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Abstract 

Sintered and hot-pressed AIN was tested in com- 
pression at high temperature ( 1500 1650°C) either in 
creep or constant strain rate experiments. The 
mechanical hehaviour can be described with low stress 
exponents ( 1 < n < 2) and large apparent activation 
energies ( > 600k J/tool). Microstructural observa- 
tions point to predominant intergranular deform- 
ation mechanisms, cavitation being especially import- 
ant. Increased dislocation activity was seen in the 
grains when strain increased. Dislocations have basal 
Burgers vectors but glide in prismatic planes as well. 
Easy cross-slip is consistent with the observation of 
non-dissociated dislocations. At large stresses, screw 
dislocations are dominant. 

Gesintertes und heiflgeprefites AlN wurde bei hohen 
Temperaturen (1500-1650°C) unter Anlegung einer 
Kompressionsspannung in Kriechexperimenten oder 
bei konstanten Dehnungsraten untersucht. Das me- 
chanische Verhalten lgiJ3t sich durch einen kleinen 
Spannungsexponenten (1 < n < 2) und grofle schein- 
bare Aktivierungsenergien ( >~6001kJ/mol ) beschre- 
iben. GeJ~igeuntersuchungen deuten auf einen iiber- 
wiegend intergranularen Verformungsmechanismus 
hin, mit besonderer Bedeutung der Hohlraumbildung. 
Bei Erh6hung der Dehnung konnte eine erh6hte 
Versetzungsaktivitiit in den K6rnern beobachtet 
werden. Der Burgers- Vektor der Versetzungen liegt in 
der Basalebene, aber Gleitung in den Prismenebenen 
ist ebenso m6glich. Die einfache Quergleitung idt in 
Ubereinstimmung mit dern beobachteten Nicht- 
disso-iieren der Versetzungen. Bei hohen Spannungen 
iiberwiegen Sehraubenversetzungen. 

Des expkriences de compression ~ haute temp(rature 
(1500 1650°C) de deux qualitbs d'A1N, J?ittb et 
pressc; h chaud, ont (t(  r(alisOes par fluage et h vitesse 
de d~formation constante. Le comportement mkcani- 
que de ce matbriau peut gtre d(crit par de faibles 
exposants de contrainte ( l < n < 2 ) et de jortes 
(nergies d'activation (>600kJ/mol) .  Les obser- 
vations des microstructures montrent que les 
m&'anismes de dbformation intergranulaires, en 
particulier la cavitation, sont prddominants. Dans les 
grains, I'activitb des dislocations croft avec la dkfor- 
mation. Les dislocations ont un vecteur de Burgers basal 
mais glissent (galement dans les plans prismatiques. 
Un glissement d~;vik facile est en accord avec 
l'observation de dislocations non dissoci(es. Pour les 

Jbrtes contraintes, les dislocations vis sont mq]oritaires. 

1 Introduction 

355 

Aluminium nitride is an iono-covalent material 
which crystallizes in the wurzite (2H) structure. High 
melting point (2400°C), excellent thermal conductiv- 
ity and good resistance to molten metals together 
with oxidation resistance at high temperatures, 
make A1N an attractive material for use as special 
refractories in future equipment for metal process- 
ing. For  such applications it is also necessary that 
sufficient mechanical property levels be achieved, in 
particular at high temperature. 

A1N polycrystals were studied at ambient temper- 
ature under uniaxial compression under a confining 
pressure up to 1"25 GPa and at strain rates between 3 
and 7 x 10 -5 s-1 by Heard & Cline. 1 Stress-strain 
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curves showed a brittle-ductile transition at 
0.55 GPa and the ultimate strength increased from 
3'26GPa to 4-7GPa under 0"IGPa to 0"8GPa 
confining pressures respectively. After testing, TEM 
observations revealed a high density of dislocations 
parallel to the traces of all three a-axes. 

