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Fig. 4 Microstructure change of ZrB,—SiBCN ceramics with 1 wt% ZrO, sintered at different temperatures for 90 min: (a)
1300 C, (b) 1400 °C, (c) 1600 °C, and (d, e) 1600 C (BSE images with large magnification).

3.3 Densification behavior of ZrB,—SiBCN-ZrO, samples

The relative density changes of typical ZrB,—SiBCN-
Zr0O, ceramics with increasing temperature are shown
in Fig. 5(a). The global trend of densification among
the samples is similar. The initial relative densities
after just loading the pressure to the target value are
not perfectly the same since they are calculated
according to the final respective density. From the
densification rate curve (Fig. 5(b)), the density
experiences a short rapid increase in early hot-pressing
period (900-1050 ‘C) which corresponds with a
compaction stage of green body. Then the densification
rate suffers a stable period and the densification curve
rises steadily. After 1300 ‘C fast densification appears,

shown by the rising value of densification rate. This
tendency continues until 1600 °C . Especially,
ZrB,—SiBCN sample with 5 wt% ZrO, exhibits faster
consolidation above 1400 ‘C compared to samples
with lower content of ZrO,. In the present study, oxide
is intentionally added into the ZrB,—SiBCN system. As
a result, the relative density has some enhancement and
the sintering behaviors present some variations. On
one hand, the additive ZrO, participates in chemical
reactions with the pyrolysis products, shown in Fig. 3,
which may make a difference in the structural
evolution of polymer-derived SiBCN. On the other
hand, ZrO, as the second sintering aid may be capable
to promote the matter transportation of the main phase
71B,.

Fig. 5 (a) Continuous densification and (b) densification rate curves of ZrB,—SiBCN ceramics with different contents of ZrO,

sintered at 1600 ‘C for 15 min.
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The densification kinetics of present material systems
is investigated with assist of Bernard-Granger and
Guizard model, in order to discuss the possible role of
creep deformation in sintering mechanism. Sample
1-ZrB,—SiBCN-ZrO; is selected as the representative
sample and different soak temperatures including 1300,
1400, and 1600 C are chosen as research interest.

Figure 6(a) shows densification curves of sample
1-ZrB,—SiBCN-ZrO, during three selected soak
temperatures. In accord with the common and intuitive
patterns obtained by general ceramic sintering [20,24],
the relative density is higher at higher temperatures.
Likewise, holding at certain temperature is effective
for the further promotion of the densification. Here
through holding at 1300, 1400, and 1600 ‘C for about
90 min the relative density increases by about 7%, 9%,
and 11%, respectively. The superiority of temperature
is also reflected in densification rate, displayed in Fig.
6(b). The densification rate is relatively larger at 1600 C
at the initial soak stage. However, it cannot maintain a
favorable status with the holding time prolonging. The
values of the densification rate at all three temperatures
decrease and gradually approach zero since driving
force of shrinkage for the material is not enough with
the growing density and reducing porosity. It is
obvious that the densification becomes difficult at the
last stage of soak temperature. The holding time of less
than 60 min may be preferable for the present system.

4 Discussion

4.1 Possible densification mechanisms in a view of
creep

A key purpose of using Bernard-Granger and Guizard
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model is to determine the values of two creep
parameters, namely, the stress exponent n and the
apparent activation energy Oy in Eq. (4). It is stated
that grain size is also temporarily assumed as a
constant in this work, since grain growth is closely
related to the relative density and the grain size will
not visibly vary until a top relative density, for example,
close to 98% for a stabilized zirconia ceramic [22].
Additionally, the Young’s modulus (Ey) of the
theoretically dense ZrB, material is defined as 490
GPa, and the effective Poisson’s ratio (v, ) is defined
as 0.16 [1,2,34,35]. At this moment the evolution of
relative density in function of the holding time for
different soak temperatures has been presented in Fig.
6, and then it is possible to have access to the continuous

1 1dD )
———— as a function of ﬂ.
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Figure 7 depicts this relationship in a logarithmic form.

The slopes of different straight lines correspond to n
values.

