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Abstract

Crucibles for thermogravimetric analysis utilised in a derivatograph must meet demanding requirements re-
garding the material and accuracy of shape, dimensions and weight. The material for crucibles must demon-
strate a high operating temperature and resistance to thermal shock, chemical inertness and excellent thermal
conductivity. The influence of the four different alumina powders, having bimodal size distribution with dif-
ferent sizes of the fine and coarse particles, on important performances of DTA/DTG crucibles fabricated via
the high-pressure injection moulding method was investigated. In addition, the influence of different amount
of thermoplasticiser was investigated too. The sintered sample prepared with the finest alumina powder has
optimal performances, i.e. high apparent density of 3.93 glem®, mechanical strength of 383 MPa, high hard-
ness of 13.75 GPa, fracture toughness of 5.04 MPa-m®?, relatively small coefficient of thermal expansion of
7.61 x 107 1/K, and low material surface roughness of 0.23 um. Crucibles fabricated with this precursor re-
vealed high functional properties and met rigorous quality requirements.

Keywords: alumina crucibles, high-pressure injection moulding, structure, mechanical properties

I. Introduction Chong et al. [12] investigated the pyrolysis of some or-
ganic substances and wastes, such as manures, whereas
Xu et al. [13] studied the decomposition of microalgae.
Yap and Losic [14] utilised thermogravimetric analysis
for the characterisation and quality control of raw ma-
terials, supporting materials and electrodes to develop
emerging energy storage devices.

Crucibles for thermogravimetric analysis on a
derivatograph, owing to the specificity of the analysis
performed with their utilisation, must meet high re-
quirements regarding the material from which they are
made and the accuracy of shape, dimensions and weight
[15]. The material for crucibles must demonstrate a
high maximum working temperature and resistance to
thermal shock, chemical inertness and excellent thermal
conductivity. Crucible has the diameter of only 6.90 mm,
the wall thickness of 0.45 mm and the weight of 0.210 g,
where the acceptable deviation of the crucible weight
can be within the range of +0.001 g. The quality control
of crucibles for DTA/DTG analysis requires checking
cracks with the use of a dye penetrant, examining the
shape and dimensions (diameter, height, wall thickness),
and inspecting the weight of each crucible.

Thermogravimetry is an analytical method that in-
volves subjecting a sample to controlled heating in
a specific atmosphere, tracking the associated mass
changes with the use of a microbalance and recording
the mass change data as a function of temperature or
time controlled by computer software [1]. This method
is mainly applied for the characterisation and inves-
tigation of structural decomposition, thermal stability
and phase transitions [2]. Thermogravimetric analysis
is widely utilised in industrial laboratories for the as-
sessment of diverse materials, e.g. precursor materials
[3], carbonates [4], polymers [5], biomass [6], coal [7],
liquid fuels [8], catalysts [9] and soil [10]. Thermo-
gravimetric analysis (TGA) is often used in studies of
the thermal decomposition of biomass, such as the py-
rolysis of substances in diverse conditions and heating
rates. Differential thermal gravimetric thermograms can
be used to determine the reaction rates and time con-
stants of the diverse steps of thermal treatment [11].
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Considering the requirements for crucibles, the high-
pressure injection moulding, one of the promising
moulding methods, was applied. This processing tech-
nique allows the formation of sophisticated elements
with relatively small cross-sections and a shape that
precisely reproduces the finished product. The high-
pressure injection moulding method ensures a fast pro-
duction and a low cost of product manufacturing; how-
ever, owing to the high cost of the mould preparation,
it is used in series production. This method, which uses
high pressure during the shaping of products, eliminates
the formation of large pores that often appear when low-
or medium-pressure injection is used [16,17]. The high-
pressure injection moulding method requires the devel-
opment of a powder with an appropriate particle size
distribution, the selection of a thermoplasticiser, param-
eters for feedstock preparation, determination of the op-
timal parameters of high-pressure injection, conditions
for removing the thermoplasticiser and final sintering
[18-22].

