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This paper describes a study of shrinkage behavior in the liquid phase sintering of silicon carbide, SiC,
using eutectic mixtures of Al,03+Dy,05 and Al,05+Yb,05 as liquid-forming additives. A volume frac-
tion 10% of these mixtures was added to the SiC and homogenized in an attrition mill. Sintering was
performed in a horizontal dilatometer at 1800 °C for 60 min, applying heating rates of 10, 20 and 30 °C/
min. The results indicate that these heating rates affected neither shrinkage nor microstructure, from the
standpoint of the complete sintering cycle. However, significant differences occurred during the non-
isothermal sintering stage, leading to very different shrinkage results as a function of the heating rate.
Higher heating rates produced lower shrinkage, and the work of final shrinkage occurred during the

© 2016 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

1. Introduction

Silicon carbide, SiC, ceramics are still one of the most widely
studied ceramics, as can be seen from high visibility bibliographic
databases. This is obviously due to their properties, and hence,
their broad range of applications. The main properties of SiC
ceramics include: high modulus of rupture and of elasticity, high
hardness and wear resistance, good corrosion resistance and
thermal conductivity, as well as low density and thermal expan-
sion coefficient. Their numerous applications include: diesel en-
gine components, gas turbines, industrial heat exchangers, high
temperature energy conversion systems, fusion reactor parts, hot
gas filters, ring gaskets, semiconductor processing equipment,
tribological applications in different atmospheres, medical im-
plants and optical mirrors [1-15].

SiC sintering can be performed via solid or liquid phase. Solid
phase sintering requires the addition of substances that alter the
surface energy of SiC, enabling it to densify. SiC is difficult to
densify even when using additives and high temperatures, because
it is a chemical substance with predominantly covalent bonds and
a low self-diffusion coefficient, which hinder the mass transport
mechanisms responsible for its densification [10,11,14]. The ad-
ditives traditionally used in the solid phase sintering of SiC are
carbon, boron and aluminum [1,2,7-9,14,16].
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The most common procedure to produce SiC ceramics is via
liquid phase sintering. The presence of a liquid phase accelerates
mass transport, and reduces the temperature and sintering time,
resulting in a fine-grained and more homogeneous microstructure
with better mechanical performance, particularly fracture
toughness. The final microstructure depends on the proportions of
o-B-SiC, the quantities and types of additives, and the sintering
time and temperature [11,17,18]. Liquid phase sintering initially
yields a compact composed of the base material and the liquid-
forming additive. The most commonly used additives are mixtures
of Al,03-Y,03, Al,05-La;05, and more recently, Al,03-Yb,03 and
Al;03-Dy,05. The liquid formed by the rare earth oxide additives
may show slight differences, because albeit similar, rare earths may
exhibit different behaviors according to their atomic radii [17,19,20].
Our expectation was that the structure would not undergo sig-
nificant changes, since previous works report only minor differ-
ences in response to various additives containing rare earths [19].

Soon after heating begins the compact expands slightly, at
which point the sintering mechanisms are set in motion, namely:
evaporation-condensation and surface diffusion, which cause little
shrinkage. As the temperature increases, the additive, or additive
mixture, melts and forms a liquid that should wet the base ma-
terial, causing the particles to approach each other and to become
rearranged, which leads to high shrinkage rates [21]. When this
occurs, the base material should dissolve in the liquid, saturating
this liquid and precipitating elsewhere in the system. These last
two, i.e., saturation and precipitation, are the most important
mechanisms that trigger the greatest shrinkage of the compact in
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a relatively short time [22].

Wetting is a highly significant phenomenon in the liquid phase
sintering process. It reflects the extent to which a liquid can ad-
here to or spread over a solid surface. Several studies have focused
on determining the contact angle of various additives in SiC
ceramics, aiming to apply them in the liquid phase sintering of this
important ceramic material [6-8,10-15,17,23-27]. Experimental
tests have shown that mixtures of Al,O3 and Dy,03 or Yb,0;
produce contact angles lower than 20°, i.e., they are considered
optimal wetting additives for SiC [26].

At the isotherm, particularly close to its end, the microstructure
coalesces by increasing the average grain size, leading to micro-
structural coarsening of the ceramic [5]. At this stage, grain growth
prevails over shrinkage, and hence, over densification.

