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Abstvact 

An automatic image analysis method has been used 

to study the microstructure evolution of polycrystal- 
line a-SC samples hot pressed bvith 0.3 wt’% 
and I.5 w’t’%, Al-based additives qfter compression 

at high temperature. Microstructures have been 

characterized in terms of grain shape, grain size and 
grain orientation with respect to the macroscopic 

stress direction. It has been shown that grains tend 
to jatten perpendicularly to the external stress for 
the 0.3 wtY4 Al grade. By contrast, for the same 
macroscopic deformation value, grains qf the I.5 wtY4 

Al grade do not exhibit any shape change after 
creep tests, suggesting that a certain amount qf 

superplastic dqformation has occurred. 

controlled by a Peierls mechanism.‘5.‘6 The same 
mechanism was found in CVD SIC deformed 
between 1400-1600”C.‘” 

During the high-temperature thermomechanical 
treatments, a modification of the microstructure 
of the material can occur,depending on the experi- 
mental conditions as well as on the mechanism 
inducing the deformation. For example, grain 
shape modification is generally observed for dis- 
location and diffusional creep” but not during 
superplastic creep. ‘* The change of the micro- 
structure is usually investigated by means of 
image analysis methods. In SIC materials these 
methods were used in a few cases to characterize 
grain sizes and grain shapes before and after de- 
formation.“.‘* 

1 Introduction 

Among the thermomechanical ceramics, polycrys- 
talline ceramics based on silicon carbide have been 
one of the primary candidate ceramic materials 
for use in structural applications at high tempera- 
ture. Consequently many studies have been devoted 
to their mechanical behaviour in a wide range of 
stress and temperature. ’ -I6 However, many experi- 

ments were conducted in a temperature range not 
exceeding 1600-1700°C and/or with bending as 
the preferred mode of testing, so that overall 
strains of a few percent were reached.‘-’ In most 
cases, high-temperature creep in polycrystalline 
SIC has been interpreted in terms of diffusional 
atomic flow rather than in terms of dislocation 
glide even if a parallel dislocation glide mechan- 
ism can contribute to the total strain.‘-’ However, 
experiments conducted on SIC single crystals have 
shown that plastic strain was due to dislocation 
glide motion on the basal slip system and was 

On the other hand, compressive tests of different 
grades of a-Sic sintered with Al-based additives 
were carried out by Carry & Mocellin beyond 
1800°C in compression so that, in contrast to the 
preceding studies, ‘-’ higher strain values could be 
reached (0.43) without cavitation.8 

The aim of this work is to characterize by using 
image analysis methods the microstructural evolu- 
tion of the a-Sic materials creep tested in condi- 
tions given in Ref. 8. Grain size and grain shape 
evolutions have been determined for the two 
grades containing 0.3 wt% Al and 1.5 wt% Al 
compressed at different stress values in a tempera- 
ture range 1850-1950°C. The present study is a 
part of a more general microstructural investigation 
performed on several crept polycrystalline SIC 
materials taking into account creep parameters. 

2 Materials and procedure 

Two grades of commercial hot-pressed Al-doped 

@-Sic (Elektroschmelzwerk Company, Kempten, 
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Table 1. Annealing and creep parameters (following the data of Carry & Mocellin’) 

SW?lpl~ 
numbers 

TW) a(MPaj t(min) k/I ‘“!;/y 45 e d,/d, (L,,$(L,)) 4”) 
- (k 0.05) 

As-sintered (0.3 wt%) - - - 2 0.83 
1 1900 - 420 - 3.01 0.40 0.92 26 
2 1900 45-55 420 0,250 2.86 0.68 0.73 - 4 

-1 
2.58 0.30 0.95 - 23 

3 1950 - 395 - 2.50 0.90 - 
1950 45-55 395 0.428 ( 3.12 - 0.79 0.61 - 1.5 

4 ( OII - 2.70 0.60 - 
G-1 1950 45-55 395 0,428 2.32 0.44 0.90 - 68 

As-sintered (1.5 wt%) - 
5 1900 
6 1900 

7 1900 
8 1850 
9 1850 

- 1.1 0.71 - 
200 1.71 0.72 0.69 77 

44-52 200 0.274 i 1.55 0.74 0.67 - 73 
- 1.60 - 0.70 - 

88-102 95 0,430 1.45 0.70 0.71 - 76 
- 147 1.3 - 0.90 - 

88-102 147 0.26 1.3 0.80 - 

Results of global analysis for annealed and deformed samples are given. Mean intercept length (L), eccentricity e, d,d2 ratios and 
(Y are displayed for several samples. 
Results obtained by the classical intercept method are also given. The mean grain size 6 and (L,,)/(L,) ratios are displayed for 
several samples and should be compared to (L) and d,/d, ratios respectively when results are displayed for the two methods. 