In injection moulding method, the powder processing
plays important role. To enable the correlation of pow-
der behaviour at each processing step, a powder must
be characterised for the initial physical features (size,
distribution, shape). The content of powder, which is in-
cluded in continuous binder matrix to obtain high green
density and dimension accuracy of products after sinter-
ing, depend on its packing characteristics. Moreover, the
particle packing method has significant impact on the
rheology of the feedstocks. Particle shape strongly influ-
ences different packing characteristics while the high-
est packing density, defined as the ratio of solid par-
ticle volume to total volume, is obtained with the use
of round particles. Mechanical activation of powders re-
duces any roughness on the surface of particles resulting
in round particles and as a result higher packing density.
The uniform particle size distribution ensures obtaining
the higher packing density as the finer particles fill the
spaces between the large ones. Two possible methods
to broaden the particle size distribution can be applied:
combination of mixture of two or more particle classes
or a selection of wide continuous distribution of particle
size [17,21,23].

The alumina feedstock preparation for the injection
moulding method is still under research. Wei et al. [24]
investigated the pressure-volume-temperature curve of
feedstock mixed with submicron alumina powder. They
measured the properties of injected moulded pieces, in-
cluding the moulded mass, green density and dimen-
sional change of the green pieces, apparent density and
fracture toughness of the sintered samples. Liu et al.
[25] studied the effects of binder composition on the
thermal behaviour and mechanical properties of a ce-
ramic injection moulded system. To produce transpar-
ent alumina pieces, Estarki et al. [26] dispersed alpha-
alumina nanoparticles with different amounts of MgO,
used as a sintering aid, in a paraffin-polypropylene-
based binder system. They optimised alumina-binder
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feedstock for the injection moulding method. After
binder removal, the green body piece was sintered via
the spark plasma sintering method. They determined the
feed fluidity, hardness, flexural strength and density of
the sintered pieces. Masihi ef al. [27] optimised a feed-
stock containing alumina-binder nanoparticles for ce-
ramic injection moulding to create translucent alumina
parts. The results showed that a combination of ceramic
injection moulding and spark plasma sintering (SPS)
methods caused more visible transmission than the con-
ventional SPS of alumina nanopowder. The wear rate of
the as-obtained transparent sample was proportional to
the alumina grain size.

The aim of this work is to investigate the influence of
the powder particle size distribution on the properties of
feedstock processing (injection temperature, speed and
pressure and cavity filling quality), which affect the per-
formances of the material and the crucibles after sinter-
ing (density, bending strength, hardness, fracture tough-
ness, thermal expansion coefficient and surface rough-
ness).

II. Experimental

2.1. Powders and feedstocks

To satisfy the high requirements for the crucible ma-
terial, four different alumina powders were selected:
alumina 626-31 (Nabaltec), 713-10 (Nabaltec), mixture
of 626-31 and 713-10 powders (mass ratio 1 : 1) and
A16 SG (Almatis). The powders have different particle
sizes and are denoted as LF-LC SF-SC, LF-SC and SF-
LC, respectively.

The total content of Na,O for both alumina 626-31
and 713-10 was 0.1 wt.%, while for the powder A16
SG it was 0.07 wt.%. Moreover, the alumina 713-10
and A16 SG contain 0.08 wt.% and 0.05 wt.% of MgO,
respectively. These sintering additives in such small
amount improve sinterability of alumina powders with-
out causing the grains growth. The particle size distri-
butions of the selected powders were determined via
laser diffraction on a Mastersizer 2000 granulometer
(Malvern). Reflective index (RI) was equal to 1.765, ab-
sorption was 0.01 and General particle size model was
applied during measurement. The pore size distribution
and pore volume of the alumina powders were deter-
mined with an AUTOPORE 4 9500 (Micromeritics) via
the mercury porosimetry method with maximum pres-
sure of 228 MPa.

