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The high-temperature mechanical behaviour of alumina-based ceramic fibres has been 
investigated by the comparison of a dense pure alumina fibre, a porous pure alumina fibre 
and a zirconia-reinforced dense fibre. Tensile and creep tests have been conducted up to 
1300~ in air in parallel with microstructural investigations on the as-received and tested 
fibres. Room-temperature behaviour of the fibres is close to that of bulk materials having the 
same microstructure, but the fibre form allows higher failure stresses to be attained. 
High-temperature deformation of the three fibres is achieved by grain-boundary sliding 
(& oc ~2), and is accompanied by isotropic grain growth. The specific microstructures of 
each fibre induce differences in the creep threshold levels as a function of temperature 
and stress and also in creep rates and resistance to damage. Despite better resistance to 
creep and damage of the zirconia-reinforced fibre, alumina-based fibres are limited to 
applications below 1100~ Grain boundaries are the principal cause of mechanical 
degradation at high temperature with these fibres. 

1. Introduction 
High-performance ceramic fibres have been developed 
in the last decade to reinforce metals or ceramics for 
high-temperature use. Non-stoichiometric silicon car- 
bide fibres are among the best known, however they 
are degraded by internal oxidation reactions occur- 
ring at high temperature. Considerable interest has 
therefore been given by the aerospace industry to 
the high-temperature behaviour of existing alpha- 
alumina-based ceramic fibres because of the high 
chemical stability and resistance to oxidation of 
monolithic alumina coupled with its high strength and 
stiffness. The aim of this work was to determine the 
deformation mechanisms and degradation processes 
from room temperature up to 1300 ~ in air of three 
alumina-based fibres. The role of the microstructure 
on the mechanical behaviour has been investigated in 
a parallel study of the evolution with temperature 
of mechanical properties and of the microstruc- 
tural modifications occurring as a function of tem- 
perature. 

2. Materials 
An almost pure and dense alpha-alumina fibre (FP 
fibre, DuPont de Nemours), has been compared to 
a zirconia-reinforced alpha-alumina fibre (PRD 166 
fibre, DuPont), and to a porous alpha alumina fibre 
(Almax fibre, Mitsui Mining). 

The FP fibre is composed of more than 99% alpha- 
alumina, has a density of 3.92 gcm- 3 and a diameter 
of 20 gm [1]. It has high stiffness but a low elongation 
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to failure. This brittleness makes it unsuitable for 
weaving and, although showing initial success as a re- 
inforcement for light alloys, production did not pro- 
gress beyond the pilot plant stage and commercial 
production has since ceased. Nevertheless, the FP 
fibre represents an example of an almost pure alumina 
in filament form and as such allows the fundamental 
mechanisms in this class of fibre to be investigated. 

The FP fibre was succeeded by the PRD 166 fibre in 
which 20 wt % zirconia had been added to increase 
the elongation to failure [2]. Zirconia is known to 
improve strength by phase transformation toughening 
and to limit grain growth when added to bulk 
alumina. The fibre has a density of 4.2 gcm-3. Pro- 
duction of the PRD 166 fibre did not progress beyond 
the pilot stage and the fibre is no longer commercially 
available. However, the study of the fibre permits 
a greater understanding of the mechanisms of tough- 
ening and the enhancement of creep behaviour of 
alumina fibres. 

The Almax fibre from Mitsui Mining is composed 
of almost pure alpha-alumina. It has a diameter of 
10 gin, half the diameter of the FP and PRD 166 
fibres, which allows Mitsui Mining to produce woven 
cloth from the fibre. The fibre has a lower density of 
3.60gcm -3 [3] compared to the other two fibres 
tested. 

3. Experimental procedure 
Two parallel studies have been conducted in order 
to characterize these three fibres. The mechanical 
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behaviour of the fibres has been studiedin tension at 
room temperature and up to 1300~ and in creep. 
The evolution of their microstructures has been fol- 
lowed using scanning and transmission electron 
microscopy, in addition, heat treatments in air at the 
maximum testing temperature (1300 ~ for periods of 
24 h have been carried out in order to separate the 
effects of the temperature and the load on the micro- 
structural changes. 

3.1. Mechanical characterization 
A single-fibre testing machine [4] was used for these 
tests. The extremities of the fibre are maintained be- 
tween one fixed and one mobile grip. The mobile grip 
is connected to a displacement transducer and a very 
sensitive load transducer mounted rigidly to the chas- 
sis of the machine. An electric motor, controlled by 
a serve system, displaces the mobile grip to submit the 
fibre to the chosen load for creep tests or to the chosen 
displacement speed for tensile tests. An electrical res- 
istance oven allows the fibres to be tested up to their 
mechanical limits as a function of temperature. 

