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Samples of SiC+ 10 vol%(Al,03+Dy»03) and SiC+ 10 vol%(Al,03+ Yb,03) mixtures were obtained by cold
isostatic pressing and sintered for one hour in a dilatometer at 1800 °C and 1900 °C, applying heating rates of 10,
20 and 30 °C/min. The results of the complete sintering cycle indicated that the heating rates do not significantly
influence the shrinkage, but that temperature and total sintering time may be relevant factors. The compacts
sintered at 1900 °C shrank on average 9% more than those sintered at 1800 °C, and it was found that the

sintering time can be reduced by 40-50% at faster heating rates. The maximum shrinkage rates occurred at
temperatures lower than those of the sintering thresholds for the two mixtures, two temperatures and three
heating rates. It was also found that after formation of the liquid, the mechanisms of particle rearrangement and
solution-precipitation were not as fast as reported in the literature, even at high heating rates, for example 30 °C/
min, but they are responsible for much of the shrinkage occurring throughout the sintering cycle.

1. Introduction

Silicon carbide ceramics, which have been studied for many years,
continue to stand out due to their properties, and hence, their appli-
cations [1-11]. Some important properties are high modulus of rupture,
high hardiness, good corrosion resistance, high thermal conductivity,
low density and thermal expansion, wear resistance and many others
[1-4,6]. Due to these properties silicon carbide ceramics have many
applications in the petroleum, chemical, automotive, aerospace and
microelectronic industries [1], as diesel engine components, gas tur-
bines, heat exchange [2], susceptors, heaters, and so on [3].

A common practice is liquid phase sintering (LPS) of silicon carbide
ceramics, which not only promotes the formation of characteristic mi-
crostructures for various applications but is also faster and requires
lower temperatures than solid phase sintering (SPS) [1-3,5,7-9].

Various additives can be used to promote liquid phase sintering of
SiC, including the following oxides and mixtures of oxides: Al;03, MgO,
Y503, Al,03-Y503, Aly03-Y503-Si0s, Y205-Las0s, Y203-Scs0s, Al,Os-
Dy»03, and Al,03-Yb,03 [2,3,5-9].

LPS occurs in various stages as a function of time and temperature,
i.e., formation and distribution of the liquid, wetting and rearrange-
ment of solid particles under the influence of capillary forces, and so-
lution-reprecipitation [2,12-14]. The stages of liquid formation and
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particle rearrangement are faster than that of solution-reprecipitation
[12]. Incipient solid phase sintering may occurs prior to the formation
of liquid, i.e., at lower temperatures and in shorter times, causing the
compact to shrink slightly. If this occurs, the mechanisms at play are
evaporation/condensation and surface diffusion [2,15,16].

Dilatometry can be used to investigate of the sintering process,
enabling information about the thermal behavior of the material
throughout the sintering cycle (heating, isotherm and cooling) to be
obtained from a single sample. This information can be obtained based
on the sample's dimensional variations over time, with a slight initial
expansion, but with high shrinkage rates, particularly close to the
threshold temperature [2,17-19].

Linear shrinkage as a function time or temperature curves are drawn
based on the shrinkage measured in the dilatometer. These curves can
be divided into four regions: linear expansion, shrinkage during non-
isothermal heating, isothermal shrinkage, and cooling [20]. Specific
events may appear as a function of reactions or transformations during
sintering, in which case the curves will have more than four regions. In
shrinkage vs. time curves, even the slightest changes are clearly visible.
In this case, there is an instantaneous shrinkage rate curve, which is
much more sensitive to minor changes compared to a shrinkage vs. time
or temperature curve [15]. The shape, height, width and position of
these shrinkage rate curves provide very important information for the
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evaluation of sintering behavior. Long narrow curves suggest high
shrinkage rates of the green body, while shorter wider curves suggest
lower shrinkage rates [16,21].

The heating rate is a very important parameter in sintering, and
several authors [2,15,16,18,19,22-24] have discussed its influence on
the density and other properties of sintered materials. There are many
controversies about shrinkage behavior and densification in response to
heating rates. This subject is discussed in the literature [15,16,22-24],
but it is worthwhile keeping in mind the following points:

1) Before the formation of liquid, shrinkage increases as the heating
rate decreases.

2) At a given temperature, the shrinkage rate is lower at a lower
heating rate, i.e., the peak of the shrinkage rate increases in height
with the heating rate, contributing to rearrange the particles and
increase densification.

3) The peak of the shrinkage rate indicates the separation of the solid-
solid bonds by the liquid phase, and densification due to particle
rearrangement.

