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The influence of several sinter—HIP variables on the densification behaviour of silicon nitride-
based ceramics has been investigated. The processing conditions were studied for Si;N, powder
mixtures containing controlled amounts of Y,0; + Al,O; or Y,0; + MgO. The specimens were
subjected to sinter-HIP cycles under argon or nitrogen atmospheres at various temperatures
and pressures. The final density of the powder compacts exhibited a strong dependence not
only on the applied pressure, the composition and the processing temperature, but also on the
pressurization rate and the initial pressurization time. The microstructural changes induced by
the application of high pressure were followed by transmission electron microscopy. On exam-
ination by TEM, large concentrations of dislocations, generated inside some -Si;N, grains,
were observed. Characterization of these dislocations showed that b = (000 1) is their most
frequently found Burgers vector. Also, two relaxation mechanisms, tending to release the
stored energy of deformation in the -Si;N, grains, namely grain penetration (a form of strain-
induced boundary migration) and grain fragmentation (the formation of subgrains due to
rearrangement of distocations into low energy configurations), have been identified. The inter-
granular phases formed were characterized by energy dispersive X-ray spectroscopic analysis,
X-ray diffraction and electron diffraction. The influence of different sinter-HIP cycles on the

o — f transformation of silicon nitride without additives was also investigated by X-ray

diffractometry.

1. Introduction

The production of ceramics based on silicon nitride is
of considerable interest because of their unique
combination of chemical, physical and mechanical
properties, which makes them an important class of
materials for a wide range of applications at elevated
temperatures. The most commonly used processing
methods for consolidating silicon nitride powders into
highly dense components are sintering and hot press-
ing. However, problems exist in attaining full density
during processing of solids with a high degree of
covalent bonding due to low diffusivities at tempera-
tures below that at which thermal decomposition is
dominant [1, 2].

The addition of sintering aids, able to form a liquid
phase at the sintering temperature, is now well estab-
lished as a viable route to achieve highly dense silicon
nitride-based materials [3-7]; although the formation
of secondary grain-boundary phases on solidification
has the effect of reducing their high-temperature
strength [8].

Hot isostatic pressing of encapsulated green com-
pacts is an alternative processing route which offers
the potential of hot-pressed material properties
often combined with the ability to produce com-
ponents having a complex shape [6, 9-12]. A particu-
lar advantage of this processing method is that the gas
pressure is uniformly applied in all directions and is
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typically higher than that used during uniaxial hot
pressing. Under these conditions, high densities can be
achieved, both at lower temperatures than those used
during pressureless sintering thus preventing thermal
decomposition and grain growth or by adding lesser
amounts of sintering aids thus decreasing the volume
fraction of secondary phases formed upon cooling.

Sinter-HIP is another route, which involves pro-
cessing of non-encapsulated green compacts while the
benefits of the application of high pressure during
consolidation can still be obtained. In this method the
green compacts are sintered and subsequently hot-
isostatically pressed during the same cycle [13, 14]. In
the present work, the green compacts were subjected
to sinter-HIP cycles in argon or nitrogen atmos-
pheres, the initial sintering stage being performed
under a gas pressure of 0.5MPa in order to avoid
thermal decomposition of the specimens.

The purpose of this research work was to investi-
gate the influence of the sinter-HIP processing par-
ameters on the densification behaviour of silicon
nitride with varying amounts of oxide additions. The
resulting microstructures were examined by trans-
mission electron microscopy. The glassy or crystalline
character of the resulting intergranular phases and
the relative changes in composition between them
were studied by electron diffraction and energy dis-
persive X-ray spectroscopy (EDS), respectively.
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Additionally, the & — f transformation was investi-
gated by X-ray diffraction (XRD) in terms of the
processing variables.