In the next step, different feedstocks (Table 1) were
prepared with the use of a TP 6000 thermoplasticiser
(Zschimmer & Schwarz) and stearic acid (Chempur)
which works as a dispersant agent. The TP 6000 ther-
moplasticiser was melted in a GC-MIX-12/13 mixer
(Goceram AB) at 130 °C; after that, stearic acid and alu-
mina powders preheated at 130 °C were added. The ho-
mogenisation process was performed at 130 °C for 1 h.

DTA/DTG analysis of the thermoplasticiser TP 6000
was performed in air on the STA 449 F5 Jupiter
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Table 1. Composition of feedstocks with the use of a TP 6000 thermoplasticiser and stearic acid, as well as some important
parameters of injection process

Feedstock 625-31 713-10 A16 SG Stearic acid TP 6000 Nozzle/mould Injection pressure /
[Wt.%] [wt.%] [wt. %] [wt.%] [wt.%] temperatures injection speed

LF-LC-13  86.0 1.0 13.0 81°C/41°C  1200bar/11.7cm’/s
LF-LC-12  87.0 1.0 12.0 81°C/41°C  1200bar/11.7cm’/s
SF-SC-13 86.0 1.0 13.0 87°C/45°C  1200bar/ 11.4cm?/s
SF-SC-14 85.0 1.0 14.0 87°C/43°C  1200bar/ 11.4cm’/s
LF-SC-13  43.0 43.0 1.0 13.0 87°C/43°C  1200bar/ 11.4cm’/s
LF-SC-14 425 42.5 1.0 14.0 87°C/43°C  1200bar/ 11.4cm’/s
SF-LC-13 86.0 1.0 13.0 91°C/45°C  1400bar/ 10.7 cm®/s
SF-LC-12 87.0 1.0 12.0 91°C/45°C  1400bar/ 10.7 cm3/s

derivatograph (Netzsch). The sample of 21.83mg
weight was heated with the rate of 1 °C/min to the max-
imal temperature of 600 °C. The rheological properties
of the alumina feedstocks were investigated by using
a rotational rheometer Kinexus Pro (Malvern Instru-
ments) equipped with a thermostatic unit. The tests were
performed at 100 °C by using parallel plates with rotor
diameter of 60 mm and fixing 0.500 mm of gap between
the plates. Flow curves in controlled rate mode between
0.1 and 10*s™!, by considering 11 points in logarithmic
scale with a time per point of 60 s, were obtained to de-
termine the dependency of shear viscosity on shear rate.
The flow index (n) and the consistency index (k) with
the correlation coefficient at least 0.99 were extracted
by applying the Ostwald-de Waele’s model.

2.2. Shaping and sintering

The test pieces (with a diameter of 6 mm and a length
of 60 mm) were prepared with a two-cavity mould. Af-
ter sintering, these test pieces were used to determine
the apparent density, open porosity, water absorbabil-
ity, bending strength, hardness, fracture toughness, ther-
mal expansion coefficient and surface roughness. The
selection of injection parameters included many vari-
ables concerning temperature, pressure, speed, volume
and time. The incorrect setting of even one parameter re-
sulted in the appearance of defects in the moulded parts.

The injection process was carried out on a BOY XS
high-pressure injection moulding machine (BOY Ma-
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Figure 1. DTA/DTG analysis of thermoplasticiser TP 6000

382

chines) with a mould clamping force of 100 kN, a max-
imum injection volume of 6.1 cm® and a maximum in-
jection pressure of 230 MPa. The optimal injection pa-
rameters for all materials in the process of the test piece
formation included a plasticising speed of 80 mm/s, a
clamping pressure of 525 bar with a clamping time of
1 s, an injection volume of 5.65cm?, a mould clamping
force of 100kN and a dwell time of 40 s. Different tem-
peratures of the nozzle in each zone and mould temper-
ature were used (Table 1). The same injection pressure
of 1100bar was applied in the last zone, but different
pressures were used in the initial zone (Table 1). The in-
jection speeds were 11.4 and 11.7 cm?/s depending on
the feedstock (Table 1).

