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Fig. 3 shows the high pressure DTA curve of 
MmCos-H system when the MmCosH2.s was 
heated at 106 Pa of hydrogen, the curve had three 
endothermal peaks. It is assumed that these peaks 
correspond to the dissociations of three hydrides 
respectively, whose composition and crystal struc- 
tures are each slightly different. 

The composition of hydride at 25~ under 
106Pa, the desorption pressure of hydride 
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Figure 3 High pressure DTA curve for dissociation of 
hydride in MmCo~ -H system. 

MmCosH1.2s at 25 ~ C, and the enthalpy change 
for the dissociation of hydride, calculated using 
the values for CeCos-H,  LaCes-H,  PrCos - H  and 
N d e o s - H  systems measured by Kuijpers [ i ] ,  are 
MmCosH2.s, 1.2 x 10Spa, and 0.42eV, respect- 
ively. The composition of the hydride at 25 ~ 
under 106 Pa, and the desorption pressure (l.1 x 
l0 s Pa) of MmCos Hi.as at 25 ~ C in this work were 
in good agreement with the calculated values, but 
the enthalpy change for the dissociation of 
hydride was smaller than the calculated one. This 
difference may be due to the effects of element 
alloying. 
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Factors affecting the stress dependence of 
creep of polycrystalline ceramics 

Under high temperature creep conditions, the 
variation of the secondary or steady-state creep 
rate, es, with stress, a, at a constant temperature, 
T, can be expressed in the form 

~SlT ec G n 

With many polycrystalline ceramics, the stress 
exponent n is found to decrease from values of 3 
or more, at high stresses, to values approaching 
unity at low stress levels. With this type of mater- 
ial, deformation at high stresses is considered to 
occur by the generation and movement of dis- 
locations whilst, in the low-~tress range, creep is 
usually attributed to stress-directed vacancy 
diffusion. It has been suggested that polycrystal- 
line ceramics showing this type of behaviour can 
be classified into two groups, depending on the 
n value generally reported for creep in the high- 
stress range [1]. One group exhibits a stress expo- 
nent of  approximately 5 (e.g. NaC1, LiF, CaO, 
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UO2) whilst the other group displays an n value 
close to 3 (e.g. MgO, BeO, AlzO3). This differ- 
ence in stress exponent is not simply a conse- 
quence of differences in the nature of the atomic 
bonds (2) since, for example, CaO and MgO 
both have a rock salt structure and similar bond- 
type, but display different n values at high stress 
levels (Fig. 1). Alternatively, the results presented 
in Fig. 1 are compatible with a classification [1] 
which links the n value to the ratio of the radii 
of the anion r a and the cation re, with n ~- 5 for 
materials with ra/r c < 2, and n ~- 3 for ceramics 
with ra/rc > 2. However, evidence is available 
which indicates that a specific n value of 3 or 5 
should not be assigned to each ceramic material. 
In particular, for polycrystalline MgO samples of 
similar purity, porosity and grain size, the n value 
has been shown to vary in the range ~ 2  to ~ 7  
depending on the fabrication procedures used to 
prepare the testpieces [5]. The present work alms 
to rationalize the conflicting observations on stress 
exponents in terms of the slip behaviour of cera- 
mic materials, a view consistent with the known 
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Figure 1 The dependence of the steady-state creep rate, ~s, on the applied stress, a, for polycrystalline lime at 1473 K 
[3] and for polycrystalline magnesia at 1596 K[4]. 

importance o f  slip processes during creep of  poly- 
crystalline ceramics at high stress levels. 