Ceramics can be sintered in a dilatometer, for a single sample
yields various types of information about the thermal behavior of
the material throughout the sintering cycle (heating, isotherm, and
cooling). Based on this information, curves can be drawn to re-
present the sample's dimensional variation over time or tem-
perature, with a slight expansion at the onset, but with significant
shrinkage, especially close to the sintering hold temperature. The
curves reported in the literature represent shrinkage or density vs.
temperature or time [21,28-38]. Although density is a very im-
portant parameter of sintering, these curves are often obtained
erroneously from shrinkage data, for example, considering theo-
retical density using the rule of mixtures for systems that react to
form new phases, isotropic thermal expansion, among others [30-
36,38]. Thus, experimental results obtained in a dilatometer are
often represented in the form of shrinkage and not of density
[21,28,29,37].

Avery important sintering parameter is the heating rate, whose
influence on density and other properties of sintered materials and
has been discuss by several authors [21,30-32,34,36-38]. Shrink-
age behavior, as well as the effect of heating rate on densification,
have aroused much controversy [21,39]. Reports in the literature
indicate that the heating rates adopted for conventional sintering
in a dilatometer range from 2 to 100 °C/min [36-43]. These values
can be much higher in fast sintering, and their influence is much
more pronounced [44,45].

Samples sintered at the lowest heating rate shrinks more than
at the highest heating rate, which can be explained by the longer
overall time the sample remains inside the furnace [21,38]. It has
also been reported that lower heating rates lead to lower shrink-
age onset temperatures, while higher heating rates produce lower
shrinkage at the end of the heating stage [41-43].

Compacts produced from mixtures of SiC, SiO,, Al,O3 and Y503,
with various additive compositions, were sintered in a dilatometer,
and the final shrinkage was found to be dependent on the com-
position, while shrinkage rates and maximum shrinkage tem-
peratures were dependent on the heating rate [46]. In this work, as
in most of the reports found in the literature, the complete sin-
tering cycle was evaluated, without evaluating shrinkage during
the non-isothermal heating [21,28-38,46].

The main purpose of this work was to study the effect of
heating rate on the shrinkage and microstructure of SiC ceramics
doped with mixtures of Al,03+Dy,05 and Al,O3+Yb,0s.

2. Experimental

The SiC samples with additives were prepared using the fol-
lowing materials: silicon carbide — SiC Grade BF-12 supplied by
Hermann C. Starck (HCST); alumina oxide — Al,03, 99.99% purity,
from Baikalox; ytterbium oxide — Yb,05, 99.9% purity, from ABCR
GmbH & Co; dysprosium oxide — Dy,05, 99.99% purity, from ABCR
GmbH & Co.; and isopropyl alcohol - CH3CHOHCH5 from Synth P.A.
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Table 1
Composition of the SiC and additive mixtures (in weight).

Powder mixtures Code of mixture Components (g)

SiC  AlLO3 Yby0; Dy,03

SiC+10%vol.(Al;,03+Yb,03)  SiCYb 120 1276 9.39 0.0

SiC+10%vol.(Al;03+Dy,03)  SiCDy 120 1210 0.0 8.45
ACS.

Two mixtures were prepared: one with SiC +10% vol.
(Al;03+Dy,05) and the other with SiC +10% vol. (Al;03+Yb,03),
with SiC (the base material) corresponding to 90% of the volume of
the mixture and the additives representing 10%. The additives
were used in their respective eutectic compositions. Table 1 de-
scribes the quantities of these materials used.

The powders listed in Table 1 were weighted and then mixed in
an attrition mill at 600 rpm for 6 h, in isopropyl alcohol medium.
After mixing, the slurry was dried under vacuum in a rotary eva-
porator, at 90 °C. After drying, the powders were deagglomerated
in a Tyler 40 mesh sieve and isostatically pressed under 200 MPa,
resulting in cylinders with a diameter of 6 mm and length of
10 mm.

The cylindrical samples were then sintered in a NETZSCH
DIL402E/7 horizontal dilatometer operating under the following
conditions: sintering hold temperature of 1800 °C, for 60 min, at
heating rates of 10, 20 and 30 °C/min, under argon flow. The data
from the dilatometer were used to prepare shrinkage vs. tem-
perature and shrinkage vs. time curves using Origin 6 software.