In the process of debinding and sintering of the ma-
terials, an electric furnace FCF 117/170 M (Czylok)
equipped with fans for blowing heated air and removing
it from the furnace chamber was used. DTA/DTG analy-
sis was used to design the heating speed and dwell time
for the thermal removal of thermoplasticiser TP 6000
from test pieces and crucibles. According to the TG
curve of the TP 6000 thermoplasticiser (Fig. 1), there is
no mass loss at temperatures below 160 °C. However, a
rapid loss of mass reaching 89.74%, slight mass loss of
9.34% and a very slight loss of 0.92% were observed
in temperature intervals 160-340°C, 340-450°C and
450-600 °C, respectively. On the basis of the DTA/DTG
analysis, the thermal removal of the thermoplasticiser
TP 6000 from the test pieces was performed at 450 °C
for 2 h. The heating rate was 12 °C/h, and the samples
were allowed to cool freely in the furnace. The final sin-
tering of the test pieces was completed at 1620 °C with
a dwell time of 1.5 h. The heating rate to the maximum
temperature was set as 100 °C/h, while the cooling rate
was equal to 200 °C/h to a temperature of 600 °C, below
that free cooling in a furnace was applied.

2.3. Processing of alumina crucibles

The alumina crucibles were manufactured from the
selected material with the optimal performance by using
BOY XS injection moulding machine (BOY Machines)
and specially designed mould, enabling the formation
of thin-walled crucibles. In the process of forming of
crucibles for thermogravimetric analysis, a single-cavity
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mould was used. The feedstock was fed to the mould
cavity by two opposite sides of the cylindrical surface at
the ends of the element wall. This solution allowed the
correct filling of the wall and bottom of the DTA/DTG
crucibles, which were only 0.45 mm thick. The injected
streams of material join in the middle of the crucible
bottom, which can cause cracks or empty spaces with
air. To prevent the crucibles from being damaged when
being pulled out of the mould, an ejector in the form of
the entire bottom surface was applied. During the injec-
tion process, a set of optimal injection parameters was
developed to protect the moulded goods from defects
and deformation. The temperature of the cylinder and
the nozzle was 87 °C, with a tolerance of 2 °C. The in-
jection pressure was equal to 1200 bar in the initial zone
and 1100bar in the last zone, while the velocity of in-
jection was equal to 19.3 cm?/s. The temperature of the
mould was held at 44.4 °C, and the time for which the
crucibles remained in the mould was 42s. Debinding
and sintering of the alumina crucibles was performed
under the same conditions as those used for the test
pieces.

2.4. Characterization

The apparent density, open porosity and apparent ab-
sorbability of the sintered test pieces were determined
via Archimedes’ principle and the boiling method to sat-
urate them with water. The hardness and fracture tough-
ness (K;c) were measured via a 430/450SVD Vickers
hardness tester (Wilson Hardness). The test pieces were
first embedded in acrylic resin and then ground on #500
and #1200 diamond discs. The final pre-processing was
performed via a polishing cloth with a diamond sus-
pension with a grain size equal to 3 and 1um. The
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Figure 2. The particle size distribution of alumina powders

coeflicient of thermal expansion at 600 °C was deter-
mined via the L75 high-temperature dilatometer (Lin-
seis Messgeridte GmbH). The bending strength of the
materials was determined according to standard PN-EN
60672-2:2002 via the three-point method on sintered
beams with a ZDM-5 strength testing machine (VEB).
The surface roughness was measured with a MarSurf
PS 10 profilometer (Mahr Inc.). For the purpose of mi-
crostructural analysis, the ground and polished cross-
section of a crucible was additionally thermally etched
at 1500 °C for 2 h. The microstructure was examined us-
ing a scanning electron microscope (SEM, HITACHI S-
3400N/2007).