Audurier et  al. 2'3 have also deformed A1N 
specimens containing 1 to 20 wt% Y203 at constant 
strain rate of 2 × 10 5 s- ~ under confining pressures 
0"7 to 1 GPa between room temperature and 800°C. 
The purpose of their work was to study dislocation 
substructures by TEM in samples deformed 1 to 2%. 
They concluded that basal and prismatic planes are 
easy glide planes. Dislocations had a Burgers vector 
1/3 (1120) type and dominant screw orientation in 
the temperature range investigated. Boch e t  al. 4 

carried out creep tests in three-point bending up to 
1300°C under a stress of 190MPa on hot-pressed 
A1N densified without additives. It has been found 
that at 1000°C for up to 100h, the dense material 
exhibits only primary and steady-state creep be- 
havior. The strain rate was found to be roughly 
proportional to the square of the applied stress. 
This result was considered evidence that no liquid 
second phase influences the grain boundary sliding. 

Creep experiments in four-point bending were also 
performed on hot-pressed aluminium nitride samples 
of grain sizes between 1.8 and 19pro by Jou & 
Virkar. 5 The outer fibre stress was varied between 20 
and 140 MPa and the temperature between 1377 and 
1667~'C. The stress exponent, n, varied from 1.27 to 
1.43, and the mechanism of creep was suggested to 
be diffusional. The grain size exponent, p, was found 
to be approximately between 2.2 and 2.4. Fur- 
thermore, the activation energy ranged between 529 
and 625 k J/tool. TEM observations did not show a 
noticeable change in the dislocation density but 
cavitation was observed in the deformed samples. 

It therefore appears from this brief review of the 
literature that creep and deformation behaviour of 

Fig. 1. As-received SA1N. SEM micrograph (back-scattered 
electrons). The second phase appears with bright contrast at 

some grain boundaries and triple points. 

A1N ceramics remain poorly documented and 
insufficiently understood. Therefore it is the purpose 
of this paper to report on some experiments and 
briefly discuss their significance in the light of the 
structural changes observed to take place in the 
samples. 

In this context, two types of tests have been 
carried out on sintered and hot-pressed aluminum 
nitrides (respectively SA1N and HPA1N): 

---creep in compression, 
-----compression at low constant strain rate (called 

thereafter CSR), 

at temperatures from 1500 to 1650°C in argon and 
helium gases. 

2 Experimental Procedure and Materials 

Commercial disks of SA1N and HPA1N 130 and 
200mm diameter respectively were obtained from 
ESK (ElectroSchmelzwerk Kempten GmbH, Ger- 
many). These materials have been prepared with a 
sintering additive forming a second phase under 
sintering conditions. 

A chemical analysis using an inductively coupled 
plasma showed the presence of about 2wt% of 
lanthanum in SA1N and HPA1N which corresponds 
to a volume fraction of nearly 5% as the oxide. The 
main phase detected by X-ray diffraction (XRD) 
(CoK~ radiation) and EDX was lanthanum alumi- 
nate (La20 3. 11 AlzO3). Scanning electron micro- 
scopy (SEM) examination (Fig. 1) reveals the 
second-phase distribution and allows for grain size 
measurements by the linear intercept method. This 
method applied to a population of 200 grains 
leads to the following average grain diameters, 
d =  6"9 _+ 2.4 pm for SAIN and 4"l_+l .8pm for 
HPA1N respectively. 

For TEM observations, thin foils were made by 
mechanical polishing and dimple grinding followed 
by ion thinning to perforation, and were examined in 
a JEOL 200 CX electron microscope operating at 
200 k v  and in a Philips CM12 electron microscope 
operating at 120kV for EDS analysis. For both 
materials~ second phases were observed as dark 
particles at triple points and grain boundaries. Few 
individual dislocations were found in the grains 
(Fig. 2). The three possible Burgers vectors 1/3 (117.0) 
in the basal plane were observed; no dissociation 
into partials was detected by the weak-beam tech- 
nique. Sometimes perfect dislocations were found to 
be arranged in subgrain boundaries. Moreover, rare 
inclusions which EDS revealed to be alumina were 
sometimes found within grains in the neighbour- 
hood of dislocation configurations, such as shown 
on Fig. 2. No cavities were observed at triple points 
or grain boundaries in the as-received materials. 
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Fig. 3. Creep curves (strain versus time) of SPAIN compressed 
at 150MPa from 1500°C to 1650 C. 