Figure I Scanning electron micrograph of the FP fibre failed at 
room temperature. 

3.2. M i c r o s t r u c t u r a l  characterization 
The diameters of the fibres were calculated by image 
analysis of SEM pictures of polished transversal sec- 
tions of a tows containing more than 1000 fibres. The 
external surfaces of the fibres and their fracture mor- 
phologies were observed by SEM on a PHILIPS 501 
microscope and using both a Jeol 6400 F and an 
Hitachi S 4500 SEM equipped with field-effect guns 
operating at low voltages (around 1.7 kV). 

The microstructures of the fibres were determined 
by TEM using a Philips EM 430 T E M - S T E M  with 
an acceleration voltage of 300 kV and a maximum 
punctual resolution of 0.23 nm. Thin foils were ob- 
tained by glancing ionized argon sputtering using 
a method developed elsewhere I-5]. 

The granulometry of the fibres was quantified by 
image analysis of TEM images. It was necessary to 
manually trace these images because of the overlapping 
of the grey levels of the different phases in the TEM. 
Pictures, with a black and white contrast associated, 
respectively, with the zirconia and alumina, were re- 
recorded using a video camera to a Tracer TN 5500 
image analyser. The mean projection of each grain, L, 
and its projections perpendicular and parallel to the 
fibre axis, La and Lll, were then automatically cal- 
culated. The planar environment of each alumina grain 
has been studied by calculating the number of alumina 
grains (Na~/a~) or zirconia grains (N,1/z,) with which it was 
in contact. In the same way the environment of the 
zirconia grains was described by Nzr/,l and Nz,/,r. 

4. Results 
4.1. Characterization at room temperature 
4. 1.1. Microstructure o f  the as-received 

fibres 
The FP  fibre was seen to be circular in cross-section, 
Fig. 1, with a diameter of 18 _+ 1.4 gm and found to be 
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Figure 2 Transmission electron micrograph of the microstructure 
of the as-received FP fibre. 

composed of one population of grains with a mean 
projection of ( L )  -- 0.50 + 0.25 gm and an average 
of six neighbours (Nal/ai) = 5.90 _+ 2.04. The grains 
showed no marked preferential elongation, Fig. 2, 
(LIt~L1) = 1.10 _+ 0.29 and they enclosed a small 
amount of small spherical porosity which could have 
pinned the isolated dislocations observed inside the 
grains. A small amount of triangular porosity was 
found at triple points. No obvious second phase was 
detected. Fresnel fringes were found at some bound- 
aries indicating an electrical discontinuity from one 
grain to another which could be due to a very thin 
second phase, but also to a microcrack or a sputtering 
artefact at the grain boundary [6]. These Fresnel 
fringes have been encountered in the three fibres. 

The PRD 166 fibre was seen to have a diameter of 
17.6 _+ 1.6 gm and to be composed of three popula- 
tions of grains: alpha-alumina, intra- and intergranu- 
lar zirconia, Figs 3 and 4. The alpha-alumina grains 
had a mean projection of ( L )  = 0.34 + 0.18 gm with 
a very slight elongation parallel to the fibre axis 
(LIJL• = 1.18 +_ 0.34. They were surrounded by an 
average of three zirconia grains regularly dispersed 
round the alumina grains {Nal/zr) = 2.90 _+ 1.52, 



Figure 3 Scanning electron micrograph of the failure surface of the 
PRD 166 fibre. 

Figure 5 Scanning electron micrograph of the failure surface of the 
Almax fibre. 

Figure 4 Transmission electron micrograph of the microstructure 
of the PRD 166 fibre. 

~N,l/a~) = 4.55 _+ 1.65. The alumina grains contained 
a small amount  of porosity and zirconia particles. The 
size of these intragranular particles was not measured 
automatically, because their detection at low magnifi- 
cation was possible only near the Bragg position. 
Their size varied from a few tens of nanometres to 
0.2 gm; they had circular or oval shapes with faceted 
interfaces and could be twinned. These intragranular 
particles were often grouped in elongated colonies 
parallel to an alumina/alumina boundary, and diffrac- 
ted together with a trace of twinning which was 
parallel from one particle to another indicating a pre- 
ferential orientation with respect to the alumina lat- 
tice. The intergranular zirconia was stabilized in its 
tetragonal form showing no twinning and no pre- 
ferential morphological orientation ( L ) =  ~Li j )=  
( L •  = 0.15 _+ 0.04 gm, but was not always equiaxial, 
as shown by the standard deviation of the aspect ratio 
(LJL•  = 1.08 _+ 0.31. These zirconia particles were 
principally located at triple points of alumina bound- 
aries, (Nzr/al)= 3.47 _+ 1.07, alone or grouped in 
pairs, (Nz,/zr) = 0.64 __+ 0.71. No other second phase, 
except those producing Fresnel fringes, were clearly 
detected and intergranular porosity was rare. 