ITI. Results and discussion

3.1. Characterization of alumina powders

Figure 2 shows that all the alumina powders are char-
acterised with very wide particle size distributions rang-
ing from 0.035 to 120 wm, which should ensure the high
densification of materials after sintering [17]. The me-
dian particle size (dsg), the fine particle threshold (d,¢)
and the coarse particle threshold (dyy), determined di-
rectly from the cumulative particle size distribution, are
given in Table 2.

The powders are characterized with broad particle
size distributions and the presence of evident peaks in
the range of fine and coarse particles. The finest powders
were 713-10 and A16SG, and the coarsest were 625-
31 and 625-31/713-10 mixture. In addition, the pow-
ders have different distributions in the range of fine (F)
and coarse (C) particles. According to these differences
they are denoted as SF-SC, SF-LC, LF-SC and LF-LC,
where S and L stay for small and large sizes, respec-
tively (Table 2).

The observed broad particle size distributions of alu-
mina powders with the presence of evident peaks in the
range of fine and coarse particles should ensure obtain-
ing the higher packing density of shaped pieces in injec-
tion moulding process as the finer particles fill the holes
between the large ones [17,21]. The obtaining of high
density of the shaped pieces directly influences the den-
sity of sintered materials which in turn should ensure
the high mechanical properties, hardness and fracture
toughness.

The differential cumulative pore volume curves of
the alumina powders, presented in Fig. 3a, indicate two
populations of pores. The first peak, situated in the re-
gion of pore size diameter ranging from 10 to 100 wm,

Table 2. Median particle size (ds), fine particle threshold (d;) and coarse particle threshold (dy) determined directly from the
particle size distribution as well as median pore diameter (D,,) and cumulative pore volume (D)

Sample Powder dio [um]  dso [wm] doy [wm] D, [um] D¢ [mm3/g]
LF-LC 625-31 1.2 3.3 20.7 2.22 496.4
SE-SC 713-10 0.1 1.1 6.1 1.28 679.4
LF-SC 625-31/713-10 1.2 4.2 13.5 1.06 579.3
SF-LC A16 SG 0.1 1.5 8.7 6.23 576.4
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Figure 3. Differential (a) and cumulative pore volume (b) as a function of the pore size diameter for alumina powders

concerns inter-particle pores, while the second one oc-
curring in the range of small pores (0.09 to 0.16 um)
presents pore volume within particles. The maximum
value of cumulative pore volume shown in Fig. 3b and
indicated in Table 2 gives the apparent specific pore
volume, in the meso- and macropore range because it
includes inter-particle porosity of the material, intra-
particle porosity of the sample, and any volumetric
change of the sample resulting from pressurization. The
cumulative pore volume ranges from 496.4 mm?/g for
the powder 625-31 (SF-LC) to 679.4 mm?/g for the alu-
mina 713-10 (SF-SC). Moreover, Table 2 contains re-
sults of median pore diameter, which is the most rep-
resentative parameter of pore size in the whole range
of pores distribution as it takes into account both inter-
particle voids and pores volume within particles. The
smallest value of median pore diameter was obtained for
the 713-10 and 625-31/713-10 alumina powders (Table
2). However, the highest median pore diameter equal to
6.23 um was obtained for the powder A16 SG (SF-LC).
The obtained values of median pore diameter and cumu-
lative pore volume of alumina powders will ensure the
high efficiency process of feedstocks preparation. As a
result of presence of small pores, each alumina parti-
cle can be freely surrounded by the thermoplasticiser,
which in turn positively influences the rheological prop-
erties of feedstocks and injection parameters choice as
well as obtaining high level of densification in the shap-
ing process.

3.2. Characterization of alumina feedstocks

The flow curves indicated in Fig. 4 point that all the
alumina materials used for injection behave as typical
pseudoplastic fluids, i.e. they show shear-thinning, for
which the apparent viscosity decreases with an increas-
ing shear rate. Behaviour of the flow curves can be fit-
ted by the Ostwald-de Waele’s model described approx-
imately by a power-law (7 = ky"~!) from which the
power law constant (n) and the consistency index (k)
were obtained.