The microstructural analysis was performed in a LEO 1450 VP
scanning electron microscope (SEM), operating in secondary
electron imaging mode, at an accelerating voltage of 20 kV and
current of 3.2 mA. The samples were fractured at a constant dis-
placement rate and coated with a gold thin film. To measure the
grain size, the samples were sanded, polished, etched with borax,
and their images recorded for a grain count, which was done using
the intercept method [31,47].

3. Results and discussion

Fig. 1 illustrates the shrinkage vs. temperature curves of the
SiCDy and SiCYb mixtures sintered at 1800 °C, using heating rates
of 10, 20 and 30 °C/min, in a complete sintering cycle. Note that for
the SiCDy mixture, curve (u), the 10 °C /min heating rate was the
most favorable for total shrinkage, although the benefit was only
minor, which was not the case for the SiCYb mixture. This may
have been due to a slight difference in properties between the two
liquids formed by the Al,03-Dy,03 and Al,03-Yb,05 oxides. One of
the factors that can cause this difference is the ionic radius. The
ionic radius of Dy is 91.2 pm and that of Yb is 86.8 pm [20]. An
earlier study also found similar slight differences between other
measured properties of the mixtures [19]. In general, based on an
evaluation of the complete sintering cycle, it can be concluded that
the heating rates did not significantly influence the behavior of the
SiCDy and SiCYb mixtures.

The geometric aspect and numerical values are very similar, as
can be observed in the (t), (u), (v), (x), (z) and (y) curves, including
overlaps.

In Fig. 1(a) and (b), up to about 1200 °C and 1250 °C, respec-
tively, note the slight increase in the original length of the sample,
which is due to the natural expansion of the compact. In Fig. 1
(a) and (b), respectively, note the slight shrinkage occurring at
temperatures of up to approximately 1660 and 1690 °C, which can
be attributed to a primary particle rearrangement of SiC and
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Fig. 1. Behavior of the SiCDy (a) and SiCYb (b) samples sintered for 1 h at 1800 °C at
heating rates of 10 °C/min (u and z curves), 20 °C/min (t and y curves), and 30 °C/
min (v and x curves): complete sintering cycle. The values in parentheses indicate
the linear shrinkage at each heating rate.

additives. Liquid begins to form slightly above these temperatures,
which spreads around the SiC particles and causes them to dis-
solve and reprecipitate, producing high shrinkage rates in all cases,
mixture and heating rate. This information is based on a previous
study of eutectic mixtures of Al,03-Dy,03 and Al,03-Yb,05 oxides
[26]. In the cited study [26], the melting temperatures of the in-
dividual oxide mixtures were found to be slightly higher, i.e.,
1825 °C for Al,03-Dy,03 and 1850 °C for Al,03-Yb,05, than those
observed in the mixtures with SiC. This presumably indicates that
SiC interacts with the additives, forming a liquid containing SiC
and the components of the mixtures. However, it is currently
impossible to confirm this hypothesis, because there is no ternary
phase diagram for SiC-Al,03-Dy,03 and SiC-Al,03-Yb,03, but this
may be a subject for future research.

The behavior and discussion pertaining to Fig. 1 is quite com-
mon in publications involving sintering in a dilatometer, i.e., the
complete sintering cycle, where what occurs in intermediate steps,
e.g., during heating, cannot be verified. Therefore, in this study, we
evaluated the behavior of the two mixtures at the three heating
rates, whose results are indicated the curves in Fig. 2. This figure
shows the shrinkage vs. temperature curve only during the heat-
ing step of the two mixtures at the three heating rates.

The influence of the heating rate on shrinkage in this sintering
stage is clearly visible. The lowest heating rate results in higher
shrinkage, which is due to the longer time the sample remains in
the furnace to reach the isotherm temperature.

Table 2 lists the shrinkage in the different sintering stages.
These values were determined based on the following criteria: the
maximum or total shrinkage shown in Fig. 1, curves and points (t),
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Fig. 2. Behavior of the dilatometric curves of the SiCDy (a) and SiCYb (b) mixtures
during the heating stage, at heating rates of 10, 20 and 30 °C/min.