For MgO and CaO, slip occurs in (110)d i r ec -  
tions on {1 10} planes, with slip also possible on 
{001} planes. At  room temperature,  for both  
lime and magnesia, the resolved shear stress re- 

quired for slip on {001} planes is much greater 
than that  needed for slip on {1 10} planes. With 
increasing temperature,  the ratio of  the stress to 
initiate slip on {001} planes to that for slip on 

{1 10} planes decreases. In order to satisfy the 
von Mises criterion that  five independent slip 
systems must operate to achieve homogeneous 
plastic deformation of  a polycrystal ,  slip must 

occur at similar stress levels on both {001} and 
{1 10} planes in MgO and CaO [6].  This require- 
ment  is satisfied for lime at ~ 1 2 5 0 K  [7] whereas 
temperatures in excess of  ~ 2 0 0 0 K  are necessary 
with magnesia [8].  Thus, at the creep tempera- 
tures examined (Fig. 1), an n value of  ~ 5  was 
found for the highly ductile lime [3] ,  compared 
with a value of  ~ 3  for the magnesia which exhi- 
bited more limited ducti l i ty [4].  

The temperature of  the b r i t t l e -duc t i l e  trans- 
it ion for a number of  polycrystall ine ceramics 
is shown in Table I, which also includes the 
temperature range over which the stress exponent  
for creep was determined. It appears that n ~ 5 for 

TABLE 1 The temperature of brittle-ductile transition in relation to the stress exponent for creep at elevated tem- 
perature of polycrystalline ceramics. 

Material Temperature of Reference Stress exponent Creep 
brittle-ductile n at high temperature 
transition (K) stresses (K) 

Reference 

NaC1 - 470 [6, 9, 16] 5 - 700-900 [13] 
KC1 - 520 [15] 5 - 900 [13] 
LiF - 620 [ 17] 6.6 > -v 670 [ 18] 
UO 2 ~ 1420 [11] 5 > 1470 [19] 
UC ~ 1270-1470 [20] 5 1470-1970 [20] 
CaO - 1250 [7] 5 1470 [3] 
MgO ~ 2000 [11] 3 1600 [4] 
BeO - [9, 21] 3 ~ 2100 [22] 
A12 03 - [ 11] 3 ~ 1800-2000 [23] 
MgA12 04 - [9] 3 ~ 1800 [24] 
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materials exhibiting ductile behaviour. In this 
way, the correlation noted [1] between the n 
value at high stresses and the ratio ra /r  e can be 
accounted for since the radius ratio is related to 
the polarizability, and hence the slip character- 
istics, of ionic solids. In general, ductile behaviour 
requires the operation of 5 independent slip sys- 
tems. However, with spinel, although 5 slip sys- 
tems operate even at room temperature, the lack 
of interpenetation of the slip systems limits duct- 
ility [9], compatible with an n value of 3 being 
recorded. Conversely, with UO2, slip appears 
to take place at similar stress levels on {001} and 
{110} planes only at temperatures above ~2150K 
[10]. Yet, the occurrence of cross slip results in 
ductile behaviour of UO2 above ~ 1 4 7 0 K  [11], 
in agreement with n ~-- 5. 

A dependence of n value on the ductility of 
polycrystalline ceramics would also be in agree- 
ment with known variation of n with fabrication 
procedure for MgO [5]. Several studies using 
polycrystalline MgO have shown that minor 
differences in pore size and distribution, com- 
position and grain size arising as a consequence 
of different specimen fabrication techniques can 
result in significant variations in mechanical 
properties, and especially in the temperature 
rel~resenting the onset of general ductility [12]. It 
has been proposed that differences in plasticity 
depend on whether the grain boundaries are suffic- 
iently strong to allow stress concentrations to 
build up to initiate slip on {00 1}(11-0) systems 
[12]. The high temperature ductility, and hence 
the stress exponent for creep, therefore depends 
on the detailed microstructure of the material and 
consequently on the sample preparation methods. 

It then appears that, for nominally-pure poly- 
crystalline ceramics, n values of "" 5 are obtained 
at high stress levels with materials displaying duc- 
tile behaviour at the creep temperature, whereas 
lower n values are associated with brittle or semi- 
brittle behaviour. Exceptions to this correlation 
may, however, be found for creep of solid sol- 
utions. Pure KC1 and NaC1 are ductile at creep 
temperature examined, compatible with the re- 
ported n values of ~ 5 (Table I). Yet, KC1-NaC1 
solid solutions display n values of ~ 3  [13]. As 
suggested by Cannon and Sherby [13], this may 
well represent behaviour typical of dislocation 
movement controlled by solute drag [14]. Even 