Fig. 2. As-received HPA1N. TEM bright field micrograph. The 
second phase appears with dark contrast at triple points. A few 
dislocations and a twist subgrain boundary can be seen. The last 

features arc very seldom seen in as-received material. 

Test samples for compressive creep and deforma- 
tion experiments were diamond machined from the 
initial discs as 3 x 3 x 8ram 3 bars the lengths of  
which lie in the disc planes. 

The creep and CSR tests were performed in a 
MTS 810 machine equipped with a Centorr  furnace, 
the samples being placed between two silicon 
carbide plates. All tests were conducted in a mixture 
of argon and helium gases from 1500 to 1650°C. Creep 
experiments in compression have been carried out 
under stresses of  150, 200 and 250 MPa and CSR 
tests at a strain rate of  5 x 10-6s - l .  The deforma- 
tion was recorded using a linear voltage differential 
transformer (LVDT) and the temperature measured 
by both a W / W - R h  thermocouple and a pyrometer  
pointing at the specimen. After cooling the deformed 
samples under stress, 3-mm diameter disks were 
diamond cut at an angle of  0, 45 ° or 90 ° from the 
compression axis. Thin foils could then be prepared 
as described before. 

3 Results of Compression Tests 

3.1 Creep curves 
Creep curves, e = f ( t )  can usually be decomposed 
into three stages: 1, decreasing strain rate; 2, steady 
state strain rate and 3, increasing strain rate. Most  
creep experiments are interpreted considering only 
the steady state strain rate, g. It obeys an equation of  
the type: 

o-n 

where a is the applied stress, dis the grain size, n is the 
stress exponent, p is the grain size exponent, and 

A(T) is often expressed as an Arrhenius factor, i.e. 
proport ional  to exp [-Q/RT],  where R is the gas 
constant. 

When the rate-controlling mechanism is diffusion, 
the steady-state creep rate, e.', is proport ional  to the 
applied stress and inversely proport ional  to the 
square of  the grain size, so n = 1 and p = 2. 

Most  of  the present experiments were stopped 
during the second stage. For  both materials studied, 
a stage 1 of  very small duration followed by a well- 
characterized stage 2 were observed. The slope of  the 
steady state, ~, strongly increased with temperature: 
more than one order of  magnitude from 1500 to 
1650~C. Figure 3 shows the curves obtained for 
SPAIN deformed under 150MPa. For  the tests 
conducted under 250 MPa, after a time of  5000 s, 
which corresponds roughly to the beginning of  the 
linear regime, strain varied from 0"2% at 1500°C to 
4% at 1650°C for SA1N and 0"18% at 1500°Cto 5% 
at 1650°C for HPA1N respectively. 

Creep experiments were carried out for a minimum 
of  10000s which is the time required for contact 
with liquid steel in casting applications. At lower 
temperatures, tests were performed for times of  
about  60 000 s in order to have a better characteriz- 
ation of  the second stage. One test was carried out on 
HPA1N at 1650°C which led to fracture after a 
deformation of  15%. 

In order to determine the steady-state creep rate, 
strain rate versus strain was plotted for several 
temperatures under a constant stress. In most cases, 
between 0 and 0.2% strain, the rate quickly 
decreased and then reached a nearly constant value. 
In the cases of  high stresses and temperatures, the 
rate decreased, went through a minimum and then 
slightly increased again. Figure 4 shows such 
behaviour for HPA1N under 250 MPa. 

