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Abstract 2 Experimental Procedures 

Intergranular cavitation has been investigated in 
samples deformed plastically up to a few per cent in 
four-point bending and uniaxial compression above 
1500°C. Even for strains of 0..5%, cavities with a 
size of several tenths of a micrometre were observed, 
generally nucleated at small sintering additive parti- 
cles. Cavities are preferentially formed in grain 
boundaries perpendicular to the stress axis in areas 
deformed in tension but are rather isotropically 
distributed in samples deformed in compression. The 
volume fraction of cavities was found to be near the 
total strain. 

1 Introduction 

Aluminium nitride is a stoichiometric compound 
of formula AlN. This ionocovalent material has 
an ionicity factor of 0.45 and a wurzite hexagonal 
crystalline structure (2 H with a = 0.311 nm and 
c = 0.498 nm). At room temperature AlN combines 
a high electrical resistivity (1 X 1013 R cm due to a 
band gap of 6.3 eV), an excellent thermal conduc- 
tivity as high.as 200 W m-i K-i and a low thermal 
expansion coefficient, -2.7 X 10m6 K-l, close to 
that of silicon. These properties and its non-toxic- 
ity make AlN a good candidate material for sub- 
strates of electronic devices. Also AlN exhibits a 
good thermal stability, does not react with molten 
metals and shows high mechanical strength up to 
1500°C. It can therefore be used for some parts in 
a continuous casting process. This has prompted 
the present work on high-temperature plastic 
deformation of AlN ceramics. When undergoing 
creep at high-temperature, polycrystalline materi- 
als often fail as a result of the growth and coales- 
cence of voids located at grain boundaries (GBs) 
to form cavities. We report here on cavitation in 
AlN. 

AlN powders are sintered with additives. The 
materials studied were provided by ESK (Germany) 
in two grades: conventionally sintered (hereafter 
called S-AlN) or hot-pressed (HP-AlN). In both 
cases, the additive was La,O, (5 wt%). Equiaxial 
grains are observed with average sizes of 7 ,um (S) 
and 4 pm (HP). The additive is found within the 
GBs and especially at triple grain junctions as 
particles of a few tenths of a micrometre. The 
as-received materials have no porosity. 

Samples were deformed up to a few per cent 
plastic strain either by uniaxial compression, in 
creep under constant nominal stress of 150, 200 
and 250 MPa or at a fixed strain rate, i = 5 X 
10m6 s-l, or by four-point bending (FPB) under 
constant load. In the last case, the maximum 
stress on the outer fibres was equal to 58, 80 and 
109 MPa. 

Tests were performed under Ar + He atmo- 
sphere, at temperatures ranging from 1773 to 1923 
K. Samples were cooled with the final stress 
applied in order to freeze-in microstructures and 
defects. Thin foils were then cut, thinned by ion- 
milling and observed in a Jeol 200 CX electron 
microscope operating at 200 kV. Further details 
can be found in Ref. 1. 

3 Results 

3.1 Influence of thermal treatment without applied 
stress 
To separate the possible effects of heat treatment 
from those due to plastic deformation, observa- 
tions were made on a sample heated for 5 h at the 
highest investigated temperature, 1923 K, without 
any applied stress. Neither cavities nor any signifi- 
cant changes of the overall microstructure could 
be observed. 
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3.2 Cavitation after four-point bending Table 1. Cavitation after four-point bending 

Observations were restricted to HP-AlN, deformed 
at 1873 K. FPB leads in the same sample to areas 
submitted to tensile stresses while others are in 
compression. To a good approximation, the stress 
(tension or compression) in a thin slice parallel to 
the top and bottom surfaces is practically uniaxial. 
Thin foils were cut parallel to these surfaces at 
-100 pm beneath them. Determining the local 
plastic strain and stress is not straightforward. 
Estimates were derived from the crosshead deflec- 
tion of the testing machine using the formula of 
Hollenberg et aL2 with a stress exponent of 1.4.’ 

(A&a) (!L) 

R cavities * W cavities+ 

Grain Triple points 
boundaries with with cavities 

cavities (‘HI) (X) 

T 0.33 58 0.5 (0.03) 

C 0.29 (0.08) 

T 0.42 80 0.8 (0.09) 

c 0.37 (0.03) 

20 

Very weak 

21 

Very weak 

30 57 

5 19 

T 0.51 48 66 109 2.2 (0.34) 

c 0.54 (0.22) 4 20 

3.2.1 Areas deformed in tension 
Plastic strains were approximately equal to 0.5% 
at u = 58 MPa, 0.8% at 80 MPa and 2.2% at 109 
MPa; these deformations being obtained, respec- 
tively, after 85, 110 and 285 min. Two kinds of 
cavities were observed (Fig. 1). Firstly, at GBs, 
cavities have lenticular shapes with a thickness, 
normal to the GB plane, roughly half the diameter 
in the GB plane. At a given stage of deformation, 
all cavities have fairly equal sizes (Table 1). And, 
secondly, at triple junctions, cavities are slightly 
larger and show concave or convex triangular 
cross-sections. These two classes can be labelled R 
and W, respectively, as proposed in Ref. 3. No 
cavity was ever found inside the grains. 