Germany) have been crept by compression between 
1850-1950°C. Aluminium levels were 0.3 wt% and 
1.5 wt%. Test samples for creep experiments were 
obtained by diamond cutting and machining from 
the as-received discs (75 mm diameter by 25 mm 
height). Relative positions and orientations of 
samples inside the original discs were recorded. 
Indeed, structural and chemical composition vari- 
ations might be expected between the core and the 
outer surfaces. Results of the present work have 
been focused on samples located in the core of the 
original discs. Samples for creep experiments with 
dimensions a X a X 3a (8.7 < a ~13 mm) were 
used and smaller pieces were also cut to serve as 
reference samples. They were heated with the 
piece being creep tested. Annealing and creep 
parameters are given in Table 1, according to the 
data reported in Ref. 8. Moreover, metallographic 
sections, which were studied by image analysis 
methods, were chosen in the middle part of the 
high-temperature deformed specimens. 

3 Image Analysis Method 

Automatic image analysis was used to obtain 
quantitative information on the microstructure of 
SIC samples. Metallographic sections containing 
the compressive and/or the hot-pressing directions 
were etched by the Murakami solution (NaOH + 
[Fe(CN),]K,). Then optical (Olympus BH2) and 
SEM micrographs (Jeol JSM T330 A) were 
analysed by using a texture analyser Nachet 
Microcontrole NS 1500. 

For this work, two types of morphological data 
are necessary: the grain size and the grain 
anisotropy characterized by orientation and shape 
indices. Before measurements, the video image 
was thresholded to obtain a binary image (using a 
top hat transformation). Then binary images were 
filtered by morphological and geodesical opening. 
This is followed by a skeletonization by influence 
zone denoted SKIZ.‘9g20 In these conditions, white 
pixels belong to SIC grains and black pixels to 
grain boundaries. After SKIZ, the grain boundary 
thickness was reduced to a thickness of one 
pixel. After this image processing two types of 
analyses were used. In the first case, measurements 
were performed on the binary image itself (global 
analysis). In the second case, each grain totally 
included in the image field was separately measured 
(individual analysis). 

For global analysis several parameters have to 
be chosen. Parameters corresponding to the grain 
size are obtained by mean intercept measurements 
by unit length denoted NL. If V, is the volumic 
ratio of the additive phase, the mean grain size (L) 
is given by (1 - V,)IN,, or l/N, when the inter- 
granular phase content is negligible. Since a 
hexagonal lattice of pixels is used in our texture 
analyser NS1500, the modelization of the grain 
anisotropy is realized by using an equivalent ellipse 
associated with the grains. An algorithm given by 
Serra2’ allows the associated ellipse to be defined 
by means of parameters which have been indi- 
cated in Fig. 1. The minor and the major axes of 
the ellipse denoted d, and d2 are related to the 
eccentricity value e of the ellipse following the 
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Fig. 1. Equivalent ellipse associated to the grains with its 
parameters. 

relation: 

The angle a is related to the orientation of the 
major axis d2 with respect to a reference direction. 

Because measurements are made in a hexagonal 
lattice of pixels, three intercept values N, are 
determined in the three main directions (0, ~13, 
27~/3) (Fig. 1). Then a conic can be drawn passing 
through I,, I, and I1 (denoted in Fig. 1). lo, I, and 

Fig. 2. Schematic representation of (a) anisotropic grains and 
isotropic structure; (b) anisotropic grains and anisotropic 

structure. 

I, are expressed in a polar coordinate system. In 
the present case an elliptic model is always obtained. 

The same type of parameters (grain size (L), 
eccentricity e and orientation (Y) have been deter- 
mined by individual image analysis methods. 
Results are displayed either by cumulative or fre- 
quency distributions. The grain size d is given by 
the equivalent diameter of the surface area of each 
grain. The equivalent ellipse of each grain is 
obtained by the same algorithm as the global 
analysis method by using a hexagonal convex hull 
of each grain in order to minimize the noise of 
grain boundaries. By individual analysis it is 
possible to draw grain size and angle distributions. 
This information may be different from the pre- 
vious one obtained by global analysis since, for 
example, anisotropic grains can give an isotropic 
texture if the grains are distributed in all direc- 
tions. 