With the view of  determining the influences of  the 
applied stress and the temperature on steady-state 
creep rate, one value was chosen for each test. In 
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the general case, the minimum strain rate was taken 
as the steady-state creep rate. For  high stresses and 
temperatures,  the minimum of  the curve was 
assumed to coincide with the steady-state creep. 
Thus, for both materials, the creep rate was typically 
between 6 x 10-8s  -1 and 4 x 1 0 - 6 s  -1.  The lowest 
creep rate that could be accurately measured with 
the present equipment was 10- 8 s-  1. At 1500°C and 
150MPa, the observed steady-state creep rate was 
nearly equal to this value. Log g versus log a curves 
were plotted for each material and temperature. The 
data could be fitted with straight lines. Table 1 gives 
the different values of  the stress exponent, n, as a 
function of  temperature. 

The log i versus l IT  data were plotted for a 
constant stress and for each material. From straight 
line fits of  the data, the corresponding apparent 
activation energies could be estimated. Table 2 
shows that these values do not depend on the stress 
in the investigated range except perhaps for HPA1N 
which yields a higher value at 150MPa. 

3.2 Constant  strain rate curves 

CSR tests were carried out on the one hand to 
determine the maximum stress and on the other 
hand to compare microstructural mechanisms with 
those found for creep. The strain rate was chosen in 
the domain of  steady-state creep rate obtained 
before. The value of  5 × 10 6 s-1 was selected for 

Table I. Stress exponents in AIN, derived from the stress 
dependence of the steady-state (or minimum) creep rate, at 

different temperatures 

Temperature ( C) Stress exponent, n 

SAIN HPAIN 

1500 
1550 
1600 
1650 

1.8 
1.8 
1.4 
1.2 

1.8 
1.4 
1.4 
1.4 

Table  2. Apparent activation energies in AIN, derived from the 
temperature dependence of the steady-state (or minimum) creep 

rate, at different applied stresses  

Stress (MPa) Activation energy (kJ/rnol) 

SAIN HPAIN 

150 650 710 
200 620 645 
250 630 640 

Table  3. Peak (or maximum) stresses observed in stress-strain 
curves of AIN deformed in comprcssion at the imposed strain 

rate e," of 5 × 10-6s i at different temperatures 

Temperature ( C) Stress (MPa) 

SAIN HPAIN 

1500 580 -- 
1525 515 - -  
1 550 480 670 
1600 330 430 
1650 185 290 

reasons  of  accuracy. Stress-strain curves showed 
first a linear part with a high slope, then the stress 
reached a maximum and decreased. 

The lower the temperature, the higher the slope of  
the initial part of  the curve, the maximum stress and 
the slope of  the decreasing part of  the a(e) recording. 
In Fig. 5, stress-strain curves are plotted for HPA1N 
at 1550, 1600 and 1650°C. For  comparison, the curve 
of  SA1N deformed at 1650°C was also added to Fig. 
5. An initial slope and a maximum stress lower than 
those  found for HPA1N in the same conditions were 
observed. Similar differences have also been ob- 
served at other temperatures. The values of  max- 
imum stresses are reported in Table 3. 

Tests were stopped when strains were approxi- 
mately the same as those obtained for creep except 
for one sample of  SA1N deformed up to 11% at 
1650°C without fracture. 
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strain rate of 5 × 10-6s i from 1550°C to 1650°C and of SAIN 
compressed at 5 x 10-6s -1 and 1650°C. 



High temperature compressive tests qf aluminium nitride 359 

2 mm 

Fig. 6. Optical micrograph of a SA1N sample compressed at 
~= 5 × 10 6s 1 at 1550C up to 9"7% strain. The barrel shape 
is visible as well as deformation bands at an angle of 20 ~ from the 

compression axis. 

3.3 Microstructure 
After creep, the samples still had a parallelepipedic 
shapes, while after CSR tests they had barrel shape 
and bands were observed at the sample surfaces at 
approximate angles of  207 to the compression axis 
(Fig. 6). In both materials and after both types of 
experiments, no clear evidence of  significant modi- 
fication in either grain size or grain shape was 
apparent  upon SEM and TEM examinations. 
Grains are still equiaxed and their diameters 
measured on 200 grains are, for SA1N and HPA1N, 
respectively: 

For creep, 6"5 + 2"4 #m and 5-4 + 1-8/~m. 
For CSR, 7"6 + 28 #m and 5"0 + 2"0/~m. 