4) The peak of the shrinkage rate increases along with the heating rate,
indicating that the contribution of particle rearrangement to den-
sification is greater at higher heating rates [15,16,22-24].

The main objective of this work was to study the sintering behavior
of SiC with eutectic mixtures of Al,03-Dy»O3 and Al,O3-Yb,O3 as a
function of temperature and heating rate, using shrinkage as the
parameter under study. Other objective of this study is to complement
of our research group using the above cited additive systems to in-
vestigate the liquid-phase sintering of silicon carbide [25-27]

2. Materials and methods

The materials and experimental procedure adopted here were the
same as those used in a previous study [2].

The samples were sintered under the following conditions: iso-
thermal holding temperatures of 1800 and 1900 °C, for 1 h, at heating
rates of 10, 20 and 30 °C/min., in order to compare the effect of these
variables on the shrinkage. Table 1 describes the types and amounts of
materials used in each mixture.

3. Results and discussion

For a better understanding of the results, Fig. 1 illustrates the main
points discussed in this paper, using the SiCDy mixture sintered at
1800 °C with a 60 min isotherm and heating rate of 10 °C/min., as ex-
ample. The points A, B, C, PMSR, D and E, shown in Fig. 1 are the same
as those of the curves in Fig. 2, but respecting the slight differences,
such as the displacement of points due to composition, sintering tem-
perature and heating rate.

Fig. 1 shows all the curves of: (a) linear shrinkage (AL/Lg) vs.
temperature; (b) shrinkage vs. time; (c) shrinkage rate vs. time; and (d)
a set of all the aforementioned curves shown in this paper.

Curves (a), (b) and (c) in Fig. 1 will be used concomitantly in the
analysis of the behavior of the samples during sintering. The most

Table 1
Composition of the SiC, Al,03, Dy;03 and Yb,O3 mixtures.

Powder mixtures Code Components (wt)
(Wt%)
SiC Al,03 Dy,03  Yby03

SiC+10vol% (Al,05+Dy,05)  SiCDy  120g 1210g 845g  0.00

85.38%  8.61% 6.01%  0.00
SiC+10 vol% (Al,03+ Yb,03) SiCYb 120 ¢ 12.76 g 0.00 9.39g
84.42%  8.98% 0.00 6.60%
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important points on regions of the curves for this work are identified
and discussed below.

Section 0 to A — Shows a slight linear expansion attributed to the
natural thermal expansion of the components of the mixtures, up to
about 1100-1200 °C.

Section A to B — Shows minor linear shrinkage at temperatures in
the range of approximately 1100-1540 °C, which can be attributed to a
small rearrangement of particles, reaction of the liquid phase forming
additives, and incipient solid state sintering caused by slightly densi-
fying mechanisms.

Section B to C — Onset of significant linear shrinkage caused by the
formation of liquid and activation of the particle rearrangement me-
chanism.

Section C to D — The shrinkage vs. temperature curves show a
marked drop, indicating very rapid shrinkage. As can be seen in
Fig. 1(c), the highest shrinkage rate occurs in this section of the curve,
i.e., the point of maximum shrinkage rate (PMSR). This rapid shrinkage
can be attributed to the mechanisms of particle rearrangement and
solution-reprecipitation, a common phenomenon in liquid phase sin-
tering of covalent ceramics. Probably the solution-reprecipitation me-
chanism starts before of the end of rearrangement mechanism, an
overlap of the different mechanism may occur. A short peak has been
observed, see point “C”, which may indicate the end of the particle
rearrangement [10], however in the others time versus shrinkage rate
curves, Fig. 2(e, f, g, and h) this event does not occur.

Section D to E — The shrinkage rate decreases considerably, reaching
a value close to zero. Shrinkage continues, albeit slowly. This section of
the curve contains the isothermal period of sintering, followed by the
cooling up to the end of curves 1(a) and 1(b).

Fig. 1(b) illustrates the behavior of linear shrinkage as a function of
time along the entire sintering cycle. The points indicated in this figure
are the same as those indicated in Fig. 1(a), for comparison. The tem-
peratures indicated here are approximations that mark the beginning or
end of interesting phenomena to explain the liquid phase sintering of
SiC.