This last point is illustrated in the schematic 
representation of Fig. 2 where anisotropic grains 
have been randomly orientated in Fig. 2(a). By 
contrast, anisotropic grains have been drawn in a 
preferential orientation in Fig. 2(b). In both cases 
(Fig. 2(a) and (b)) the individual analysis method 
does indicate that grains have an anisotropic 
shape. However, by global analysis, examples of 
Fig. 2(a) and (b) will be found to be isotropic and 
anisotropic respectively. 

In parallel to this automatic method, other 
metallographic sections of several samples were 
also analysed by a classical intercept method. In 
this last method only average section area S and 
intercept values in two perpendicular directions 
related to the hot-pressing direction P or to the 
compressive stress u are measured. Thus this 
method gives only two morphological parameters: 
the mean grain size 6 and (L,,)I(LJ ratios. 

4 Results and Discussion 

All specimens analysed are listed in Table 1. Two 
grades of SIC-Al additives samples are reported. 
For each grade, the as-sintered and two or three 
annealed samples with their deformed states have 
been studied. So this group is considered to be 
representative for the study of microstructural 
modifications occurring during these five Creep 
experiments performed in a very short range of 
temperatures and stresses. Moreover, as shown in 
Table 1, results obtained from the automatic and 
the classical intercept methods are reported for 
several samples. 

In Section 4.1 the main microstructural evolution 
is described from optical or SEM micrographs of 
each sample. 
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Fig. 3. Optical micrographs of the 0.3 wt% grade. (a) Sample 
1 annealed at 1900°C. P is the direction of the stress acting 
during the sintering. (b) Sample 2 deformed with an overall 
strain q = 0.25. The direction of the compressive stress o 
is indicated. (c) Sample 3 annealed at 1950°C. (d) Sample 4 
deformed with an overall strain .q = 0.428. (e) Same sample 
as in (d) but shown perpendicularly to the external stress (T. 

4.1 Qualitative analyses of annealed or deformed 
specimens 

4. I.2 Al grade (0.3 wt%) 

Optical micrographs of the 0.3 wt.% Al grade are 
presented in Fig. 3. The two reference states (1 and 
3) with their corresponding deformed specimens (2 
and 4) are shown in Fig. 3(a) to (e). The hot-press- 
ing stress direction P as well as the compressive 
stress direction u have been indicated on each 
micrograph. Metallographic sections of deformed 
specimens contain the compressive stress direction (T. 
Moreover, a metallographic section perpendicular 
to u is also given for the sample 4 (Fig. 3(e)). These 
optical micrographs are good enough to visualize 
all grain boundaries. However, in order to increase 
the contrast, it has been necessary to draw in dark 
ink all grain boundaries being acquired. The dark 
pockets which can be seen on ,these micrographs 
are likely to be due to the presence of the additives 
used during the sintering process. 

In all deformed specimens, no significant grain 
growth could be detected by comparison with 
annealed samples. It appears that grains have a 
tendency to flatten in a direction perpendicular to 
the external stress (T after the compressive test (Fig. 
3(b) and (d)). This is quite clear for sample 4 (Fig. 
3(d)) which has the highest strain value (0.43). For 
the same sample the section cut perpendicularly to 
o (Fig. 3(e)) shows grains with a quasi-equiaxed 
shape. This indicates that grains viewed in a cross- 
section containing (T can be probably described by 
an elliptic shape. Thus the large axis is located in 
a plane normal to (T. By contrast, no preferential 
orientation of the grains with respect to P is 
clearly visible in the reference state 3 (Fig. 3(c)). 
However, grains appear slightly elongated in a 
direction perpendicular to P (sample 1, Fig. 3(a)). 

4.1.2. Al grade (1.5 wt.%) 

For this grade the optical method was not suitable 
because the grain size is twice as small as the grain 
size of the 0.3 wt.% Al grade. Thus the SEM 
method was chosen. Micrographs of samples 5, 6 
and 7 are given in Fig. 4(a)-(c). The reference 
state (5) is displayed in Fig. 4(a) and the two 
deformed samples (6 and 7) in Fig. 4(b) and (c). 