2. Experimental procedure

The experimental powder used was commercial silicon
nitride (91% a-Si;N,) with a specific surface area of
12m? g~! (BET) and the following chemical composi-
tion in wt%: 0.4Si (free), 0.08Fe, 0.04Al, 0.01Ca,
0.048C, 1.5 oxygen, Si;N, (balance). Mixtures were
obtained by adding controlled amounts of AlO,
(>99% pure) or MgO (> 99.5% pure) to the basic
silicon nitride plus yttria (99.9% pure) powder. The
mixtures were- based on the addition of varying
amounts of alumina or magnesia, never exceeding the
concentration of Y,0; in wt %, to the basic combina-
tions of Si;N, + 3wt % Y,0; and Si;N, + 6wt %
Y,0;. The desired mixtures were prepared by dry
milling the blended powders for 48 h using a ball mill
consisting of a polyethylene container and silicon
nitride milling media. Green compacts were produced
by uniaxial pressing of 2.5g powder samples taken
from these mixtures. Powder compaction was carried
out using a 16mm internal diameter rigid steel die,
and applying a compaction pressure of 100 MPa,
which results in compacts having densities between 52
and 57% theoretical on composition.

Before sintering, the compacts were placed in a
graphite crucible coated with boron nitride in order to
protect them from contamination. The specimens
were located inside the coated crucible using a powder
bed containing equal proportions of Si;N, and BN.
Sintering was performed at a temperature of 1750°C
in a graphite-heated furnace under argon or nitrogen
atmospheres at a pressure of 0.5 MPa. This pressure
was maintained constant during the whole heating
period (from room temperature to the sintering tem-
perature at a rate of 30°Cmin~') and subsequently
increased according to the different sinter-HIP
schedules. A schematic illustration of the type of
sinter-HIP cycles used is presented in Fig. 1. The
experiments were performed using an ASEA-HIP
(QIH-6) equipment, gas pressures between 10 and
150 MPa during the HIPing part of the cycles and
temperatures between 1750 and 1850° C. A constant
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Figure 1 Schematic representation of the experimental sinter-HIP
cycles. The sinter-HIP time defined as 7, — t, = 60min was kept
constant.
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time ¢, = t; — t, = 60min (see Fig. 1) was invariably
employed in every cycle and defined as the sintering
time, that is, from the moment the specimens reached
the sintering temperature (1) to the start of the
cooling period.

In the figure, ¢ represents the time elapsed between
t, and the moment at which the gas pressure was
increased. For convenience, a cycle in which ¢, is, for
instance, 30 min and the target pressure is reached in
10 min will be called a 30-10-20 cycle, where 20 rep-
resents the holding time at pressure (¢,,) at the process-
ing temperature (7;). Other cycles will also be referred
to in a similar way.

The characterization of the a—f transformation was
carried out, on polished samples, by X-ray diffract-
ometry using monochromic CuKu radiation. The «: §
silicon nitride ratios were calculated using a standard
procedure [15] based on measurements of the ratio of
intensities of the a,, , and §,, , reflections.

For microstructural analysis in the electron micro-
scope, discs were obtained from bulk specimens using
a diamond cutting wheel to obtain sections ~ 0.5 mm
thick and followed by a coring operation using a 3 mm
internal diameter diamond coring tool. The discs were
mechanically ground to a thickness of about 0.2 mm,
dimpled to ~ 20 ym and ion milled to electron trans-
parancy. A thin film of carbon was evaporated on to
the foil to avoid charging during exposure to the
electron beam. Analysis of thin foils was subsequently
carried out using a Philips CM-12 scanning trans-
mission electron microscope fitted with an EDAX
system and a LaB, filament. An accelerating voltage
of 100kV was invariably selected.