A slight increase of grain size can, however, be 
noticed for HPA1N. 

The first important  result upon microscopic 
investigation was the observation of  intergranular 
deformation and mostly cavitation. Cavities were 
observed at grain boundaries and triple points. Their 
locations were most ly observed in SEM on faces 
containing the compression axis. After creep, no 
evident correlation has been found between cavit- 
ation and the grain boundary orientations with 
respect to the compression axis (Fig. 7). In contrast, 
after CSR, an anisotropy was observed: the lower 
the angle between the grain boundary and the stress 

Fig. 7. SEM micrograph of HPAIN after creep at 200 MPa and 
1550'C up to 0.9% strain. The second phase appears bright and 
cavities dark. The distribution of cavities looks isotropic 

without any relation to the compression axis. 

axis the higher the probability for it to be affected by 
cavitation. 

Figure 8 was taken on a lateral face of a SA1N 
sample deformed to 9.7% at 1550°C. Coalescence of 
cavities leading to microcracks more or less parallel 
to the stress axis could be noted as well as cavities 
localized at triple points. On SEM and mostly TEM 
observations, triple points cavities exhibited the 
shape of a convex triangle or a three-branched 
concave star (Fig. 9). Those cavities are reported as 
w-type according to the terminology of Garofalo. 6 
TEM examinations also showed cavities located at 
grain boundaries which exhibit ellipsoidal shape 
with a main axis oriented along the grain boundary 
direction (Fig. 9). They are usually considered to be 
r-type cavities as described by Garofalo. 6 

When grain boundaries are very inclined to the thin 
foil plane, as observed in Fig. 10, cavities with a tube 
shape were observed crossing the foil from one face to 
the other. They are in fact ellipsoids. In general, in a 
grain boundary, cavities are regularly spaced, the 

Fig. 8. SEM micrograph of SAIN after constant strain rate 
deformation at 5 × 10 - 6  S- 1 and 1550°C, final strain 9.7%. Side 
face of the sample is shown. Microcracks and cavities are 
preferentially oriented parallel to the horizontal compression 

axis. 
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Fig. 9. TEM micrograph of HPAIN deformed at 250MPa, 
1650°C up to 4.2%. w- and r-type cavities are observed (see text), 

(bright field). 

Fig. 10. TEM micrograph of HPA1N deformed at 
e =5 × 10 -6  S- 1, 1550oc to 2.1% final strain. Cavities with tube 
shape and ellipsoidal basis run through the foil (bright field). 

distance between them being of  the order of  
magnitude of  their main axis. Their sizes were 
determined by TEM; the diameter was taken as the 
largest dimension in the thin foil plane. For  a given 
deformation condition, all cavities are about the 
same size. Their volume fraction was estimated 
during TEM observations. For a given area of  about 
700#m 2, the total area taken up by cavities was 
calculated by adding individual areas. The ratio of  
these areas gives the volume fraction of cavities. The 
size and the volume fraction of  cavities were mostly 
determined after deformation at the highest temper- 
atures. The results are reported in Table 4. 

In order to detect chemical changes of  second 
phases, after creep and CSR, EDS analyses were 
made on second-phase particles located in the core 
of  the samples. In all cases, the ratio A1/La was 
smaller after deformation. Before deformation, it 
was found to be equal to 10 but after creep, it could 
take the value of 2 after 78 rain of testing at 1650°C 
under 250MPa. After CSR, the decrease of the 
A1/La ratio was smaller; for example, after a 
deformation of  73 min, at 1600°C, it was equal to 7. 