Table 2
Shrinkage observed in the heating, isothermal and cooling stages of sintering.

Characteristics evaluated Mixture /heating rate (°C/min)

SiCDy SiCYb

10 20 30 10 20 30

Shrinkage during heating stage (%) 51.83 43.15 34.06 5148 42.09 35.85

Shrinkage at the sintering hold 4112 5046 60.41 41.89 5117 58.49
temperature (isothermal) (%)
Shrinkage during cooling (%) 696 639 6.72 6.55 580 5.66

(u), (v), (x), (z) and (y) (see the respective legends of Fig. 1(a) and
(b)) were used; for shrinkage during heating stage, we used the
shrinkage indicated in the legends of Fig. 2(a) and (b) divided by
total shrinkage to find the percentage values. For example, SiCDy
heated at 10 °C/min: (0.0832/0.1605) x 100=51.83%. This value
indicates that 51.83% of the sample's linear shrinkage occurred
during heating stage. Curves identical to the aforementioned ones
were prepared for the isothermal sintering (threshold) and cooling
step, and were calculated in the same way.

Table 2 clearly indicates that the two mixtures behaved very
similarly. Note that the heating rate strongly influenced the
shrinkage in each analyzed stage. The results obtained in the
heating stage of the SiCDy mixture show variations of
51.83%, 43.15% and 34.06% at the heating rates of 10 °C, 20 °C and
30 °C/min, respectively. The SiCYb mixture showed the same
behavior.

Shrinkage at the sintering hold temperature increased with the
heating rate, which is very clear, since shrinkage at the threshold
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adjusts over time, leading to values very close to the final disregarded, possibly because of the belief that dimensional var-

shrinkage. iations no longer occur in this stage. However, this is incorrect,
In studies reported in the literature, shrinkage during cooling is because considerable shrinkage still occurs, with values ranging
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Fig. 4. Dilatometric curves of the SiCDy (a), (b) and (c) and SiCYb (d), (e) and (f) mixtures sintered at 1800 °C, applying heating rates of 10 °C/min (a and d), 20 °C (b and e)
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from 5.66 to 6.96%.

The graphs in Fig. 3, chosen randomly from among the ones
prepared in this work, show the samples’ shrinkage behavior
during the cooling stage. Note that the shrinkage rate at the be-
ginning of cooling is slightly higher than after longer times. This is
physically consistent. Table 2 lists the values of linear shrinkage of
all samples in the cooling stage.

Fig. 4 shows the shrinkage vs. time curves (curves t, u, v, X, y, Z)
and curves 1-6, which were produced by derivation of the
shrinkage vs. time curves. The curves accurately indicate the
temperatures corresponding to the onset of shrinkage and the
moment when the shrinkage rate was at its highest, i.e., the Point
of Maximum Shrinkage Rate (PMSR). The derived curves clearly
illustrate successive changes in behavior, which are often not
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Mag= 10.00KX EHT =20.00kV EEL- USP

W ¥
e Dy_1800/10

WD= 10 mm Signal A = SE1
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easily distinguishable in shrinkage vs. time curves. For example, in
curves 1 and 4, note that at a heating rate of 10 °C/min, low-in-
tensity events occur in the time between 120 and 150 min. At
heating rates of 20-30 °C/min, these events become more sig-
nificant between 30 and 50 min in both mixtures. It is believed
that, at these points, mechanisms are triggered that cause slight
shrinkage, for example, particle rearrangement followed by in-
cipient solid state sintering, before the liquid is formed.

With the formation of liquid, the interparticle bonds break and
shrinkage occurs very rapidly, as indicated by the point of max-
imum shrinkage rate, PMSR [21].

The derived curves 1-6 clearly indicate when and at what
temperatures the highest shrinkage rates occur. These curves in-
dicate that there are differences in the values of PMSR as a
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Fig. 5. SEM micrographs of the fracture surfaces of samples sintered for 1 h at 1800 °C in a dilatometer: (a, b, ¢) SiCDy mixtures, and (d, e, f) SICYb mixtures, at heating rates

of: (a, d) 10 °C/min; (b, e) 20 °C/min; and (c, f) 30 °C/min.
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Table 3
Mean grain size of SiCDy and SiCYb mixtures sintered at 1800 °C, at heating rates of
10, 20 and 30 °C/min.