3. Results and discussion

The simultaneous application of pressure and tem-
perature during sintering of silicon nitride-based
ceramics, tending to produce fully dense components,
is a process which requires detailed knowledge of the
influence that different sinter—HIP schedules exert on
their densification behaviour. The results presented in
this work show that variables such as the starting.
pressurization time (7)), the holding time at pressure
(t,,) and the pressurization rate (£,) must be taken into
consideration, along with pressure (P) and the sinter-
ing temperature (7,) during densification of silicon
nitride-based ceramics by a containerless sinter-HIP
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Figure 2 Theoretical density-additive content relationship showing
the influence of ¢ for specimens processed at 1750° C in an argon
atmosphere. The indicated 3 and 6 wt % represent wt % Y,O; in the
powder mixture, and this convetion is used for all the figures. (&)
10 MPa, 30-10-20, (0) 10 MPa, 0-10-50, (Q) 0.5 MPa.



TABLE 1 Final densities (% theor.) obtained for several compositions (Si;N; + Y,0; + ALO;) after different sinter~HIP cycles at

10 MPa argon pressure and 1750°C

Additive content Density (% theoretical)

i)
Wi %)Y,0; + ALO, Sinter-HIP cycles

Pressureless

*
0-10-50 15-10-35 30-10-20 60-0-0
3 0 70.1 70.6 70.3 68.7
3 0.5 74.3 73.9 75.7 73.2
3 3 84.8 84.3 86.5 84.6
6 0 67.1 72.3 74.2 72.4
6 I 71.6 79.4 83.3 79.3
6 3 89.2 88.9 91.2 89.4
6 6 90.2 96.8 96.6 92.6

*The “pressureless” cycle was carried out at 0.5 MPa counstant argon pressure at 1750° C for 60 min.

route. This 1s 1llustrated for several ceramic alloys of
differing chemical composition within the Si,N,-
Y,0,-AL0O; or the Si;N,-Y,0,-MgO systems in
Figs 2 to 4.

Fig. 2 shows, for a group of specimens containing
additions of Y,0; and ALO;, that ¢ determines to a
large extent the final density achieved. This is illustrated
in the figure, and in Table I, by comparing different
sinter—HIP cycles performed at 10 MPa. These results
are also compared to those obtained after sintering
under a constant argon pressure of 0.5MPa. It is
noteworthy that applying high pressure (10 MPa in
these cases) during the sinter-HIP cycle does not
necessarily yield higher specimen densities. An increas-
ing argon pressurc applied at the beginning of the
cycle (r; = 0)leads, in fact, in most cases, to a decrease
in the ultimate density achieved as compared to that
obtained after low-pressure (0.5 MPa) sintering. In
contrast, increasing the pressure, after allowing 30 min
(i.e. t, = 30 min) sintering at low pressure, results, for
all compositions, in specimens of higher final density.

It must be emphasized that these sinter-HIP cycles
were performed keeping a constant pressurization
rate, P,, of 1.0 MPamin~' and a maximum pressure of
10 MPa. The influence of z; on the final density, could
therefore be understood by considering the amount
and type of porosity contained in each specimen at the
moment the pressure was increased. Thus, for any
fixed composition (see Fig. 2 and Table I), the applica-
tion of high pressure after long sintering periods
(increasing ¢;), results in specimens of higher density,
because of their lower content of open porosity with
respect to specimens subjected to cycles with a shorter
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(t; small) pressureless sintering time. This is an obvious
consequence of the fact that the benefits of HIPing on
densification can only be obtained through closure of
porosity not connected to the surface of the specimen.
In contrast, the almost negligible, or actually negative
(compare results of low-pressure sintering to those of
cycle 0-10-50 in Fig. 2) influence of pressure on the
final density of specimens subjected to cycles with a
“too early” application of pressure (7, small), is related
to argon entrapment within the pores and the develop-
ment of an internal hydrostatic pressure which acts as
an opposition to the elimination of porosity. It can
therefore be concluded that using larger ¢, values
favours the attainment of higher final densities, because
“gas leaking” into the porosity of the ceramic speci-
mens is reduced (or totally prevented) due to closure
of larger amounts of open and interconnected porosity
during the low-pressure part of the cycle. The same
trend can also be observed by considering the results
as a function of composition. As shown in Fig. 2, the
application of high pressure has a more marked effect
on density for specimens containing larger amounts of
sintering aids (i.e. which sinter in the presence of larger
amounts of liquid). In this case, this is due to their
more advanced densification stage at the moment the
pressure is applied, although there may also be an
additional contribution due to the fact that larger
amounts of liquid could assist the transmission of
pressure in a more efficient manner.