Several strain whorls have also been observed on 
non-cavitated grain boundaries, as described previ- 
ously by Lange et al. 7 in deformed Si3N 4. These 
concentric fringes are bend contours generated at 
one point of the grain boundary; they can appear in 
one or in the two adjacent grains (Fig. 11). They are 

1 ~tm 

Jli!!! 

Fig. 11. TEM mlcrograph of SA1N after creep at 200MPa, 
1650°C, up to 3% strain. Strain whorl at a grain boundary 

(bright field). 

manifestations of  a localized elastic strain coming 
from residual stresses due to asperities which 
hindered grain boundary sliding. 

Intragranular deformation was also observed. 
The proportion of  grains with a high dislocation 
density increased with strain but not all the grains 
were concerned in any case. Dislocations have 
1/3 (1120) Burgers vectors. No evidence of  dis- 
sociation into partial dislocations was detected by 
the weak-beam technique. In most cases, the 
dislocation density is not homogeneous inside a 

Table 4. Diameter and density of cavities observed by TEM in sintered and hot-pressed A1N for 
different testing conditions 

Material Conditions of deformation Average cavity Cavity density 
diameter (l~m) (%) 

SA1N Creep (250 MPa, 1650°C) e = 3.9% 1.0 3'0 
Creep (250 MPa, 1600°C) e = 2.4% 1-0 4"0 

HPAIN Creep (250 MPa, 1650°C) e = 4"2% 0'9 6-0 
Creep (250 MPa, 1600°C) e = 2.3% 0.6 1-9 

HPA1N CSR (5 × 1 0 - 6 S  -1,  1650°C) e=4"8% 0"7 5"7 
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Fig. 12. TEM micrograph of HPA1N after creep at 250MPa, 
1650 C, up to 4.2% strain. Highly inhomogeneous dislocation 
distribution. The curvature of some dislocations (D) strongly 
suggests that they come from the grain boundary (bright field). 

grain: it is maximum in the vicinity of the grain 
boundaries where the dislocation density can reach 
101 o cm - 2; it decreases to almost zero as the distance 
from this point increases. As shown in Fig. 12, the 
dislocations are typically concentrated in one half of 
the grain. Since specimens were cooled under load, 
the curvature of dislocations gave indication on the 
direction of their displacement during high tempera- 
ture deformation. When the dislocation density was 
very high, the shape of each dislocation could not be 
well defined; nevertheless, for each case of deform- 
ation, the sense of curvature has been identified. 
Figure 12 also showed dislocations (D) coming from 
the grain boundary which is the case most frequently 
observed and other ones going towards the grain 
boundary where the density is maximum. The 
interaction between dislocations gives rise to dense 
tangles and local hardening is probably high, which 
could prevent further deformation in such an area. 

After creep or CSR for a maximum stress of 
290MPa, the configuration already described was 

always observed. In these cases, dislocation lines did 
not have a preferential crystallographic orientation. 

Figures 13 and 14 were taken on grains where 
dislocations were rather homogeneously distributed 
and could be individually observed. As shown in Fig. 
13 obtained from a thin foil with a more or less 
isotropic orientation some dislocations with a 
curved shape appear free to glide and contribute to 
the plastic strain whereas other ones (N) have 
interacted to form triple nodes which corresponds to 
the first steps of twist boundary formation. In Fig. 
14, a typical configuration corresponding to the case 
where the basal plane is parallel to the electron beam 
can be seen. Two types of segments can be observed 
as: 

Straight lines parallel to the trace of the basal 
plane and which are projections of dislocation 
lines situated in the (0001) plane. 

- -Curved  lines sometimes connecting two 
straight lines. 

No preferred orientation was detected during 
observations on the basal plane. The dislocation 
lines being made of segments in the (0001) planes are 
connected by parts which are not located in defined 
prismatic planes. 

This type of configuration results from basal glide, 
together with cross slipping on planes in zones with 
the Burgers vector ((1010), (10T1)) and also disloca- 
tion climb. I n  the particular sample that was 
stressed up to 670 MPa, the distribution of disloca- 
tions in grains was also heterogeneous but 
dislocation lines were oriented along particular 
directions. 

