi-
tions and ceramic content. The optimal solids loading was
defined for each case according to torque and MFI stud-
ies. However, reproducibility of the mixing behaviour after
preparing similar feedstocks several times was higher in the
case of porcelain P3. Moreover, a higher maximization of
solids loadings was accomplished with P3, confirming that the
more angular shaped, higher particle size and non-gaussian
particle size distribution of P2 hindered an efficient pow-
der packing and disfavoured the injection moulding step.
Thus, the best results in terms of feedstock homogeneity and

injection process reliability were obtained with the porcelain
P3. Furthermore, the viscosity of P3 feedstocks was adapted for
both low- and high-pressure injection PIM processes, result-
ing in a successful scale up of the designed composition, that
it was even reformulated, to larger production at an industrial
level. After debinding and sintering optimization, high qual-
ity porcelain components were obtained showing remarkable
mechanical properties and adequate microstructure. These
results demonstrate the viability of this novel low-cost porce-
lain feedstock for its use in some of the typical applications for
alumina and zirconia ceramics with very complex geometry.
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