The influence of pressurization rate on density can
be noticed by referring to Figs 3a and b, for a set of
specimens subjected to sinter—-HIP cycles, during
which both the maximum gas pressure, P = 10 MPa,
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Figure 3 (a) Theoretical density-additive content relationship for specimens processed in argon at 1750°C under 10 MPa and different
pressurization rates, (F,), (&) 15-45-0, (0) 15-20-25, (O) 15-10-35; and (b) theoretical density as a function of Z,. A, M and Y represent
alumina, magnesia and yttria respectively. (&) 6Y6M, (x) 6Y6A, (+) 6Y3A, (A) 6YIM, (O) 6Y 1A, (O) 6Y. The numbers indicate the

amounts added in wt %.
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Figure 4 Theoretical density as a function of additive content for
specimens processed at various ultimate pressures, at 1750°C in
argon and keeping constant values of P, = 3.3MPamin~'and f; =
30min. (®) 0.5MPa, (a) 50MPa, 30-15-15, (O) 100MPa,
30-30-0.

and the starting pressurization time, #, = 15 min, have
been kept constant. As observed in Fig. 3b, and for a
given composition, the general trend indicates an
increase in the final density as the pressurization rate
(P.) decreases. This behaviour also seems to be related
to the densification stage associated with the specimens
at the moment the pressure is increased, because a
high pressurization rate implies reaching the working
pressure in a short time, therefore increasing the possi-
bility of “gas-leaking” into the pores. On the other
hand, using a “low” pressurization rate permits
attaining higher densities of the specimens before
“full” pressure is applied, thus diminishing the possi-
bilities for gas entrapment and producing higher final
densities. Fig. 3b also shows that the effect of P, on
density becomes negligible, as may be expected, for
compositions (large amounts of sintering aids in this
case) which exhibit a high densification rate during the
pressureless sintering part of the cycle. In addition, it
is also apparent from the figure that, substituting
alumina by magnesia produces a very similar effect,
although it must be emphasized that specimens con-
taining magnesia showed weight losses of up to 1%.

Fig. 4 shows that sinter-HIP, with large initial
pressurization times () and high argon pressures,
produce higher densities in specimens of all compo-
sitions, compared to the data points obtained by
low-pressure sintering. These results substantiate the
reduction of weight losses and the enhanced densifi-
cation rate produced by the application of high
pressure. As observed in the figure, the increase in
density is approximately constant for all compositions,
although there is a slightly larger effect on specimens
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Figure 5 Relationship between theoretical density and additive con-
tent for specimens processed at 1750° C and 10 MPa pressure during
a 0-10-50 sinter-HIP cycle. () Nitrogeon atmosphere, (Q) argon
atmosphere.

containing higher amounts of Al,O;,. This behaviour
could be attributed to two different reasons. First, the
application of pressure cnhances the rearrangement
process which is, in turn, more effective in the presence
of sufficiently large quantities of liquid; and second,
the larger capillary pressure developed, and enhance-
ment of dissolution, lead to higher densities as dif-
fusion through a low-viscosity liquid (higher AlLQ,
contents) takes place. On the other hand, the only
marginal increase in density obtained by increasing
the pressure from 50 to 100 MPa, suggests that for
systems which form a liquid phase at the sintering
temperature, the optimum pressure that has to be
applied is not necessarily the highest available. In
addition, as reported in Table II, the behaviour
observed using MgO instead of ALO; is similar to
that described above. However, the lower densities
achieved using MgO as a secondary additive reflect, as
shown in the table by the weight losses, its tendency to
volatilize during sintering.