Compared to the other grade (0.3 wt.%), it 
seems that no grain shape modification has 
appeared in the two deformed samples even for 
sample 6 which has a high strain value (0.43) and 
has been deformed under 88-102 MPa. 

4.2 Image analysis results 
Qualitative results displayed in Section 4.1 have 
been quantified either by global or individual 
image analysis. 
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Fig. 4. SEM micrographs of the 1.5 wt% grade. (a) Sample 5 
annealed at 19OOT. (b) Sample 6 deformed with an overall 
strain q = 0.274. (c) Sample 7 deformed with an overall 
strain .q = 0.43. P and cr stress directions have been indicated 

on each micrograph. 

4.2. I Global unalysis 

Due to the two different techniques used in this 
work, i.e. optical and SEM, the number of ana- 
lysed grains is more than 1500 for the 0.3 wt% 
grade and about 800 for the 15 wt% grade, which 
is enough to obtain quantitative data. Results of 
global and classical intercept analyses are in good 
agreement if (L) and d,ld2 ratios (global analysis) 
are compared with &? and (L,,)I(L,) ratios (classical 
intercept method) respectively (Table 1). 

4.2.1.1 Al grade (0.3 wt.%). The mean grain 
size value is equal to -3 pm and a very slight 
grain growth is observed for sample 4 (3.12 pm) 
compared to its reference state, sample 3 (2.58 ,um). 

The reference states (samples 1 and 3) are 

equivalent in terms of eccentricity and correspond 
to a quasi-equiaxed structure with d,/d2 ratios 
close to 0.9. For the two deformed specimens, 
d,ld2 ratios deduced from the eccentricity values 
are 0.73 (sample 2) and 0.61 (sample 4). As a 
comparison, a ratio d,/d2 equal to 0.5 corresponds 
to an eccentricity value of 0.86. For the reference 
states (samples 1 and 3) the (Y values do not indi- 
cate a clear preferential orientation with respect to 
the hot-pressing stress. By contrast, it is clearly 
demonstrated that, as previously suggested on the 
micrographs, deformed grains tend to align per- 
pendicularly to u ((Y = 1.5” (sample 4) and (Y = 4” 
(sample 2)). Consequently the minor axis of the 
equivalent ellipse denoted d, is found to be parallel 
to the external stress. Thus, in the following, d, 

and d2 are denoted d,, and dl respectively. 
Moreover, if grain growth is negligible, it is 

possible to define the grain deformation Ed by the 
formula 

Ed = In (d,,/d,,) (2) 

where d,, and d,, are respectively the diameter 
parallel to the external stress and the grain diameter 
of the undeformed specimen.2’ 

If the volume of grains remains constant before 
and after the grain deformation, the relation be- 
tween d,, and dl and d,, can be written d,, . d,’ = di. 

Then the grain deformation Ed becomes 

.Y~ = 2/3 In (d,,ld,) (3) 

Grain, deformation is theoretically calculated 
from a quasi-equiaxed initial shape. Because grains 
are slightly elongated in the as-sintered state, the 
calculation underestimates the grain deformation. 

Grain deformation cs and the total strain of the 
sample Ef values are reported in Fig. 5 (samples 
2 and 4). This curve shows that grains follow 
approximately the same shape change as the 
sample at the macroscopic level. Thus the slight 
grain growth observed for samples 2 and 4 (Table 
1) does not affect the result shown in Fig. 5. 

Fig. 5. Evolution of the grain deformation Ed with the overall 
deformation of the sample .q : cg = 2/3 In (d,/dJ. 
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Fig. 6. Cumulative fractions of the normalised equivalent 
grain diameter d/(d) for (a) samples 1 and 2 and (b) for 
samples 3 and 4. Frequency distributions of the eccentricity e 
(c) for samples 1 and 2 and (d) for samples 3 and 4. The 
value of the class used in these frequency distributions has 

been drawn in (c) and (d). 

4.2.1.2 Al grade (1.5 wt%). For this grade, 
the grain size of annealed and deformed specimens 
is found to be close to 1.5 pm. The reference state 
(sample 5) exhibits an anisotropy of the grain 
shape in contrast to the preceding cases (samples 1 
and 3). It can be noted that the deformed speci- 
mens, even the most deformed one (sample 7) 
have the same eccentricity values as the reference 
state (e - 0.7). Consequently the grain deforma- 
tion cannot be correlated to the overall deforma- 
tion of the sample. These results are in agreement 
with the OL values, found to be nearly equivalent 
for the three samples (5, 6, 7). This indicates that 
no strong preferential orientation has occurred 
during the creep tests. 