Figure 6 Transmission electron micrograph of the microstructure 
of the Almax fibre. 

The Almax fibre was circular in cross-section with 
a diameter of 9.5 • 0.8 gm, Fig. 5, and consisted of 
one population of grains of around 0.5 gm mean pro- 
jection, ( L )  -- 0.56 + 0.21 ~m, without preferential 
orientation, (LJLa)=0 .98  _+0.23, each with an 
average of six neighbours, (N~/~I) = 6.26 _ 2.23, but 
its general appearance was completely different from 
the other fibres. The fibre exhibited a large amount  of 
porosity which was essentially transgranuIar and as- 
sociated with numerous intragranular dislocations 
without any periodic arrangement, Fig. 6. The diffrac- 
tion contrast varied inside the same grain indicating 
a curvature of the grain. 

4. 1.2. Tensile proper t ies at room 
temperature 

All the fibres exhibited linear elastic behaviour with 
brittle failure. The failure stresses, ~R, and failure 
strains, ~R, of the three fibres are presented in Table 
I for a displacement speed of 0.75 m m m i n  -1 and 
a gauge length of 150 ram. 

The FP  and PRD 166 failure surfaces were flat 
without any large apparent  defects initiating failure, 
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TABLE I Mechanical characteristics in traction of the fibres 
at room temperature 

cyg (GPa) ag (%) E (GPa) 

FP 1.23 _+ 0.37 0.29 _+ 0.07 414 
PRD 166 1.46 +_ 0.30 0.40 4- 0.08 366 
Almax 1.02 _+ 0.39 0.30 _+ 0.11 344 
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Figure 8 Evolution of (a) failure strain, (b) failure stress as a func- 
tion of temperature, under tensile tests. 

Figure 7 Transmission electron micrograph of the propagation of 
a crack in the PRD 166 fibre. Zirconia particles around the crack 
are twinned. 

and the propagation mode of the crack was both inter- 
and intragranular, with a predominance of the inter- 
granular mode, Figs 1, 3. The Almax failure surfaces 
revealed large cavities of up to 2 or 3 ~tm and a more 
pronounced intragranular propagation mode than 
that was seen with the other fibres, Fig. 5. 

Fig. 7 shows a crack which has propagated at room 
temperature, during the preparation of the thin foil, 
inside a PRD 166 fibre which had been loaded at high 
temperature. The zirconia grains around the Crack are 
twinned. 
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Figure 9 Examples of creep curves obtained for the FP and PRD 
166 fibres at 1300 ~ and 40 MPa. 

beginnings of creep behaviour under 0.15 GPa  with 
a rapid failure and small strain to failure. 

4.2. C h a r a c t e r i z a t i o n  a t  e l e v a t e d  
t e m p e r a t l ; r e  

4.2. 1. Tensile tests (crosshead speed of 
O,75mmmin -1) 

All the fibres exhibited linear macroscopic elastic be- 
haviour up to 1000~ for the FP and Almax fibres 
and up to 1100~ for the PRD 166 fibre. There was 
seen to be a relative maximum in the failure strength 
at 900 ~ for the FP  and Almax fibre. Beyond 1000 ~ 
the mechanical characteristics decreased rapidly, espe- 
cially for the Almax fibre, Fig. 8. 

At 1300~ some of the PRD 166 and FP fibres 
tested in traction with a crosshead speed of 
0.75 mm min-  1 reached a stress plateau at approxim- 
ately 0.24 GPa  for both fibres. In these cases, large 
strains to failure were found (15%). The Almax 
fibre could not be adequately tested at this temper- 
ature because of its too low failure load owing to its 
smaller section and to the presence of defects. The 
Almax fibres tested at 1250 ~ in tension showed the 
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4.2,2. C r e e p  t e s t s  
No significant creep occurred below 1000~ for the 
FP  and Almax fibres and below 1100 ~ for PRD 166 
fibre. No or very little primary creep was observed 
above these temperatures but steady state creep was 
followed for the PRD 166 and FP fibres by tertiary 
creep which extended for longer for the PRD 166, 
Fig. 9. Greater time to failure and lower creep strain 
rates were obtained for the PRD 166 compared to the 
FP and also for the FP  compared to the Almax fibres. 
Logarithmic plots of the strain rate as a function of the 
stress applied at the beginning of secondary creep are 
presented in Fig. 10 [7]. 