The lowest values of consistency index k were ob-
tained for the feedstocks LF-L.C-13 and LF-LC-12 orig-
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Figure 4. Flow curves for alumina feedstocks

inated from the powder with coarse particles, where de-
creasing of thermoplasticiser content by 1 wt.% caused
increase of the viscosity and decrease of the shear-
thinning properties (Table 3). The same tendency is visi-
ble in the case of the feedstock SF-SC-13 and SF-SC-14
originated from the finest powder 713-10 (Table 3). The
opposite tendency is visible in the case of the feedstocks
LF-SC-13 and LF-SC-14 originated from the A16 SG
powder which have the highest index k and flow index n
(Table 3).

The shear viscosity for all materials ranges from
107" to 10? s! revealing almost linear relationship, but
considerable reduction is obvious for shear rate above
10?s~!. Differences between shear viscosity values for
different materials are the highest at small shear rates.

The injection parameters are independent of the ther-
moplasticiser volume, but the nozzle and mould temper-
ature, pressure and injection speed are related to the par-
ticle size distribution of the alumina powders, as shown
in Table 1.

The test pieces shaped by injection moulding with
different alumina powder particle size and the same
quantity of 13wt.% thermoplasticiser revealed very
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Table 3. The power law constant (r) and the consistency
index (k) of the prepared feedstocks

Feedstock Powder k& [Pa-s] n

LF-LC-13 625-31 45.7 0.24
LF-LC-12 57.2 0.33
SF-SC-13 713-10 109.3 0.46
SF-SC-14 89.3 0.24
LF-SC-13 . 128.5 0.15

mixture

LF-SC-14 152.3  0.16
SF-LC-13 A16SG 137.2 047
SF-LC-12 169.8 0.63

similar values of apparent green density. However, de-
pendence between an apparent density and the particle
size of the powder is visible and grows with decreasing
particle size. Thus, the lowest apparent density equal
to 2.70 g/cm® was obtained for the LF-LC-13 sample
originated from the powder with coarse particles, while
the highest apparent density equal to 2.73 g/cm® was
obtained for the SF-SC-13 sample made of the fine-
grained alumina powder.

3.3. Characterization of sintered samples

According to standard EN 60672-3 [28], high-
alumina ceramics C799 should have an apparent den-
sity of at least 3.7 g/cm?, open porosity of 0.0%, bend-
ing strength of at least MPa and coefficient of thermal
expansion 7-8 x 107% 1/K. The properties of the sintered
materials are presented in Table 4.

In the case of the LF-LC-13 and LF-LC-12 materi-
als, which originated from the coarsest alumina 626-31
powder, the apparent density, open porosity and bend-
ing strength do not satisfy the standard EN 60672-3 (Ta-
ble 4). Further improvements in material properties will
necessitate the application of higher sintering tempera-
tures, but such solution does not possess any economic
justification.

For the material SF-LC-12, derived from the alu-
mina A16 SG powder with fine particles, but large inter-
particle pores (Fig. 2) and the smallest volume of ther-
moplasticiser (12.0 wt.%), higher apparent density was
achieved. However, such improvement did not involve

an appropriate level of mechanical strength. However,
increasing the termoplasticiser content for 1wt.% in
feedstock SF-LC-13 significantly improved the bending
strength, hardness and fracture toughness which satis-
fied the requirements of the standard EN 60672-3.

The materials SF-SC-13 and SF-SC-14 have the best
parameters after sintering and were produced from the
alumina 713-10, which is the finest powder having the
smallest inter-particle pores (Fig. 2). These materials are
characterised by very high apparent densities ranging
from 3.89 to 3.93 g/cm?, as well as the highest bending
strength in the range of 375-383 MPa, very high hard-
ness values over 13.75 GPa and fracture toughness val-
ues greater than 4.77 MPa-m®?.