The influence of a nitrogen atmosphere is shown in
Fig. 5. As observed in the figure, the densification
process follows approximately the same trend as
with argon. Using nitrogen, however, increases the
densification kinetics producing a nearly constant
increase in density of about 3% to 4% for all alumina
concentrations. This increase is not surprising because
nitrogen is a reactive gas in this ceramic system, which
prevents entrapment of a non-reactive gas in the
pores. It is also noticeable, by comparing this figure
with Fig. 2, that using nitrogen in a cycle with f; = 0
(Fig. 5) results in very similar final densities to those
obtained with argon in a cycle with £ = 30min

TABLE 11 Theoretical density and weight change of Si;N,-based specimens after sinter-HIP cycles carried out at 1750°C with ¢ =

30min and £, = 3.3MPamin™'

Additive content (wt %)

Sinter-HIP cycles

Y,0; + ALO, Y,0; + MgO 30-15-15 (50 MPa) 30-30-0 (100 MPa)
% theor. Awt% % theor. Awt%
6 0 77.1 —1.7 71.5 —1.3
6 1 86.3 —-0.7 87.4 -0.5
6 3 95.3 —0.3 97.2 —0.1
6 6 96.8 —0.1 97.1 —03
6 1 79.6 —-29 80.1 —26
6 3 92.3 —1.9 94.8 —1.5
6 6 91.6 —2.0 94.0 —1.9
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Figure 6 Theoretical density—-additive content relationship for specimens processed in argon at 10 MPa after (a) isothermal 15-45-0
sinter-HIP cycles at () 1750°C and (a) 1825°C and (b) non-isothermal 30-10-20 sinter-HIP cycle at (0, Q) 1750°C, and (&, v) with
a rise in temperature to 1850°C for 10 min after 30 min at 1750°C. (v, ) Specimens containing MgO instead of AL,O;.

(Fig. 2). Applying higher nitrogen pressures would
therefore be expected to produce densities even closer
to theoretical than those shown in the figure.

The influence of temperature, is illustrated in
Figs 6a and b. Fig. 6a shows, for identical sinter-HIP
cycles (15-45-0, 10MPa in argon), the effect of a
higher thermal activation on the densification process.
It is noteworthy, that for specimens containing 3 wt %
Y,0; mixed with up to 3wt % ALO; an increase in
temperature produces an almost constant increase in
density at all compositions; however, for specimens
containing 6wt % Y,0, mixed with up to 6wt%
ALQ;, a stronger effect is observed for lower Al,O,
contents. As observed in Fig. 6b, a similar response
was obtained after a non-isothermal heating, from
1750 to 1850° C, during the sinter-HIP cycle (30-10-20
in this case). This response could be understood by
considering the viscosity of the liquid phase formed,
together with the type and amount of residual porosity
in the specimens. Therefore, for specimens containing
“larger” amounts of porosity (e.g. low in ALQO,),
which may in large proportion be located at grain
boundaries, a reduction in the viscosity of the liquid,
caused by an increase in temperature, could produce
a substantial acceleration of the densification kinetics
by facilitating the diffusion of material; whereas, for
denser specimens the elimination of residual porosity
may be limited to a certain extent by the occurrence of
grain growth activated by exposing the ceramic to
higher temperatures.

Also, as illustrated in the same figure, the use of
MgO as a substitution for Al,Os, results in a similar
response; however, a larger dispersion of the data
points and lower final densities are observed in
general. This latter point can be clearly appreciated in
the figure by noticing that the densities attained by
sintering MgO-containing specimens at the higher
temperature (1750 + 1850°C) are the same as those
obtained after sintering of Al,O;-containing samples
at the lower temperature of 1750° C.