Plotting the first derivative of the curve indicated in Fig. 1(b) results
in the curve shown in Fig. 1(c), which represents the shrinkage rate, d
(AL/Ly), vs. time, showing details that are more difficult to observe as in
Fig. 1(a) and (b). A series of small peaks are visible in the region inside
the circle in Fig. 1(c), which, albeit very small, have a physical and
phenomenological significance in sintering. After the region pointed
out in the circle, the shrinkage rate increases sharply up to the PMSR,
which is caused by the mechanisms of particle rearrangement and so-
lution-reprecipitation. After reaching the PMSR, the shrinkage rate
decreases very quickly up to point D, but with less intensity than be-
tween points C and the PMSR. After point D, the shrinkage rate de-
creases with less intensity until it reaches a value close to zero, at point
E, indicating that the shrinkage continues but at a nearly constant speed
and much more slowly than before, until the sintering cycle is com-
pleted.

In Fig. 1(c), note that there are two perfectly straight lines between
points C and the PMSR, and between the PMSR and D, and in this case it
is possible to determine the time period in which the highest shrinkage
rates occurs, i.e., the time elapsed between points C and D.

The curve in Fig. 1(d) represents the complete set of curves of
shrinkage vs. time and temperature, and shrinkage rate and tempera-
ture vs. time. This set of curves makes it very easy to evaluate the
shrinkage and shrinkage rate as a function of time and temperature
throughout the entire sintering cycle.

Based on this preliminary information, the results are shown and
discussed considering the effect of heating rate and temperature on
shrinkage and on the shrinkage rate during the complete sintering
cycle, and also specifically during the heating ramp.

Fig. 2 shows the curves created from the data obtained from the
tests performed in the dilatometer, (a), (b), (c) and (d), as well as their
respective derivatives, (e), (f), (g) and (h). The curves of (a) to (d)
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Fig. 1. (a) Shrinkage vs. temperature; (b) shrinkage vs. time; (c) shrinkage rate vs. time; (d) shrinkage vs. time and temperature, and shrinkage rate vs. time and temperature.

illustrate the behavior of linear shrinkage, S, of the SiCDy and SiCYb
samples as a function of temperature and heating rate for the complete
sintering cycle.

The two compositions show very similar shrinkage vs. temperature
curves at the two temperatures and at the three heating rates. This
enables one to draw a master sintering curve, which is widely studied in
this field of science and technology [19,22,24], but is outside the scope
of this study.

A comparison of the values of linear shrinkage, S, listed inside the
graphs in Fig. 2 revealed that the samples of both compositions sintered
at 1900 °C shrank a little more than those sintered at 1800 °C. Also,
note that there is a slight separation of the curves of the samples at
sintered 1900 °C in the region of high shrinkage compared to those
sintered at 1800 °C. However, this small difference does not lead to very
different results, especially when one considers the total sintering cycle.
These shrinkage are comparatively higher than those reported in pre-
vious studies, which used SiC with mixtures of aluminum oxides and
rare earths [10,11].

In Fig. 2, curves (e), (f), (g) and (h) were drawn from the derivative
of curves (a), (b), (c) and (d), respectively, which clearly show the ki-
netics of shrinkage of the two compositions at the three heating rates.
The internal legends of the graphs in Figs. 2(e) to 2(h) indicate the
temperatures of maximum shrinkage rates (TMSR) and their respective
values (SR). All the points of maximum shrinkage rates (PMSR) oc-
curred while still in the heating stage of the sintering, slightly before
the isotherm. This means that much of the shrinkage, and hence of
densification, occurs while the material is still in the heating stage of
the sintering cycle, see results presented in Fig. 3(a-d), as indicated by
Srel(o/o)-

As can be seen in the shrinkage vs. time curves, several small peaks
appear at times and hence temperatures prior to the onset of rapid
shrinkage (see the region inside the circle in Fig. 1(c)), which indicate
the occurrence of events whose effect on shrinkage is negligible. For-
mation of liquid occurs immediately after these events (see point B in

16050

Fig. 1(a), (b) and (c)) and, at this point, shrinkage develops at high
rates. This can be observed in the shape of the curves, since narrower
curves suggest high shrinkage rates of the green compact [21].

An evaluation of the maximum shrinkage rates, SR, indicates that
only the heating rate of 10 °C/min resulted in lower shrinkage rates
than those obtained at the heating rates of 20 and 30 °C/min, which
were similar to each other. The curves corresponding to the heating rate
of 10 °C/min for both compositions and temperatures are less intense
and more open that those corresponding to the heating rates of 20 and
30 °C/min, which are more intense and narrower. Results similar to
these are reported quite frequently in the literature on sintering of other
ceramic materials [15,16,21-24].

The information in Table 2 is based on an evaluation of the time
spent by the two compositions in the region of fast shrinkage, i.e., be-
tween points C-PMSR-D, shown in Fig. 1(c), but also for Fig. 2, at the
three heating rates.