The materials LF-SC-13 and LF-SC-14, fabricated
from mixed 625-31/713-10 powder, which have smaller
portion of fine particles and higher portion of large par-
ticles, also exhibited good properties. Small particles
filled in gaps between coarser ones, and as a result, the
compaction of green bodies was high. Therefore, the
apparent density of these materials after sintering was
high, but the bending strength is somewhat lower than in
the case of the SF-SC-13 and SF-SC-14 samples. How-
ever, their performances are good and in the range of
standard EN 60672-3.

The value of apparent density of the sintered test
pieces, originated from different alumina powders with
the same quantity of thermoplasticiser (13 wt.%), in-
creases together with decreasing the alumina particle
size. The lowest value of apparent density equal to
3.71g/cm® has the material LF-LC-13 obtained from
the alumina powder with coarse particles and the largest
inter-particle pores. The density rises to 3.86 g/cm? for
the material LF-SC-13 and finally increases to 3.89 and
3.90 g/cm® for the materials SF-SC-13 and SF-LC-13
(prepared from the alumina powder with finer alumina
particles), respectively.

It should be underlined that the surface roughness of
shaped pieces is mainly affected by the quality of mould
cavities, which were polished to R, value of 0.16 um.
However, the surface roughness of the sintered alumina
test pieces is also influenced by the particle size distri-
bution of the used powders. In the process of forming
by high pressure injection moulding method, segrega-

Table 4. Properties of all prepared test pieces

Water Apparent Open  Bending Hardness  Fracture Coeflicient of Surface

Material — absorbability  density  porosity strength HV toughness thermal roughness

[%] [g/cm?] [%] [MPa] [GPa] [MPa-m®’] expansion [1/K] [wm]
LF-LC-13 1.18 3.71 4.36 241 - - 7.57%107° 0.21
LF-LC-12 1.43 3.65 5.21 246 - - 7.62x 1076 0.21
SF-SC-13 0.01 3.89 0.03 375 13.92 4.77 7.65x107° 0.37
SF-SC-14 0.01 3.93 0.03 383 13.75 5.04 7.61x 1076 0.23
LF-SC-13 0.03 3.86 0.11 313 13.54 4.79 7.63 %1076 0.43
LF-SC-14 0.03 3.90 0.10 310 13.99 4.83 7.64 x 1076 0.42
SF-LC-13 0.01 3.90 0.04 312 11.71 5.09 7.70 x 1076 0.30
SF-LC-12 0.01 3.94 0.04 187 - - 7.68 x 1076 0.38
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tion of coarse and fine particles can lead to differences
in surface roughness. Thus, during injection moulding
of the alumina powder with coarse particles (LF-CS),
the larger particles were collected near the boundary
of mould cavity and the surface roughness of the ma-
terials LF-SC-13 and LF-SC-14 is the highest and de-
pends little on the thermoplasticiser amount. On the
other hand, the surface roughness of the materials SF-
SC-13 and SF-SC-14, fabricated by using the alumina
powder with fine particles is significantly lower. In ad-
dition, the higher thermoplasticizer content caused de-
crease of surface roughness meaningfully, which was
connected with the better surrounding of particles and as
a result the enhanced their compaction. To summarise,
the lower particle size of precursor powder and higher
thermoplasticiser content caused the smallest surface
roughness.

The bending strength of alumina after sintering is in-
fluenced by a critical flaw in the material, which is com-
monly proportional to the size of the grains. Therefore,
the mechanical strength is high when the sintered alu-
mina is dense and the microstructure is fine and homo-
geneous, due to a reduction in flaw size [29,30]. The

10 mm

Figure 5. Alumina crucibles for thermogravimetric analysis
fabricated from material SF-SC-14

size of grains in sintered materials is directly related to
the particle size distribution of starting alumina pow-
der. This trend is also clearly visible for the sintered
test samples and the highest bending strength has mate-
rial originated from the finest alumina powder, i.e. SF-
SC. The value of hardness is also mainly influenced by
the grain size of sintered materials and it increases to-
gether with decreasing of grain size [31,32]. For the
fine-grained materials, the fracture toughness is gener-
ally low and it increases when large elongated or plate-
like grains are randomly dispersed in a fine-grained ma-
trix. During the fracture process, these large grains resist
crack propagation effectively [33].