4.2.3. Microstructural evolution after 
heat treatment 

After 24 h at 1300~ in air with no applied load, 
the microstructures of the FP and PRD 166 fibres 
were seen to be almost stable, whereas the Almax 
fibre showed an isotropic grain growth of 40%, 
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Figure 10 Logarithmic plots of the strain rates as function of the applied stresses, 

<L) = 0.73 _ 0.30 gm <LI]L• = 0.96 _+ 0.22, and 
some relaxation of the internal stresses by a rearrange- 
ment of the intragranular dislocations into periodic 
networks. 

4.2.4. Microstructural evolution after 
high-temperature loading 

The microstructures of fibres loaded at high temper- 
ature were found to depend on the strain that the fibre 
had reached before failure. Greatest  microstructural 
modifications were found for the largest deformations. 

At 1300 ~ no significant modification of grain size 
was observed for a FP fibre failed with a strain of 3%, 
after a tensile test, whereas a grain growth of 40% 
(<L) = 0.71 4- 0~ gm) was revealed for a fibre which 
failed with an elongation of 30%, during a creep test, 
with an applied stress equal to t7% of the failure 
stress, Fig. 11. There was no preferential direction for 
the grain growth, <LjL• 1.15 _+ 0.37 except for 
some isolated grains with their c-axis perpendicular to 
the applied load. A reduction of section of the fibre 
was noticed from 317 gm z to 272 gm 2 without any 
marked striction. Small triangular cavities were pres- 
ent at many triple points in the fibres after failure. 
Occasional lattice dislocations in slip bands were ob- 
served. The surface of the FP  fibres broken in creep at 
1300~ after large deformations showed numerous 
transverse microcracks which were not observed for 
smaller strains, Fig. 12. The failure surfaces after creep 
were smoother, but not flatter, when compared to 

Figure 11 Transmission electron micrograph of the FP fibre after 
a creep failure at 1300~ 

room-temperature  failure surfaces, and become most- 
ly intergranular, Fig. 13. 

The grain growth in the P R D  I66 fibre was more 
pronounced at 1300~ A 70% increase in average 
grain size was noticed for both alumina, < L ) =  
0.58 4- 0.21 gin, and zirconia, <L) = 0.25 • 0.07 gm, 
for a fibre failed in tension at 1300 ~ at a strain of 7%, 
Figs 14, 15. The growth was seen to be isotropic: 
<LjL• = 1.18 _+ 0.33 for alumina and t.12 _+ 0.32 
for zirconia. No cavities were seen at triple points, but 
a regrouping of zirconia grains in two or threes had 
occurred <Nzr/=} = 1.11+ 0.30with the appearance 
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Figure 12 Scanning electron micrograph of the surface of the FP 
fibre broken in creep at 1300 ~ at large strain. Numerous trans- 
verse microcracks can be seen to have developed. 

Figure 14 Transmission electron micrograph of the PRD 166 fibre 
after a tensile failure at 1300~ showing grain growth and a re~ 
grouping of zirconia grains. 

Figure 13 Scanning electron micrograph of the fracture morpho- 
logy of the FP fibre tested at 1300 ~ in creep. 

of some longer  chains  con ta in ing  up to 14 grains  in the 
thin foil section. Transverse  mic rocracks  were ob-  
served on the surface of the P R D  166 fibre, as with the 
F P  fibre, however,  to a more  m a r k e d  extent,  and  the 
failure became most ly  in tergranular ,  F igs  15, 16. 

Tensile  failure of the A lmax  fibre at 1250 ~ re- 
vealed i so t ropic  gra in  g rowth  up to 55% ( L ) - -  
0.87 + 0.30/am, ( L j L •  = 1.02 +_ 0.27, Fig. 17. The  
in t e rg ranu la r  poros i ty  and  dis locat ions  were still pres- 
ent, wi thou t  any  re laxa t ion  of the in ternal  stresses. 
I n t e rg ranu l a r  po ros i ty  was seen to be frequent  under  
these condi t ions .  N o  t ransverse  mic rocracks  could  be 
observed  and the failures surfaces showed the presence 
of large cavities, Fig. 18. 

Figure 15 Scanning electron micrograph of the failure surface of the 
PRD 166 fibre after a creep failure at 1300 ~ revealing some long 
chains of zirconia grains. 