*R cavities: diameter (and standard deviation) and percentage 
of grain boundaries containing cavities are given. 
‘W cavities: percentage of triple points with cavities is given. 
T = Area in tension; C = area in compression. 

stress axis and the GB plane was determined in 
two steps: 

(9 

(ii) 

The fraction of GBs and triple junctions where 
cavitation was present was estimated. Each value 
given in Table 1 results from counting over 
100-300 GBs. The size and number of cavities 
increase with strain and/or stress. At E = 0.8%, u = 
80 MPa, all grains have at least one cavity at their 
periphery and evidence of coalescence is observed. 
The spatial distribution of cavities is clearly 
anisotropic (Fig. 1) and their density is larger at 
GBs which are nearly perpendicular to the tensile 
stress axis. For each GB, the P-angle between the 

The a-angle between the stress axis and the 
trace of the GB in the plane of the foil was 
measured; (Y varies between a minimum value 
ai and 90”. 
The spectrum of a-values was then con- 
verted into p-values assuming that GBs 
have random orientations and that (as was 
easily checked) (Yi is the minimum p-value. 
Histograms were thus obtained. For E = 
0.5 %, (T = 50 MPa, p varies from 45 to 90” 
with a maximum at 80”. For E = 0.8%, 
u = 80 MPa, as shown on Fig. 2, a marked 
anisotropy is also observed, with the same 
maximum and a broader spectrum. For E = 
2.2 %, u = 109 MPa, the distribution is 
quite similar, with a maximum between 80 
and 90”. 

Fig. 1. Anisotropic cavity distribution in AlN after deformation 
by four-point bending (tension side) at T = 1873 K, (+ = 80 
MPa, E = 0.8 x lo-*. The stress axis is parallel to the marker. 
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Fig. 2. Anisotropic distribution of cavities after four-point 
bending (tension side) for same conditions as Fig. 1. Histo- 
gram of the /3-angle between the stress axis and the grain 

boundary plane, showing cavities (179 measurements). 



Cavitation in aluminium nitride 517 

3.2.2 Areas deformed in compression 
Cavitation is much less developed in compressed 
areas, whatever the strain., as can be seen in Table 1. 
Cavities have the same lenticular shape and about 
the same size as in tension areas. Many GBs do 
not show cavities but the density of cavities at 
cavitated GBs is nearly the same as in tension. 
Cavitated GBs appear to be orientated at random, 
some being nearly parallel to the stress axis. 

A significant observation is that a particle can 
be seen as a black dot in nearly each cavity. These 
particles were identified by EDS analysis and 
microdiffraction. They are crystallized precipitates 
of sintering additive (La,O,). Fig. 3(a) shows a 
GB orientated at 60” from the foil, so that cavities 
have elongated shapes. Particles appear at the 
same side of the cavities. This was not always 
observed. Particles may occupy diametrically 
opposite positions and, in a few cases, two or 
three particles were found in one cavity. In ten- 
sion areas, in comparison, such particles were seen 
in a small number of cavities only. It may be men- 
tioned that particles not attached to cavities could 
be found in some GBs even after 2.4% strain. Fig. 
3(b) shows some particles at the GBs of a small 

Fig. 3. Cavitation in AlN after deformation by four-point 
bending (compression side). (a) Cavities formed at second- 
phase particles in an inclined grain boundary (T = 1873 K, 
(T = 58 MPa, E = 0.5 X lo-*) viewed using bright field TEM. 
(b) Second-phase particles around a small grain viewed using 
bright field TEM. The arrow points to the growth of a cavity 

(T = 1873 K, (T = 109 MPa, E = 2.2 X 10m2). 

AlN grain. The particular contrast marked by the 
arrow could reveal the beginning of cavitation. 
Such an observation, however, was extremely rare. 
Practically no cavities smaller than 0.1 pm were 
observed either in tension or compression areas in 
the three samples we have studied. Typically, the 
apparent size of particles varied from 20 to 100 nm. 

3.3 Cavitation after uniaxial compression 
A number of creep tests of lo4 s to 5 X lo4 s dura- 
tion were performed on the two grades of AlN. 
Tests were interrupted after quasi-stationary creep 
had been established. The maximum strain 
attained was -6%. Some samples were deformed 
in dynamic compression, under an imposed strain 
rate chosen in the range of steady state creep rates 
previously observed. The main results are as 
follows: 

Intragranular cavitation was never detected. 
Cavitation at GBs, on the contrary, was always 
observed, even after the smallest strain inves- 
tigated, i.e. -0.5%. 
R cavities initially have the lenticular shape 
described in Section 3.1. When growing, they 
change to ellipsoids with the major axis in 
the GB plane, as could be observed at GBs 
which were at a small angle from the foil 
plane. The rounded shape is lost for large 
cavities, which become facetted. The crystal- 
lographic orientation of facets could not be 
determined. Facets obviously depend on the 
orientation of the two adjacent grains (Fig. 4, 
marked F). 
The growth of a cavity is not necessarily 
symmetric inside the two adjacent grains, yet 
the size of cavities at a given stage of sample 
deformation is rather homogeneous, as observed 
after FPB. 