Figure 15, for example, shows elongated loops 
lying on several non-basal planes. The longest 
segments are quite accurately parallel to the basal 
plane and have therefore a nearly pure screw 
character. The short segments also appear much 

Fig. 13. TEM micrograph of HPA1N after creep at 250MPa, 
1600°C up to 2.3% strain. Dislocations are homogeneously 
distributed in the grain. Note the formation of triple nodes (N) 
by reactions dislocations. Weak beam conditions g, 2 g. g = 2110, 

foil normal and beam direction: [0001]. 

Fig. 14. TEM micrograph of SA1N after creep at 150MPa, 
1500cC, up to 0.7% strain. Long straight dislocation segments 
(L), parallel to the basal plane are linked by curved parts (C). 
Weak beam conditions g, 2g. g: 2110, foil normal and beam 

direction: [1010]. 
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Fig. 15. TEM micrograph of HPA1N deformed 2'1% at 
5 × 10-6s 1, 1650oc. Dislocation loops made of straight 
segments in non-basal planes. Long segments are parallel to the 
trace of the basal plane and have a nearly pure screw character. 
Weak beam conditions, 2g. g: 2110, foil normal and beam 

direction: [1010]. 

more rectilinear than in samples deformed at lower 
stresses, although particular crystallographic orient- 
ations were not determined. Two of the three 
possible ( i120)  Burgers vectors were usually 
observed inside a given grain. In Fig. 16, two such 
families of dislocations with dominant screw 
character can be seen. Most of long dislocations 
have cusps and some developed non-planar con- 
figurations with helicoidal character. Small loops in 
rows parallel to the screw orientations are also 
shown. They could be debris of screw dipoles that 
have been annihilated by cross-slip. 

4 Discussion 

The stress and temperature dependence of the 
'steady-state' strain rate in creep, the origin of the 

Fig. 16. TEM micrograph of HPA1N deformed 2.1% at 
5 × 10 -6 s- 1, 1650oc. Two sets of screw dislocations, parallel to 
two out of the three possible ~ l 1 ?,0) directions are visible. Cusps 
on dislocations correspond to non-planar configuration 
resulting from cross-slip and/or climb. Rows of small loops 
parallel to the Burgers vector are also visible. Weak beam 
conditions g, 2 g. g: 21T0, foil normal and beam direction: [0001]. 

maximum stress in constant strain rate experiments 
and the possible microscopic deformation mechan- 
isms suggested by TEM and SEM observations are 
now discussed. 

Creep curves were described with the classical 
phenomenologic parameters, n and Q. The stress 
exponent n, varying between 1"2 and 1-8 with an 
average value ~1"5, is low compared to those 
commonly observed in most crystalline materials 
and predicted by current dislocation creep models, 
which range from ,-~ 3 to ~ 5. The apparent activation 
energy, Q, is rather large (625 kJ/mol = 6.48 eV) and 
the authors believe that is cannot be attributed to 
one single thermally activated mechanism. Such n, Q 
values are in agreement with literature results for 
ceramic materials tested in similar conditions. In 
A1N, the data obtained by Jou & Virkar 5 in four-point 
bending at somewhat lower stresses (20 to 140 MPa) 
and similar temperatures (1377 to 1667°C), favour- 
ably compare to the present values. These authors 
found two distinct Q values of ~ 530 and 625 kJ/mol 
for two different grain sizes 1.8/~m and 19#m, 
respectively. Their stress exponent was measured at 
--~1.3-1.4. It is remarkable that the preparation 
process (sintering or hot pressing) does not influence 
the n, Q values much. 