5. Discussion 
5.1. Behav iour  at room tempera tu re  
5. 7.7. FP fibre 
The Young ' s  modu lus  of  a polycrys ta l l ine  a lumina  
depends  s t rongly  on its density,  and  its s t rength  on the 
g r a n u l o m e t r y  and the presence of flaws in the ceramic.  
A t y p i c a l  bulk' a lumi r / a  Ceramic (10 gm grain size, 
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Figure 16 External surface of the PRD 166 fibre tested at 1300 ~ in 
creep exhibiting decohesion of the grains. 

a few per  cent of porosi ty)  possesses a Young ' s  
modu lus  of a r o u n d  3 8 0 G P a  and  a s t rength of 
3 0 0 - 4 0 0 M P a .  A pure  dense f ine-grained bulk  
a lumina  with gra in  sizes of 0.5 1 gm possesses a 



Figure 17 Transmission electron micrograph of the Atmax fibre 
after a tensile failure at 1300~ 

growth O f alpha-alumina grains during the fibre fabri- 
cation process. Alpha-alumina-based fibres of this 
type are made from the spinning of an alumina poly- 
mer precursor in which fine particles of alpha-alumina 
are incorporated, to avoid a porous microstructure 
with large grains [ I l l .  In the FP, the granulometry 
of the particles incorporated was close to the final 
granulometry in the fibre, whereas in the Almax this 
granulometry was much finer, leading to rapid grain 
growth of both the grain issued from the precursor 
and from the powder, without elimination of porosity 
and internal stresses. 

This porosity lowers the Young's modulus of the 
Ahnax fibre compared to the FP in a ratio that, for 
alumina 1-12], could be predicted by the empirical 
MacKenzie equation [13] which considers a fraction, 
P, of closed porosity of in a continuous matrix: 
Ep ... . .  /Ea . . . .  = 1 - 1.9P + 0.9P 2 = 0.85 ~ EAlmax/ 

gFp = 344/414 = 0.83 with P = 0.08. The reduction of 
the measured failure stress of the Almax compared to 
those of the FP, ~SR. al,nax/~l~,Fe = 1.02/1.23 =0.83, 
can be related to the presence in the Almax fibre, of 
large cavities and porosity. These defects reduce the 
section supporting the load from Sto t to  Serf, with 
Seff/Sto t = (D 2 -- d2)(1 -- P)/D 2 = 0.84, if D = 10 btm 
is the diameter of the fibre and d = 3 pm, the diameter 
of the large cavities. This indicates that the lower 
strength of the Almax fibre is not due to stress con- 
centrations around pores but is simply due to the 
reduction of the cross-section. The more pronounced 
intragranular failure mode for this fibre shows a 
weakening of the grains by the intragranular porosity. 

Figure I8 Fracture morphology of the Almax fibre tested at 
1000~ in traction. 

strength up to 600-700 MPa  and ~v/E = 0.0016 [8, 9] 
giving a Young's modulus close to 440 GPa. The elas- 
tic modulus of the FP  fibre is typical of dense alumina 
but its strength is close to twice that of the strength of 
a bulk material/aaving a comparable microstructure. 
The room-temperature failure of fine-grained alumina 
is initiated by the presence of large flaws with dimen- 
sions that appreciably exceed the grain size [10]. The 
small cross-section which leads to the high sur- 
face/volume ratio of the fibre form lowers the prob- 
ability of the presence of such large volume flaws 
compared to the bulk ceramic. The absence of recog- 
nizable defects on the failure surface indicates that 
cracks were. probably initiated from a surface flaw, 
such as an intergranular microcrack or a large bound- 
ary. This explains why the failure stress can be in- 
creased by covering the fibre surface with a layer of 
silica, thus blunting the surface defects, as mentioned 
by Dhingra [1]. 

5. 1.2. A l m a x  fibre 
The high porosity of the Almax, around 8%, and the 
presence of internal stresses, indicate a rapid grain 

5. 1.3. P R D  166 f ib re  
In the PRD 166 fibre, the 20wt % (14 vol %) zirconia 
added is 'regularly dispersed at triple points of the 
dense alumina, pinning the movement of bound- 
aries and hence limiting alumina grain growth: 
( L )  = 0.34 _+ 0.18 ~tm for the PRD 166 fibre and 
0.50 _+ 0.25 btm for the FP fibre for the same initial 
alumina powder granulometry. Zirconia has a lower 
Young's modulus, E ~, 200 GPa, than that of alumina. 
The resulting elastic modulus E = 366 GPa  of the 
PRD 166 is between those of a parallel configuration 
where the stiffness is dominated by alumina and 
a series configuration where the stress is equally trans- 
mitted to the two phases. 