so, an alternative interpretation may be possible, 
based on the slip behaviour of solid solutions. 
Although no information appears to be available 
on the deformation characteristics of the KC1- 
NaC1 system, work has been undertaken on 
KC1-KBr solid solutions [15]. The temperature at 
which slip occurs at similar stress levels on {1 1 0} 
and {0 0 1} planes is raised from ~ 500K for pure 
KC1 to ~ 800 K for a KCl-19% KBr solid solution. 
The occurrence of n values of ~ 3 for KC1-NaC1 
solid solutions may then represent either solute- 
drag control of  dislocation movement during 
creep, or behaviour comparable with that for 
nominally-pure materials of limited ductility. 
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Microstructural changes during the argon- 
sintering of silicon powder compacts 

Reaction-bonded silicon nitride (RBSN) is gaining 
acceptance as an engineering ceramic, and atten- 
tion is being focused on how processing affects its 
microstructure [1, 2]. This is because both 
mechanical properties and oxidation resistance are 
microstructure-dependent and require optimizing 
if the material is to be successfully exploited in 
high temperature engineering. 

The fabrication route for RBSN involves the 
following three main stages: (i) production of the 
silicon powder compact when particle size, size 
distribution and the compaction operation are 
important; (ii) argon-sintering (typically at 

1200 ~ C), in which the compa~ct gains sufficient 
strength to withstand the machining stresses, and 
(iii) nitriding, during which conversion to the 
ceramic occurs. 

Current Leeds research is concerned with 
examining the extent to which each stage deter- 
mines final microstructure. As far as stage (iii) is 
concerned, the situation is complicated, because 
the reaction is very sensitive to impurities [3] 
which are invariably present in significant amounts 
in the production of commercial material. A firm 
basis is being established for the control of micro- 
structure during nitriding [4] ; the present letter 
draws attention to some important features of the 
microstructure developed during argon-sintering, 
the stage which, as far as the authors are aware, 
has received little or no attention hitherto. 

To investigate the changes in microstructure 
occurring during this stage, a commercial silicon 
powder (conventionally ground in a steel ball-mill; 
analysis in Table I) was isostatically pressed at 
200 MN m -2 into compacts which were argon- 
sintered at 1150, 1200 or 1250~ for 1 or 18h. 
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TABLE I Analysis of silicon powders 

Sample Composition (Wt %) 

Ca A1 Fe 

Commercially ground Si(powder 1) 0.20 0.24 0.96 
Ceramic ground Si (powder 2) 0.10 1.0 0.31 

Chemical analysis at points within the compacts 
was estimated using the energy dispersive Link 
System attachment to a Cambridge $600 scanning 
microscope. Fig. la shows the microstructure of a 
compact before argon-sintering; Fig. lb is typical 
of the microstructure developed during argon- 
sintering. 

In a comparison experiment, lump silicon (from 
the same source as that of Powder 1) was ground 
in a ceramic mill, to avoid metallic iron contam- 
ination (analysis in Table I). The microstructure of 
a compact of this powder, after sintering in argon 
at 1250~ C for tSh,  is shown in Fig. lc. 

The large voids in Fig. lb, which were a 
common feature of these particular samples, were 
evidently caused by local melting, followed by 
movement of the melt, due to surface tension 
forces, into adjacent regions. Each pore had a 
second phase associated with it, clearly shown up 
by relief-polishing (Fig. 1 d). The composition by 
weight of this phase was estimated by probe 
analysis to be Si (51%), Fe (47%) and A1 (1.5%). n 
point by point analysis along a line through the 
pore confirmed that the iron-rich melt had in fact 
moved into the surrounding compact (Fig. 2). 

The composition of the melt is close to that of 
the eutectic FeSi2 [5], having melting point 
1212 ~ C. The extent of second phase associated 
with a pore increased with increasing temperature 
and its average composition followed the liquidus 
in the silicon-rich direction. It seems likely that 
aluminium could account for the melting observed 
at 1150 ~ C, but this requires confirmation. 
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