The o — f§ phase transformation is a characteristic
transition during sintering of «-Si, N, powder com-
pacts. Fig. 7 shows the influence of several sinter-HIP
schedules on the amount of -Si; N, present in speci-
mens of “pure” silicon nitride after processing. Some
remarks are worth mentioning: (a) “pure” silicon
nitride had to be used for this analysis because using
additives generally leads to a fast and complete trans-

formation under those processing conditions, (b) larger
additions of sintering aids (e.g. Y,0; or Y,0O, +
ALQO;) result in the formation of larger amounts of
liquid thus producing a substantial increase in the
transformation kinetics with respect to the behaviour
of “pure” Si3N,, (c) the comparison between the
transformation and densification kinetics leads to the
conclusion, in general, that for “pure” silicon nitride
as well as for the Si;N,-Y,0, and Si;N,-Y,0,-AL,0,
systems the transformation is by far faster than den-
sification, and (d) the transformation is a thermally
activated process which takes place progressively in
time.

Based on these remarks, on previously reported
data [5, 16] and on the results presented in Fig. 7, it
can be realized that for (Si;N,, Si;N, + Y,0; or
Si;N, + Y,0; + AlO,;) the processing parameters
which aid densification also encourage the transform-
ation. However, these phenomena occur at completely
different rates, so that in contrast with the results
reported by some authors [17] substantial densifica-
tion may take place after the phase transformation has
been completed. From the figure, it is also apparent
that increasing the pressure in one order of magnitude
results in an increase of about 2 to 3 times, of the
f-phase present in the specimen. However, an increase
of 100° C in temperature causes a change, of about 5
times, in the amount of §, so producing a fully trans-
formed specimen. This marked effect of temperature
on the « —» f transformation, may be due to lower
viscosity of the liquid, which allows a steep composi-
tion gradient to be maintained around the « particles;

100 —O— T T
@ 1750+ 1850°C
&
gror -
g
s
§ 40k 1750°C _
1]
=2 ®
&
E e

|o L L 1 [

10 40 70 100

PRESSURE (MPa)
Figure 7 Dependence of % ff on pressure and temperature, for speci-
mens of pure silicon nitride processed in an argon atmosphere. The
indicated temperatures correspond to the sintering temperature. (Q)
30-10-20, (O} 30-30-0. (O) 0.5 MPa constant pressure at 1750°C;
(®) 30-10-20 cycle at 1750°C.
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Figure 8 () Transmission electron micrograph corresponding to a dense Si;N, + 6% Y,0; + 6% Al O, specimen. (b) EDS analysis of the

intergranular glassy phase (dark area in the micrograph).

therefore, allowing larger quantities of «-Si; N, to be
dissolved and subsequently precipitated as S-Si;N,.

From the observation of specimens, carried out by
TEM, it was found that under the experimental con-
ditions, sinter—-HIP of Si;N, with additions of Y,0;
and AlLO, proceeds with the formation of a micro-
structure which contains elongated f-grains, porosity,
crystalline and glassy yttria-rich intergranular phases,
in varying proportions depending on composition and
processing conditions.
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The micrograph in Fig. 8a, which corresponds to
a fully transformed specimen containing Si;N, +
6% Y,0, + 6% Al,O,, shows the presence of an
yttrium-rich intergranular glassy phase (dark) sur-
rounding the -Si; N, grains. A qualitative EDS analy-
sis obtained from this intergranular phase is shown
in Fig. 8b. It reveals the presence of silicon and alu-
minium as additional constituents of its composition
in agreement with previously reported data [18]. In
contrast to the microstructure observed for specimens
containing a low ratio of Y,0;/AlL,0, (in wt %) as part
of their chemical composition, crystalline second
phases were observed for specimens containing none or
only small amounts of alumina. Fig. 9a shows an area
of a specimen of initial composition Si;N, + 20%
Y,0; + 2% AlO, which exhibits hexagonal f-grains
surrounded by a crystalline (see Fig. 9b) second phase
whose composition (Fig. 9c) is higher in yttrium and
lower in aluminium than that in Fig. 8b.