The observed increase in strength compared to the 
FP is due to the toughening effect of the uniform 
distribution of metastable tetragonal zirconia par- 
ticles, which will transform around the crack tip to the 
monoclinic symmetry by a martinsitic reaction ab- 
sorbing energy, and inducing a resulting strain in the 
matrix. Fracture toughness and rupture strength are 
thereby increased by blunting of the crack [14]. The 
transformed monoclinic particles can be identified 
on a TEM image by their twinning, when they are 
properly oriented with respect to the electron beam. 
The propagation mode of the crack for the ZrOz 
particles is more intergranular unlike that which 
Liang et al. found [-15] without being "only intercrys- 
talIine", as mentioned by Rtihle et al. 1-16]. 
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5.2. Mechanism of creep deformation 
at high temperature 

5.2. 1. FP f ibre 
The different steady-state creep-rate laws can gener- 
ally be reduced to 

- T d  p exp - (1) 

where G is the applied stress, d the grain size, Q the 
activation energy for creep, n and p the stress and 
grain-size exponents, respectively, A is a constant de- 
pending on the material and on the mechanism con- 
trolling the deformation. The slope of the curves 
ln~ =f ( lnG) ,  for a given temperature, gives a stress 
exponent n = 2. However, a slight deviation from this 
law is to be noted at 1100 and 1000 ~ at the lower 
stress levels. Samples ir~ the form of fibres with differ- 
ent initial grain sizes were not available to enable the 
grain-size exponent, p, to be determined in the clas- 
sical fashion. However, grain growth accompanied 
high-temperature deformation, whereas no modifica- 
tion in grain sizes was noticed after heat treatments 
without applied load. The constant creep rate for 
a constant applied load, that occurred during an ex- 
tended period could be obtained only if the reduction 
of section counterbalanced the increase in grain size, 
i.e. if S 2 d  p was constant. An approximate value of 
p ~-2 can then be determined with the numerical 
values determined experimentally at the beginning 
and at the end of the deformation, So = 317 gm 2, 
Sf = 227 gm 2, do/de  = 0.5/0.7, by considering that the 
short final increase of the strain rate was only due to 
the damage of the fibre by the transverse microcracks 
which have been observed. A reduction of the strain 
rate for a constant applied stress due to grain growth 
in bulk fine-grained alumina has been reported by 
several authors and the grain-size exponent classic- 
ally ranges from 1-3 [17-19]. The values of A and Q 
have been calculated by a least square fit giving 
A = 50 m 2 K MPa -2 and Q = 564 k J m o l -  1 [7]. The 
last result is in good agreement with t h e  value of 
588 kJ tool-  ~ found by Pysher and Tressler on the FP  
fibres [20]. 

Numerous characteristics of superplastic deforma- 
tion by grain-boundary sliding are found in these 
numerical data, such as the order of the strain rate, 

~ 10-3 s-  ~ at 1300 ~ and the stress exponent of 2, 
but also microstructural details such as the fine grain 
size, the preserved equiaxial form of the grains, strain 
without grain growth, observed for some samples and 
the presence of a small number of cavities at some 
triple points. Deformation by grain-boundary sliding 
implies some accommodation mechanisms to take up 
the incompatibilities which would otherwise appear at 
the grains surfaces [21]. If the accommodation is not 
sufficient, voids nucleate and grow in the grain bound- 
ary. The extended period of deformation without 
damage shows that a fairly good accommodation has 
been possible in the material. 

Several accommodation mechanisms involving 
plastic or diffusional pro~esses have been proposed in 

4222 

the literature for modelling high-temperature defor- 
mation experiments of polycrystalline alumina, de- 
pending on the grain sizes, the additives, the testing 
conditions, and the temperature. 

The stress concentrations which develop when the 
sliding is hindered, can be relaxed, thanks to intra- 
granular plasticity, by the emission of dislocations 
near the grain boundary [22] or inside the grain [21]. 
No dislocation activity in the region near the bound- 
ary has been observed which would have been implied 
with the core/mantle structure required for the first 
mechanism. A low dislocation activity has been detec- 
ted within a few grains in the FP  fibre after creep at 
1300~ However ,  the stresses required to activate 
a Frank and Read dislocation source within the grain 
are too high compared to the threshold stress for 
creep, due the large Burgers vectors, imposed by the 
ionic structure of alumina, and due to the small length 
of the dislocation sources which cannot  exceed the 
grain size of 0.5 gm. This indicates that, when basal 
slip has locally occurred, the source of dislocation was 
more probably in the adjacent boundary, as has been 
previously Observed [23], than inside the grain. How- 
ever, the low mobility of the intragranular dislocations 
in alumina, excludes total accommodation of the slip 
being achieved by intragranular plastic deformation. 