In Fig. 7 it is clear that n exhibits different values

whatever the soak temperature is. As for 1300 and

1400 °C, there are two distinct linear stages. When

variations of

o . .
In—= decreases, n increases in a small range from
Hetr

1.29t0 2.28 at 1300 “C and from 1.40 to 2.31 at 1400 C.
Then it quickly reaches quite high values which are
beyond the effective values. For a soak temperature of
1600 °C, no well-definite linear stages are observed.
By linear fitting with some adjacent data, n is eva-
luated as 1.78 (close to 2) at the beginning period,
bigger than the initial values at lower temperatures. It
varies rapidly to 4.95 and subsequent higher values in
the following periods. It should be mentioned that at
low temperatures n values are obtained by two linear
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Fig. 6 (a) Densification and (b) densification rate curves of 1-ZrB,—SiBCN-ZrO, samples obtained at different temperatures

with a holding time of 90 min.
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Fig. 7 Stress exponent n calculated with Eq. (4) for

different soak temperatures and the specific values of n

are the slopes of the fitting straight lines.
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Fig. 8 Densification rate as a function of relative density.
Three groups of densification rate values are chosen,
denoted by pink, purple, and green dotted lines, with
purpose of calculating the apparent activation energy (Qq)
at different temperatures. The corresponding ooy and e
can be obtained according to relative densities upon the

fixed values ofig .
D dt

regimes, which means a transition involves. This phe-

nomenon also occurred in the known papers [20,28,29].

However, continuous varying n values at high
temperature are rarely reported. Two possible reasons
are summarized. Firstly, varying »n values signify varying
densification mechanisms as the mechanism for
control of densification in a view of creep deformation
is strongly linked to n value. It seems that sintering at
1300 and 1400 °C for the selected ZrB,—SiBCN—ZrO,
system possesses similar densification mechanisms
whereas other operating mechanisms may appear for
sintering at 1600 ‘C. Additionally, holding time at
certain temperature is relatively long in this material
system. The time-dependent effect of creep is fully
shown. For previous materials sintered by SPS or HP
[20,22], the general holding time was 15 or 20 min and

the calculated values by Bernard-Granger and Guizard
model only had one or two liner stages. The relationship
between n and time was not focused on. In the present
case, the whole soak period involves as long time as 90
min. Combined results of Fig. 6 and Fig. 7, the soak
time of 1300 and 1400 C can be divided into three
stages: 0—15 min (corresponding to n =~ 1), 2055 min
(corresponding to n =~ 2), and 60-85 min (corres-
ponding to sharply increased n values). Each stage
reveals the status of the densification rate: rapid
decrease, steady decrease, and approach to zero. The
last status does not coincide with the creep fracture
stage which possesses a growing strain rate in a
standard creep curve [36]. In the densification process,
it just indicates densification comes to a standstill
temporarily. In a similar manner, 0—12 min (corres-
ponding to n = 2), 15-25 min (corresponding to n =
5), and 30—85 min (corresponding to sharp increased n
values) are assigned for the soak time of 1600 °C. The
densification rate experiences a rapid decrease at both
of the former two stages and tends to steady status.

The next step is to calculate the apparent activation
energy Q4. With the value of n known, we can
transform Eq. (4) with a logarithmic method to
evaluate Q4, shown in Eq. (6):
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where K is a constant. The slope of the straight line
obtained by the function relationship between

T " . -
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Meanwhile, %% should be determined and then

corresponding o and g will be known. Thus the

relationship between %% and D is plotted in Fig. 8.

Based on the two linear stages for the soak temperatures
of 1300 and 1400 C, the value of densification rate
can be selected in respective regime, corresponding to
respective n in Fig. 7. Upon approximation, the value
of n within the first linear stage is assumed to be 1 and
that within the second linear stage is assumed to be 2.
As an example, the chosen densification rate for n = 1
is 3x107° s ' and the one for n =2 is 1x10°° sfl, which
is denoted by pink and purple dotted lines in Fig. 8,
respectively. Then the corresponding densities at
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