The application of pressure during processing of the
specimens did not seem to have an effect on the
crystalline character of the intergranular phase and
only depends apparently, on the Y,0,/Al,0, ratio and
the cooling conditions. It is interesting to observe,
however, that independently of the distribution of

Figure 9 Transmission electron micrograph corresponding to a
dense Si;N, + 20% Y,0; + 2% ALO; specimen, (b) electron
diffraction pattern of the intergranular second phase, and (c) EDS
analysis of the intergranular crystalline phase.
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Figure [0 Transimission electron micrograph showing a f-Si;N,
elongated grain with dislocations in its interior which lie predomi-
nantly in a single direction.

these phases and their crystalline character, there
always seems to be a thin layer of glass (> 0.8 nm)
surrounding the f-grains or separating the crystalline
intergranular phase and the neighbouring fS-grains.
This observation is in agreement with data reported
previously [14, 19].

Closer examination by TEM of the microstructures
exhibited by the specimens subjected to sinter-HIP
revealed the presence of large concentrations of
dislocations, generated in some f-grains, due to the
application of pressure during the sinter-HIP cycle.
This observation provides direct evidence of plastic
deformation; taking place, however, to a limited
extent because the dislocations lie predominantly in a
single direction (e.g. Figs 10 and 12a) and only in a
relatively small fraction of larger f-Si;N, grains. A
systematic analysis of the Burgers vectors of these
dislocations (e.g. those in the grain shown in Fig. 10
under a multi-beam condition), using a series of two-
beam conditions, showed that most satisfy the invisi-
bility criterion g +b = 0 for reflections of the form
{0170}, {1120} and {1230} and therefore have a
{000 1> Burgers vector (Fig. 11). These features are
entirely consistent with the observations by Evans and

Sharp [20] in a reaction-bonded Si,N, subjected to
compression at 1400° C, except that in the present case
the generation of dislocations occurs during process-
ing. Under these conditions, however, and because of
the thermal energy supplied during the cycle, the
microstructure is unstable and will, under favourable
circumstances, tend to release the stored energy of
deformation. Two different processes of relaxation
have been observed during the present work and can
be appreciated by reference to the micrographs in
Fig. 12.

Fig. 12a shows the bulging of high-angle bound-
aries (arrowed in the micrograph) due to the difference
in stored energy between the adjacent grains. The
basis of this phenomenon, termed “grain penetration”
and observed before in silicon nitride [14], is the
annihilation of defects, generated during deformation,
by the sweeping action of the boundary which acts as
a sink for such defects (e.g. dislocations), and is
similar to the process of strain-induced boundary
migration (SIBM) first reported in metallic systems
[21, 22]. The main distinction between these two
processes is that strain-induced boundary migration
takes place by the atomic jumps across the boundary,
whereas in grain penetration there is always a thin
layer of liquid in between the two grains. In the latter
case, therefore, the movement of material may occur
by different mechanisms which could actually involve
diffusion through the liquid (e.g. solution—diffusion—
precipitation). Nevertheless, the energetics of these
two processes is based upon similar concepts, so that
grain penetration, which involves the bulging of a
high-angle boundary, will only take place if the sub-
stitution of distorted material by a dislocation-free
crystal is energetically favourable. Using the theoretical
criterion proposed by Bailey and Hirsch [23], for bulg-
ing to occur, in terms of the stored energy difference,
AE’, per unit volume across the migrating boundary
and the grain-boundary surface energy, v, the boundary
will tend to bulge if the following relation is satisfied

2y

AE" > 5 )

where 2L is the length of boundary that bows out.

Figure 11 Two-beam convergent diffraction patterns and corresponding images for reflected beams with Miller indices (a) {01710},

(b) {1120} and (c) {1230).
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Figure 11 Continued.