The diffusion coefficient of alumina cations are 
lower at the grain boundaries and in fine-grained 
alumina, because the ratio of the grain-boundary sur- 
face to the grain volume is high enough to ensure 
accommodation by diffusion through these bound- 
aries. This is not the case for large grains for which 
intragranular plasticity is the controlling process. 
A pure intergranular diffusional creep implies ~ oc G. 
In this case, the limiting .process is the intergranular 
diffusion of aluminium cations and Q ~ 418 kJ mol-1 
= QA13+, the activation energy for A13 § diffusion in 

the boundary [ 18]. Although this mechanism has been 
found in the literature, at low stresses or low strain 
rates [24] it is clearly not the controll ing mech- 
anism in the FP  fibre, for which n = 2, and 
Q = 564 J mol-1 >> QAp+ " 

The diffusion process is certainly interface control- 
led [25], that is coupled with the glide and climb of 
discrete grain-boundary dislocations, the movement 
of which can be hindered by steps, precipitates, triple 
points or other defects at the boundary. The slight 
deviation from the G 2 dependence of g observed at 
1100 and 1000 ~ at lower stresses, could indicate that 
a non-negligible threshold stress, Go, must be attained 
to activate the~creep. A better fit of the log k = f ( log  G) 
curves is possible by considering a (G - Go) 2 depend- 
ence of ~, with Go = 40 MPa at 1000~ 15 MPa at 
l l00~ and becoming negligible at higher temper- 
atures compared to the applied stresses. However it 
must be noted that this result cannot be related only 
to the activation of grain-boundary dislocation move- 
ment as the temperature dependence of the threshold 
stresses, Go, is tOO great to be predicted by a disloca- 
tion climb model as this implies a linear depend- 
ence of G0 with the shear modulus, G [18], with 
G(MPa) = 1.75 x 10 s - 23.4.T(K) [26]. Moreover, if 
this glide and climb process was the only limiting one, 



a strain-rate variation of the form g ~ Mcr2/d should 
be found, where M is the average mobility of the 
intergranular dislocations. A grain-size exponent 
closer to 2 indicates, however, that other steps in the 
accommodation could be the limiting factors. 
Amongst these mechanisms, triple-point fold forma- 
tions [19, 27], are unlikely, as they have not been 
observed. Grain switching [28], grain rotation or 
grain formation [29] are possible. Because the results 
of these different accommodations cannot be distin- 
guished when the deformation is stopped, it is hazard- 
ous to identify, from thin-foil observations, one par- 
ticular controlling mechanism, and several micro- 
mechanisms certainly occur locally at the same time at 
different places. 

Grain growth cannot be dissociated from the diffu- 
sion-controlled local transformations undergone by 
the grains under load, as no modification of the grain 
size was observed during heat treatments without load 
at the same temperatures. Grain growth is not directly 
stress-enhanced, but for it to occur the fibre has to be 
deformed to initiate the process. It is clear that the 
amount of grain growth is related to the total defor- 
mation that the structure has had to accommodate 
because it has only been observed for tests resulting in 
high strains (~30%) at 1300~ that is, only for low 
stresses but long times to failure. 

The creep mechanism of the FP fibre can now be 
described as being based on grain-boundary sliding 
achieved by an intergranular movement of disloca- 
tions and accommodated by several interface-control- 
led diffusion mechanisms, involving boundary 
migration and, to some extent, by emission from the 
boundary of intragranular dislocations. 

The failure of the fibre, at high temperature, occur- 
red after a short period of damage, by the growth of 
transverse intergranular microcracks from cavities, 
the coalescence of which leads to an uneven failure 
surface. These cavities at triple points are generated by 
the accumulation of an array of intergranular disloca- 
tions when they are unable to pass from one boundary 
to another by dissociation and/or recombination. 
Cavities clearly are very rarely created by the pile-up 
of intragranular dislocations on the boundary, as cavi- 
ties associated with intragranular slip bands were sel- 
dom seen. The smoother surfaces of the grains on the 
failure surface compared to those seen at room tem- 
perature, indicate that diffusion at the crack tip has 
occurred. 

5.2.2. PRD 166 
By comparing the FP and PRD 166 fibres the intro- 
duction of zirconia into alumina in a fibre can be seen 
to have improved the high-temperature mechanical 
properties. The PRD 166 has a better resistance to 
creep and damage than the FP fibre. 

The improved resistance to creep of the PRD 166 
fibre is indicated by an increase of temperature and 
stress for which creep is detected, a decrease of strain 
rates in the permanent regime, and the non-linearity of 
the log ~ =f( log or) curve at 1000 and 1100 ~ Below 
1100 ~ a significant threshold stress must be reached 

to permit creep. From 1200~ the linearity of the 
log~ =f ( logo)  curves indicates that this threshold 
stress can be neglected compared to the applied stres- 
ses, and a stress exponent of 2 is found. The creep law 
can be expressed as 

A 
- e-~ - oo(T)] 2 (2) 

dVT 

where Q = 600 kJmo1-1, c%, the threshold stress is 
equal to 180 MPa at 1000~ 90 MPa at l l00~ [7] 
and is neglected at higher temperatures. It proved 
impossible to estimate the exponent, p, for the PRD 
166 fibre, from the evolution of S2d p during creep or 
tensile tests, as was done for the FP fibre. This was 
because of an earlier onset of damage in the fibre, 
which did not allow the separation of the effects 
of section reduction and the effects of damage 
on the increase of strain rate. A/d p has been evaluated 
at the beginning of the secondary creep to be 
2.13 x 10t s KMPa  -z. 