Mixture Heating rate (°C/min)/grain size (um)

10 20 30
SiCDy 0.77 +0.15 0.69 +0.09 0.63 +0.10
SiCYb 0.85+0.13 0.69 +0.08 0.68 +0.12

function of the heating rate and composition. The values of tem-
perature (T), time (t) and shrinkage rate (SR) are indicated in the
captions of their respective curves. The difference in SR is negli-
gible in curves 1 and 4, i.e., 1.22 and 1.26 s~ respectively. How-
ever, a comparison of curve 1 against curves 2 and 3 reveals a
slight increase in the PMSR, 1.54 and 1.56 s~ respectively. The
highest variations are in curves 5 and 6 of the SiCYb mixture,
whose PMSR showed an increase of over 50%. This can be ex-
plained by the very fast formation of liquid, which did not allow
enough time for the dissolution of SiC particles, which in the
previous cases probably dissolved, and this less viscous liquid led
to rapid particle rearrangement, causing very rapid shrinkage soon
after its formation. Studies have shown that higher heating rates
also cause higher maximum shrinkage rates [21,43].

The areas of the peaks correspond exactly to the duration of the
events, i.e., the longer and wider, the greater the period of oc-
currence of the formation of the liquid, wetting and solution-
precipitation. Higher heating rates produced wider curves.

As can be seen in the captions of the graph in Fig. 4, the tem-
peratures at which the highest shrinkage rates occur are practi-
cally the same ones for the same mixture. Although they are
slightly lower for the SiCDy samples than for the SiCYb samples,
the two mixtures of additives show little difference in terms of
thermal behavior. It can also be seen that, in all the cases, the
PMSR occurs at temperatures below the threshold temperature,
i.e,, 1800 °C.

An important point to mention is the drawing up and study of
the shrinkage vs. temperature curves of the heating stage, since
the literature usually shows dilatometric curves corresponding
only to the complete sintering cycle. In this study, the importance
of the dilatometric curves in the heating stage was the revelation
that the heating rate is very significant for this step and is thus
able to provide more in-depth details for the preparation of sin-
tering cycles. The differences found in the partial curves are
eliminated, or disregarded, when the curves of the complete sin-
tering cycle are evaluated.

Fig. 5 shows micrographs of the samples of SiCDy and SiCYb
mixtures sintered at 1800 °C, applying heating rates of 10 °C, 20 °C
and 30 °C/min.

An analysis of the micrographs indicates that the overall mi-
crostructure of the six samples is very similar in terms of homo-
geneity, morphology, porosity, grain size and distribution. These
properties are typical of liquid phase sintered SiC ceramics, when
liquid-generating additives with low contact angles are used
[10,11,19]. The microstructure is essentially composed of relatively
small, uniformly distributed plate-like grains. These micrographs
are similar to those found in reference [19].

In this case, the influence of the heating rate on grain growth
can be considered negligible. Table 3 lists the measured grain sizes
of the two mixtures at the three heating rates.

The results for both the mixtures indicate that the grain size
tends to decrease as the heating rate increases. These results are
coherent, given that the residence time of the material under
heating at lower heating rates is longer, thus resulting in larger
grain size [5].

4. Conclusions

The heating rate plays an important role in shrinkage during
the heating period, but may be negligible in the complete sintering
cycle.

The heating rate does not significantly influence the sintering
behavior of SiC in the complete cycle, contrary to long-standing
principles of ceramic processing.

The highest shrinkage rates in both mixtures at the three
heating rates occurred at temperatures below their respective
sintering thresholds, indicating that a good part of the shrinkage
occurs during the heating stage, and this can be used to optimize
the liquid phase sintering of ceramics.

Dilatometry is a good tool to understand and predict the be-
havior of all the sintering stages of ceramics.

The behavior of the two rare earth oxides used as additives in
the liquid phase sintering of SiC was similar.

From a technical standpoint, the rare earth oxides Dy,0s; and
Yb,05 are excellent candidates in the composition of mixtures
with Al,Os3 for liquid phase sintering of SiC ceramics.
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