This means, therefore, that for bulging to operate the
dislocation density difference Ap across the boundary
must be sufficiently large, since AE” can be expressed

as

AE = oGP (Ag)

Ep
= o A 2
* Sy B0 @
where ' = 0.5 to 1.0, G is the shear modulus, v the
Poisson’s ratio, £ the Young’s modulus and b the

Burgers vector. Additionally, the surface energy y,; of
an «/f interface can be written as [24]
0.05
Vlz‘; < TEb (3)
Thus, combining these equations gives
0.1
il 4
Ao > 57 (14) @
and for the present material, typical values of the

Figure 12 Transmission electron micrographs of specimens subjected to sinter-HIP, showing (&) “grain penetration”, and (b} “grain

fragmentation”.
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Figure 13 Transmisson electron micrographs of dislocation structures in §-Si; N, exhibiting, (a) well-developed networks, and (b) dislocation

wall with a complex structure.

parameters for calculation of the right-hand term in
Equationdare:v = 024, = 7 x 107" m, o’ = 0.5
and L can be taken as one-half of the width of the
elongated B-grains, that is, ~0.3 x 10~°*m. Sub-
stitution of these values in Equation 4 leads to

Ao > 4 x 10 m™ (%)

which is a condition that, in spite of the approximate
nature of the calculations, is in obvious agreement (see
Figs 10 and 12a) with the experimental observations.

In addition, Fig. 12b shows a second relaxation
process, termed ‘‘grain fragmentation”, which is
based upon rearrangement of dislocations in low-
energy configurations. By this process the formation
of subgrains, separated by low-angle boundaries
(arrowed on the micrograph), involves changes in the
dislocation arrays without the intervention of migra-
tion of high-angle boundaries. Thus, this is a process
of recovery which requires thermal activation and
results in the formation of dislocation walls (low-angle
boundaries) due to the reduction of total elastic energy
of the dislocations because of clustering. It is note-
worthy, that during recovery, well-developed disloca-
tion networks are often observed (e.g. Fig. 13a),
although in some other instances, like that shown by
a dark-field image in Fig. 13b, the subgrain bound-
aries develop a more complex structure. In both cases,
however, the subboundary is constituted by disloca-
tions with different Burgers vectors (not determined),
and are also likely to be formed by mixed edge-screw
dislocations.

4. Conclusions
Sinter-HIP, employed as a means for the production
of fully dense silicon nitride components, is a very
convenient processing route because the use of an
encapsulant is not required; however, it demands close
control of the processing schedule because of the
strong dependence of the final density on the following
variables: starting pressurization time (;), holding
time at pressure (2,,), pressurization rate (P.), ultimate
pressure (P) and temperature (7).

The chemical composition of the powder mixture is
obviously an important factor in any densification

process, but much more so during sinter—HIP, because
it is particularly important to choose the correct value
of the parameters mentioned above in accordance
with the amount of sintering aids added to the basic
Si; N, powder. In this context, especially when a non-
reactive gas is used as the pressurizing medium, ¢ is
most critical, for maximum efficiency from the sinter-
HIP cycle may only be gained when pressure is applied
on components which are in a close porosity stage. On
the other hand, variables such as pressurization rate
or pressure exert little influence on systems which
develop large quantities of liquid at the sintering
temperature.

Sinter-HIP has an important influence on the
microstructure of the ceramic specimens; not only
because the « — f transformation is encouraged by the
application of high pressure, but also because it pro-
duces plastic deformation in a certain fraction of
larger f-grains as evinced by the presence of large
concentrations of dislocations within them. In many
instances the (0001 is the most commeonly found
Burgers vector associated with these dislocations. As
the dislocations are generated during processing of the
ceramic specimens the microstructure is unstable, and
because of the thermal energy supplied during the
cycle, it will tend to release the stored energy of defor-
mation. Two different relaxation mechanisms have
been identified during this work: grain penetration
and grain fragmentation.- The former involves the
bulging of grain boundaries in a similar way to strain-
induced boundary migration, and the latter is based
upon the rearrangement of dislocations in low-energy
configurations.
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