Finally the grain size (L) and d,ld, ratios of the 
two grades in the as-sintered state have been 
found to be equal respectively to: (L) = 2 pm, 
(L,,)l(LJ = 0.83 (0.3% Al grade) and (L) = 1.1 pm, 
(L,,)l(L,) = 0.71 (1.5 wt.% Al grade) (Table 1). By 
comparison with values concerning annealed 
samples (1, 3, 5, S), it appears that a slight grain 
growth has occurred during the annealing treat- 
ments for the two grades. 

4.2.2 Individual analysis 
4.2.2.1 Al grade (0.3 wt%). Results concern- 

ing the grain size and the grain shape are given in 
Fig. 6. Cumulative fractions of the normalized 
equivalent grain diameter d/(d) are given in Fig. 
6(a) (samples 1 and 2) and in Fig. 6(b) (samples 3 
and 4). Frequency distributions of the eccentricity 
e are shown in Fig. 6(c) (samples 1 and 2) and in 
Fig. 6(d) (samples 3 and 4). The main evolutions 
of these two parameters (d and e) are in agreement 
with the results of the global analysis. Particularly, 
for the two deformed samples, the eccentricity 
values, displayed by frequency curves, are shifted 
towards higher values. In fact these displacements 
can be evaluated by the mode values for each 
curve. For the most deformed specimen (sample 4, 
Fig. 6(d)), the mode value is found to be 0.9 
compared to 0.75 in the annealed state (sample 3) 
which is significant, taking into account the value 
of the class of the distribution curve (0.1) indi- 
cated on Fig. 6(c) and (d). Therefore the slight 
variation of the mode found for samples 1 and 2 
(0.80 to 0.85) is less significant. On the other 
hand, the cumulative curves of grain size distribu- 
tion are close to a normal logarithmic law and 
seem not to be affected by thermomechanical 
treatments. 

Moreover, the distribution of (Y values is dis- 
played in Fig. 7 for the four samples. A difference 
is visible between the distribution curves of refer- 
ences (samples 1 and 3, Fig. 7(a) and (b)) and de- 
formed states (samples 2 and 4, Fig. 7(c) and (d)). 
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Fig. 7. Frequency distributions with respect to the angle (Y 
for the references (samples 1 and 3, (a) and (b)) and for the 

deformed states (samples 2 and 4, (c) and (d)). 
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Fig. 8. Frequency distributions with respect to the angle (Y 
for the references (samples 1 and 3) and for the deformed 

states (samples 2 and 4) in a rose representation. 
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Fig. 9. Cumulative fractions with respect to the normalized 
equivalent grain diameter cli(ci) (a) and frequency distribu- 
tions with respect to the eccentricity e (b) for samples 5. 6 

and 7. The value of the class has been drawn in (b). 

In the curves corresponding to the two deformed 
states (Fig. 7(c) and (d)), it can be noticed that the 
number of grains for which (Y is close to 0” or 
180” progressively increases with the deformation 
value, which is in agreement with the global ana- 
lysis. This indicates that grains are preferentially 
orientated perpendicularly to the compressive 
stress (T. 

These results are also displayed in a rose 
representation (Fig. 8). For the reference states 
(samples 1 and 3) grains are orientated in all direc- 
tions. However, a maximum value of frequency is 
found close to O”-180”. This indicates a slight 
preferential orientation of grains perpendicularly 
to P. This result was not clearly established by 
global analysis. As expected for the deformed 
specimens (samples 2 and 4) the majority of the 
grains are more preferentially orientated close to 
O-l 80”. 

4.2.2.2 Al grade (1.5 wt’%). The cumulative 
distributions of the normalized equivalent grain 
diameter d/(d) (Fig. 9(a)) and the frequency curves 
of the eccentricity (Fig. 9(b)) (samples 6 and 7) 
seem not to be affected by the creep tests com- 
pared to the reference (sample 5). Taking into ac- 
count the value of the class (0.1) for eccentricity, 
the slight shift of the modes for deformed samples 

alpha [‘I 
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0.4-- 

O.11 
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Fig. 10. Frequency distributions with respect to the angle (Y 
for samples (a) 5. (b) 6 and (c) 7. 

is not significant compared to the reference state 
(Fig. 9(b)). On the other hand, if the distribution 
curves of cx values for the three samples (5, 6 
and 7, Fig. 10) are compared, sample 7 exhibits a 
different behaviour in terms of a decrease of the 
number of grains for which (Y is close to O”-180°C. 
Consequently, grains of sample 7 (Fig. IO(c)), 
which is highly deformed, tend to be orientated in 
all directions. 