Fig. 4. Facetted cavities (F) in AlN after creep in compression 
(T = 1873 K, (+ = 250 MPa, E = 2.3 X 10e2). Dislocations (D) 
and one inversion domain boundary (I) can be seen in one 

grain. 
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0 

0 

0 

No clear preferential orientation of cavitated 
grains could be detected, in spite of observa- 
tions performed in foils cut at different angles 
from the stress axis. 
Cavitation does not appear to be correlated 
with intragranular extended defects, such as 
dislocations or inversion domain boundaries, 
which can be seen in Fig. 4. 
Particles like those observed after FPB were 
seen in a few cavities, especially in smaller 
ones. It must be pointed out that cavities 
larger than -1 pm are usually cut by the two 
faces of the thin foil, so that existing particles 
may have disappeared during thinning. 

We are not able to state how cavity nucleation 
and growth are affected by each testing parameter, 
such as temperature, stress, strain rate and strain. 
We should mention, however, that the volume 
fraction of cavities f, was found to be more or 
less equal to the total strain, for both grades 
of AlN, irrespective of other testing conditions. 
No convincing correlation between the diameter 0 
of cavities’ (before coalescence sets in) and the 
strain was found. The f, / O3 ratio is proportional 
to the number of cavities per unit volume. It 
remains almost constant when strain is increased 
from 2 to 6%. This means that the number of 
cavities does not evolve and that the increase in 
the volume of cavitation is due to the growth of 
a constant number of cavities instead of a contin- 
uous nucleation and growth process. This is 
consistent with the observation that the size distri- 
bution of cavities is rather narrow in a given 
sample. 

W-type cavities have initially the shape of con- 
cave triangles and change into convex triangles 
and three-branch stars as cavitation penetrates 
along adjacent GBs. Their size is consistently 
slightly larger than that of R-type cavities. 

4 Discussion 

Cavitation is a three-step process involving nucle- 
ation, growth and coalescence. Relevant facts and 
models have recently been reviewed in two papers.4,5 

It is believed that cavity nucleation at GBs 
requires tensile stresses of the order of 1% 
of the Young modulus,6 much larger than the 
applied stress in any case. Stress raisers are there- 
fore needed, which must also create tensile stresses 
in samples deformed in compression. Possible 
stress raisers are GB ledges or second-phase parti- 
cles, which both prevent GB gliding. In A&O, 
samples7 containing a high density of marked 
GB ledges, those defects were seen to be preferred 

sites of cavitation. No such ledges were detected 
in the present work. Observations of particles 
acting as cavity nuclei were reported in Cu alloys* 
for large particles (-1 pm diameter), and in A1N9 
and a-Sic” for any particles. Here, only small 
particles were identified as possible nuclei. The 
role played by such defects was very clear espe- 
cially after a slight deformation in compression 
(FPB) when all cavities were nucleated at parti- 
cles. It is probable that in tension areas, cavitation 
started at defects too small to be detected by 
conventional TEM. It may be stressed that the 
very narrow size distribution of cavities within 
the same GB points to nearly simultaneous nucle- 
ation. 

In compressed samples, tensile stresses are 
always developed at some GBs, especially when 
GB sliding is impeded by local obstacles. An 
example can be seen in the Fig. 19a of Ref. 4. A 
local concentration of tensile stresses may induce 
decohesion. Stress concentrations were reported 
by several authors. In TEM, they form patterns 
of concentric fringes and are called ‘whorls’. Such 
defects are always very rare and could not be 
characterized. They are probably rather unstable 
and converted into cavities from the very begin- 
ning of deformation. The formation of cavities 
relaxes local stresses. Once formed, cavities take 
the lenticular shape which minimizes the interfacial 
energy, thanks to transport of matter by surface 
diffusion. The observation that nuclei particles remain 
on the same axis for all cavities in a given GB 
is consistent with the view that cavitation is corre- 
lated with GB gliding. This axis is parallel to the 
gliding direction in that particular GB. 

In compression, it appears that local stresses 
can lead to cavitation whatever the GB orienta- 
tion to the stress axis. In compression tests a 
hydrostatic pressure equal to one-third of the 
applied stress exists. Cavitation growth creates an 
increase in the volume against this pressure. This 
mechanism is only physically explained by the 
action of local stresses and in the rest of the mate- 
rial by transformations decreasing the total energy 
and length of the sample. Further investigation is 
in progress to clarify this point. As expected, how- 
ever, cavitation is much more frequent in tension, 
where the growth of cavities can contribute 
directly to the total plastic strain. And lastly, it 
appears that coalescence merely occurs through 
simultaneous growth of all cavities. 
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