Table 2 shows minor differences in the time elapsed for the max-
imum shrinkage rates to occur; these slight differences tend to become
even smaller at higher heating rates.

Another important observation is that, after passing through the
region demarcated by the circle, on the right side of the curves, the
curves assume a unimodal shape with very well defined lines. This
suggests that the formation of liquid, and hence, particle accommoda-
tion and the solution-precipitation process, occur in a harmonious se-
quence over time; otherwise, these curves would be marked by more
than one peak of maximum shrinkage speed, i.e., more than one mode.

The height, position, and width of the peaks of shrinkage rate vs.
time are indicative of the activation energy of shrinkage mechanisms,
and hence, of densification [24]. As for the width and height of the
peaks in the shrinkage rate vs. time curves, Fig. 2, the curves corre-
sponding to the heating rate of 10 °C/min are less intense for the two
mixtures and at the two temperatures, with lower values of maximum
shrinkage rate, SR, and wider than those at 20 and 30 °C/min. The
reason for this behavior may be linked to incipient solid state sintering,
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Table 2
Time elapsed for the fastest SiC sintering step to be achieved with the respective ad-
ditives, in each situation, taking Fig. 1(c) as an example.

Table 3
Influence of the heating rate in the sintered density, shrinkage and weight loss for samples
SiCDy and SiCYDb sintered at 1800 °C.

Heating rate SiCDy SiCYb Code  Heating rate  Green Sintered Shrinkage (%) Weight
(°C/min) density (%) density (%) loss (%)
1800 °C 1900 °C 1800 °C 1900 °C
SiCDy 10 52.40 92.25 15.64 12.07
10 °C/min 15 min 16 min 16 min 14 min 20 52.45 91.33 15.03 11.61
20 °C/min 13 min 14 min 12 min 13 min 30 52.42 90.88 15.14 11.10
30 °C/min 12 min 13 min 11 min 11 min SiCYb 10 53.64 92.01 15.65 13.05
20 53.56 91.15 15.55 13.10
30 53.66 91.16 15.70 13.03
since the components of the compositions take relatively longer to
reach the liquid forming temperature in the system, and this promotes a ol
Table 4

difference in the energy stored in the compact for the same tempera-
ture.

The influence of the intensity of the maximum shrinkage rate (SR)
as a function of the rate of shrinkage has been exhaustively discussed in
previous studies [15,16,22-24]. Those studies contain contradictory
data, but most of them have found higher shrinkage rates at the PMSR
occur at higher heating rates. This finding is in agreement with the
present work, where a difference was found, especially compared with
the heating rates of 10°C/min and 20 °C/min. The difference in
shrinkage rates between the heating rates of 20 and 30 °C/min was
negligible.

In addition to the results shown in this paper, other benefits can be
achieved at higher heating rates, such as smaller grain sizes, as reported
by Ribeiro et al. [2]. Obviously the sintering time also decreases, re-
presenting savings in ceramics processing. In the case of this work,
heating rates of 20 and 30 °C/min resulted in a 40-50% decrease in
sintering time compared to that required at the heating rate of 10 °C/
min, without a significant loss through shrinkage.

16052

Influence of the heating rate in the sintered density, shrinkage and weight loss for samples
SiCDy and SiCYb sintered at 1900 °C.

Code  Heating rate  Green Sintered Shrinkage (%) Weight
(°C/min) density (%) density (%) loss (%)

SiCDy 10 52.41 93.18 17.27 13.01
20 52.46 93.05 18.04 12.98
30 52.38 92.96 17.37 12.90

SiCYb 10 52.86 93.01 15.44 13.01
20 52.96 93.00 16.80 12.93
30 52.91 93.08 17.03 12.86

In order to complete the sintering study, considering the complete
sintering cycle, of the SiC mixtures plus additives, the samples after
sintering were characterized by their green density, sintered density,
shrinkage and weight loss. The results are shown in Tables 3 and 4. It
can be observed that density of the samples followed the same behavior
of the shrinkage, that is, small differences among SiDy samples sintered
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with heating rates of 10, 20 or 30 °C/min., for both maximum tem-
peratures. For the SiCYb composition the difference of densities due to
different heating rates are very small. In all cases the densities of
samples sintered with 10 °C/min presented superior density than sam-
ples sintered with higher heating rates, 20 or 30 °C/min. It can also be
observed that the change in sintering temperature from 1880 °C to
1900 °C increased the final density, on average, only 2%. The density of
the sintered samples seems to be low and their mass loss high, but one
has to consider that these results were obtained by sintering in a di-
latometer under argon flux. Obviously, these results are improved when
the sintering is carried out in a controlled static atmosphere and using
the powder bed technique [10].