3.4. Crucible performances

On the basis of the results presented in Table 4, the
material SF-SC-14, which has the most favourable prop-
erties (Table 4), was selected because it meets all the re-
quirements for crucibles utilised in thermogravimetric
analysis. The apparent density and mechanical strength
of the material SF-SC-14 have very compatible values
to results achieved by Wei et al. [24]. The value of frac-
ture toughness is 26% higher than presented by Xu et
al. [34] and even 36% higher than reported by Riu et al.
[33]. However, the value of hardness is 16% lower than
presented by Riu et al. [33]. Moreover, the value of the
coeflicient of thermal expansion was on the same level
as in paper published by Kuscer et al. [35].

Figure 5 shows alumina crucibles after sintering,
which were checked for the presence of cracks via a
dye penetrant (Diffu-Therm), and a visual inspection of
the crucibles was carried out for the presence of closed
pores. Owing to the use of optimal injection parameters,
the crucibles did not present any defects.

Figure 6a presents dense homogenous microstructure
of a crucible cross-section. The size of grains ranges
from 2 to even 20 um and grain boundaries are softly
bordered. In the corners of grains, a small pore of the
size less than 1 wm is visible, which confirms result of an
open porosity of the material SF-SC-14 equal to 0.03%
included in Table 4. Figure 6b with higher magnification

83400 15.0kV 9.7mm x1.00k BSE3D

a) x 4 : = TR0y

e IS

b)

Figure 6. Cross-section SEM microstructure of crucible fabricated from material SF-SC-14 in magnification of
1000x% (a) and 5000 (b)
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shows well packed grains various sizes with the pres-
ence of sporadic small pores in the corners of grains.

In addition, a quality acceptance of crucibles for
DTA/DTG analysis was carried out, which included
control of the shape and dimensions (diameter, height,
wall thickness) as well as the weight of each crucible.
The diameter of the crucible is only 6.90mm, and
the wall thickness is 0.45 mm. These dimensions were
maintained for the entire batch of 200 crucibles with an
accuracy of £0.01 mm. The weight of the crucible was
0.210g, and the weight deviation of the crucible mass
was within the range of +0.001 g. Therefore, the ob-
tained crucibles for thermogravimetric analysis revealed
very good material parameters as well as shape and di-
mension repeatability, which allowed the use of these
crucibles in domestic analyses.

IV. Conclusions

The influence of the four different alumina powders,
having bimodal size distribution with different sizes of
the fine and coarse particles, on important properties
of DTA/DTG crucibles fabricated via the high-pressure
injection moulding method was investigated. In addi-
tion, the influence of different amount of thermoplas-
ticiser was investigated too. It was shown that the opti-
mal alumina powder for crucible fabrication was char-
acterised by the smallest particle size, narrowest parti-
cle size distribution (the smallest average particle size
of 1.1 um, the smallest djp of 0.1 wum and dgy not ex-
ceeding 6.1 um) and smallest inter-particle pores. More-
over, the feedstock (obtained from the selected optimal
alumina powder) has the medium values of consistency
index k equal to 89.3Pa:s and flow index n reaching
0.24. The injection process required to apply an av-
erage nozzle and mould temperatures at typical injec-
tion pressures and speeds. The optimal alumina material
containing 14 wt.% of thermoplasticiser TP 6000 after
sintering reveals higher apparent density and bending
strength, much higher fracture toughness, slightly lower
hardness and thermal expansion coefficient, and lower
surface roughness than material containing 13 wt.% of
thermoplasticiser.
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