In constant strain rate tests, the maximum stress is 
highly sensitive to the deformation temperature. An 
apparent activation energy can be derived assuming 
the same form of the phenomenological constitutive 
equation, as for creep, which can be rewritten as: 

where a could be the yield stress. If such derivation is 
done with a equal to the maximum stress and 
n = l . 5 ,  the apparent activation energies are 
~ 320 kJ/mol for SA1N and 375 kJ/mol for HPA1N. 
These estimates are clearly smaller than creep 
apparent activation energies. A probable reason is 
that the maximum stress on stress-strain curves does 
not have the same origin as the steady state creep 
and does not correspond to the comparable micro- 
structural states. 

The stress decrease after the maximum is prob- 
ably due to some weakening, resulting from micro- 
cracks that formed parallel to the compression axis, 
rather than to an intrinsic softening. This maximum 
should not be confused with the yield drop due to 
dislocation multiplication which is commonly 
observed in single crystalline semiconductors, 
although crystallographic structures are very 
similar. A preferential orientation of cracks and 
cavities has been observed in polycrystalline mag- 
nesia. 8 A calculation by the same group 9 has shown 
that the traction stress perpendicular to the com- 
pression axis could amount to a tenth of the applied 
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stress because of end effects and barrel shape. This 
should lead to a more important density of cracks 
when the applied stress is larger, in agreement with 
the present observation of a steeper stress decrease 
at lower temperatures. 

Microstructural observations strongly suggest 
that the dominant and initial deformation mechan- 
ism is intergranular and should be mainly grain 
boundary sliding (GBS), enhanced by the second 
phase, which is expected to be viscous at testing 
temperatures. Such a mechanism should account for 
a stress exponent of the order of 1. Due to defects 
along grain boundaries, even very small amounts 
of GBS lead to localized stress concentrations, which 
were termed 'whorls '7 because of the fringe patterns 
they form on TEM micrographs. Such local defects 
with their surrounding stress fields are the nuclei for 
cavitation. The fact that many more cavities than 
~whorls" were observed, contrarily to observations 
reported in Si3N 4 ceramics 7'12 is due to a very fast 
cavity growth in the present material and testing 
conditions. Cavitation should relax internal stresses 
and suppress some obstacles to GBS but the way it 
contributes to the total strain is not obvious, 
especially in compressed samples where cavity 
distribution looks isotropic. 

Intragranular deformation by dislocation move- 
ment is also a way to accommodate strain incom- 
patibilities that result from GBS. Only limited 
deformation was observed in those grains which 
contained high dislocation densities. Dislocations 
were often confined in some grain boundary area 
and probably did not contribute significantly to the 
total strain. 

The observed slip systems are those which were 
expected from the crystal structure. Only disloca- 
tions with a =  (1120) basal Burgers vectors were 
observed. Dislocation configurations prove that ( a )  
dislocations glide not only in (0001), but also in 
several non-basal planes, which unfortunately could 
not yet be identified. Cross-slip appears to be very 
easy, which is consistent with the non- or very 
narrow dissociation into Shockley partials. The 
present observations confirm those of Audurier e t  

a/., 2"3 who deformed A1N samples containing 
yttrium oxides at higher stresses and lower 
temperatures. 

The segmented appearance of dislocation loops 
developed at large stresses proves that high lattice 
friction (Peierls force) opposes dislocation motion, 
as in similar covalent crystals. It would be valuable 
to study in more detail the possible preferred non- 
screw orientations that seem to have been detected 
in the non-basal plane. The dominant  screw 
character of dislocations was already observed in 

A1N at lower temperatures 2.a and is a very general 
behaviour of dislocations in III.V semiconducting 
compounds. 11 In such materials, this is explained by a 
strong anisotropy of the dislocation mobility. One 
kind of edge-type dislocation moves much faster and 
trails behind it long slower screw segments. It should 
be interesting to check whether this is the reason for 
present observations or whether the screw orient- 
ation is not rather stabilized by accumulating jogs 
due to repeated cross-slip and/or climb. It should 
also be important to study more deformed A1N 
samples, in order to check whether the observed 
trend for increased dislocation activity with increas- 
ing strain can lead to a general plastic deformation 
by dislocations. 
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