Fig. 3 illustrates shrinkage vs. temperature curves for the SiCDy and
SiCYb compositions during the heating step, i.e., before reaching the
1800 and 1900 °C isotherms, respectively. Note that in this sintering
stage, the heating rate has a significant effect on the linear shrinkage of
the samples, showing decreasing values in response to the increase in
the heating rate applied to the two compositions. The graphs in Fig. 3
show the values of linear shrinkage, S, and relative shrinkage, S,
where S,.; was calculated from the linear shrinkage, S, depicted in
Fig. 3(a-d), divided by the total linear shrinkage, S, depicted in
Fig. 2(a-d), respectively.

An analysis solely of the effects of the heating step, before the iso-
therm, indicated that the heating rate interfered significantly in the
shrinkage of the samples of both compositions at the two non-iso-
thermal sintering temperatures. Moreover, an analysis of the influence
of the heating rate on the two compositions revealed that at both
1800 °C and 1900 °C, lower heating rates promoted higher shrinkage, S,
which varied from 34% to 83%. This was already expected, since lower
heating rates lead to longer retention times of samples in the kiln, and
hence, higher shrinkage. These results are in agreement with most of
the articles available in the literature about the influence of heating
rates on the shrinkage of ceramics, although there are controversies
[15,16,22-24].

Temperature also strongly affects shrinkage during the heating of
samples. The shrinkage of samples differed significantly when heated to
1800 °C and 1900 °C, at the same heating rates (see graphs and legends
of curves (a) and (c), (b) and (d) in Fig. 3). In the SiCDy composition,
these differences varied from 52% to 76%, from 44% to 66%, and from
34% to 54% in response to heating rates of 10, 20 and 30 °C/min, re-
spectively. These heating rates also caused variations in the shrinkage
of the SiCYb composition, ranging from 52% to 83%, from 43% to 70%
and from 36% to 59%. Higher temperatures obviously result in greater
shrinkage, not to mention the additional sintering time caused by in-
creasing the temperature from 1800 °C to 1900 °C.

Shrinkage was also noticeably influenced by the composition of the
mixture, considering the heating period, since the SiCYb samples
showed greater shrinkage than the SiCDy samples at 1900 °C, although
this was not observed at 1800 °C. However, it is interesting to note that
this difference in shrinkage during the heating stage does not apply
when one considers the complete sintering cycle, and that this behavior
is rarely discussed in papers on ceramics sintering, particularly when it
comes to SiC ceramics. A careful evaluation of these results and ob-
servations may be helpful in more effective planning of sintering, not
only of SiC but also of ceramics in general.

The final shrinkage values were not significantly affected by the
different heating rates, but the increase of 100 °C in the sintering
temperature resulted in a slight increase in shrinkage of SiCDy and
SiCYb samples at the three heating rates. This finding is in accordance
with the theory, because at higher temperatures, the viscosity of liquid
decreases and the diffusion processes increase in this phase, resulting in
increased shrinkage.

An analysis of the temperatures of maximum shrinkage rate, TMSRs,
revealed that neither the heating rate nor the sintering temperature
exerted a significant influence, since the values were very close at the
operating conditions adopted here. However, the TMSRs of the SiCDy
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composition were lower than those of the SiCYb composition. This fact
may be attributed to the properties of the liquids formed by the dif-
ferent rare earth oxides. It was also found that as soon as the liquid was
formed, the shrinkage rate increased very rapidly, and this is closely
linked to the fact that the liquid causes wetting and rearrangement of
the particles, followed immediately by the solution-precipitation pro-
cess.

4. Conclusions

Checking the shrinkage vs. time or temperature curves obtained in
the dilatometer during the complete sintering cycle provides only
general information about shrinkage at any temperatures and heating
rates. A good option to check shrinkage behavior during sintering is to
elaborate partial shrinkage vs. time or temperature curves, which per-
mits to observe effects that an analysis of the curve of the complete
cycle does not reveal.

Higher heating rates generates taller and narrower shrinkage peaks
than lower rates with significantly reducing the sintering time. The
heating rate strongly affects the stages prior to the isotherm, a fact that
deserves a more in-depth study to generate knowledge for the creation
of sintering curves of ceramic materials.

The experience and results described here can be used to optimize
the sintering process not only of SiC but also of other ceramics.
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