The difference in distribution curves of (Y values 
for the three samples can be understood by the 
existence of a slight preferential orientation with 
respect to the stress P in the reference state 
(sample 5, Fig. 10(a)). Grains seem to have been 
reorientated with their large axes normal to the 
stress direction u in sample 6 (Fig. 10(b)) while 
such orientated texture is not observed in sample 
7 (Fig. 10(c)). These results for samples 5, 6 and 7 
are also displayed in Fig. 11 in rose representations. 
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Fig. II. Frequency distributions with respect to the angle LY 
for samples 5. 6 and 7 in a rose representation. 

5 Concluding Remarks 

In this work. the microstructures of two SIC 
grades (0.3 and 1.5 wt% Al) have been characte- 
rized by automatic image analysis methods. Results 
of global and individual image analyses are in 
good agreement. The slight grain growth observed 
in annealed or deformed samples compared to the 
statistical scattering of the grain size does not 
allow a kinetic law of grain growth to be drawn in 
these experiments. The main results of the present 
work are the observation of a grain shape modifi- 
cation and a grain reorientation with respect to 
the external stresses which can be summarized as 

the following: grains of the deformed 0.3 wt% Al 
grade tend to flatten perpendicularly to the 
external stress. This was deduced from the eccen- 
tricity and (Y angle values (Table l), showing that 
grains viewed in a cross-section containing u can 
be described by an elliptic model. The other grade 
(1.5 wt%) exhibits a different microstructure evo- 
lution for a same deformation temperature range. 
Indeed, even for a high macroscopic deformation 
value, grains do not show any shape change after 
the creep test. Consequently, no texture formation 
could be found. All these results are important to 
understand the mechanical behaviour of these two 
SIC grades but further microstructural charac- 
terizations should be performed by TEM and 
microanalyses. Nevertheless, at this stage of the 
work, some hypotheses concerning the deforma- 
tion mechanisms can be put forward: 

(i) AI-SIC grade (0.3 wt%) 
Different mechanisms could explain the fact 
that grain deformation follows approximately 
the specimen deformation as is demonstrated 
in this work (Fig. 3). A first mechanism is 
based on an important intragranular disloca- 
tion activity. SIC crystals exhibit mainly the 
hexagonal polytype (4H) and only one slip 
system (basal plane) is known to be the most 
activated.” This can induce the formation of 
a crystallographic texture. TEM observations** 
have effectively confirmed that grain bound- 
aries tend to be parallel to the basal plane 
and normal to the stress direction. Moreover, 
an extended dislocation activity has also been 
analysed in detail in this deformed sample.22 
Consequently, an intragranular dislocation 
mechanism seems to be more favoured than 
a pure diffusion process which might also ex- 
plain the grain shape change for this grade. 
Because no cavitation is observed, the grain 
boundary deformation has to be also accom- 
modated either by an intergranular disloca- 
tion glide and/or by some diffusional matter 
transport via an intergranular film. Micro- 
analyses and HREM experiments are still in 
progress to confirm effectively the presence of 
a thin intergranular film. 

(ii) Al-SIC grade (1.5 wt%) 
Compared to the preceding case, the mean 
grain size of the 1.5 wt% Al-SIC grade is 
now twice as small (Table 1). Because no 
grain shape change occurs the contribution 
of an intragranular dislocation activity to the 
overall deformation might be much lower 
than for the previous SIC grade. Moreover, 
as shown in Fig. 10, grains of the most de- 
formed specimen (sample 7) are now dis- 
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tributed in all directions and have lost the 
slight preferential orientation observed by 
image analysis in the reference state (sample 
5). These results suggest that an important 
rearrangement of grains has occurred during 
the deformation. All these data are in agree- 
ment with a superplastic-like behaviour for 
this grade as was previously suggested.’ 
Because no cavitation is observed, stress 
accommodation could be relieved via diffu- 
sion and/or intergranular dislocation genera- 
tion. Further observations in TEM should be 
performed to ascertain the exact mechanism. 
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