Up to ll00~ the introduction of dispersed par- 
ticles of zirconia at triple points of grain boundaries 
limits the mobility of intergranular dislocations from 
one grain boundary to another. A threshold stress 
must be reached in order to allow the motion of 
intergranular dislocations E25] and a higher activa- 
tion energy for creep is required compared to the FP 
fibre. From 1200 ~ the pinning of the dislocations by 
the zirconia grains is not sufficient to impede the 
thermally activated mobility of the intergranular dis- 
locations. Moreover, the regrouping of zirconia into 
chains increases the ratio of triple points deprived of 
zirconia grains. Intergranular diffusion and motion of 
dislocations from one boundary to another are then 
facilitated, grain growth is no longer impeded, and the 
differences between the FP and PRD 166 creep rates 
decrease as temperature increases. This regrouping of 
the ZrOz grains shows that grain-boundary sliding 
was, in part, accommodated by grain switching 
in which two zirconia grains separated by an 
A1203/A1203 boundary move by diffusion of matter 
through the boundary to form a pair of zirconia 
grains in contact. This leads to a decrease of the sur- 
face energy of the grains by the replacement of 
Z r O z / A l z 0 3  boundaries by a Z r O 2 / Z r O z  boundary. 
Such a regrouping of zirconia grains between alumina 
grains during creep is characteristic of a two-phase 
material in which the diffusivity of one species, 
here Zr 4+, through the boundary, is higher than the 
other [301. 

Damage in the PRD 166 fibre, as in the FP, is 
produced by the formation of microcracks, due to a 
local lack of accommodation, which grow transver- 
sally and coalesce up to failure. A comparison of the 
duration of the non-linear creep regions and of the 
external surfaces of the fibres after a large deformation 
shows that damage in the FP rapidly induced failure, 
whereas the PRD 166 fibre resisted to higher levels of 
damage. Although resistant to monoclinic trans- 
formation at high temperature, the tetragonal par- 
ticles toughen the fibre by deflecting the crack [31]. 
However, the development of dispersed microcracks 
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progressively decreases the load-supporting cross-sec- 
tion resulting in an increase in true stress at constant 
applied load and an increase of the strain rate. 

5.2.3. A/max fibre 
The Almax fibre has the lowest resistance to creep of 
the three fibres: the stresses at which creep is detected 
are lower, strain rates are higher. Creep behaviour as 
a function of temperature cannot be related to the 
classical creep models described above, even though 
a stress exponent of 2 is found at 1100 and 1200~ 
The times and strains to failure at each tested temper- 
ature are shorter than with the two other fibres. The 
correction of the In i = f ( ln  ~) curves by using the true 
stress supported by the matter, to take into account 
the porosity, allows only a small translation of the 
curves which is not sufficient to explain the higher 
strain rates. In these fibres, grain growth at 1300 ~ is 
activated without applied load, unlike that with the 
other fibres, for which grain growth is a consequence 
of the diffusion accommodation of the slip. The inter- 
granular porosity which appears in the fibre during 
creep may have been created by the interception of 
intragranular pores by the boundaries of the growing 
grains. This intergranular porosity will have grown by 
the absorption of vacancies that are produced at the 
grain boundaries during grain-boundary sliding [-32]. 
Diffusion required to accommodate grain-boundary 
sliding is facilitated, and much higher strain rates are 
obtained. However, this intergranular pore growth, 
rapidly induces failure. Cannon and Coble [33] no- 
ticed this particular behaviour of bulk porous alumina 
during creep characterized by higher creep rate, poor 
fit to theoretical consecutive relations, and pore 
growth by diffusion. 

activated diffusion allows a decrease of the stress con- 
centration around the crack tips which can be the 
controlling effect, in the region of 900 ~ so allowing 
a temporary increase in failure strength. 

The modes of deformation and failure of fine- 
grained alumina in the fibre form are comparable with 
those of a bulk material. Data from pure tensile tests 
on bulk specimens are not numerous because of the 
experimental difficulty of gripping the specimens. 
Working on fibres allows the specimens to be gripped 
more easily and the development of a tensile-creep 
machine for single fibres with a high load sensitivity, 
required by the small diameter of the specimens, pro- 
vides the opportunity of completing those existing 
studies which are available in the literature. The elas- 
tic moduli and creep behaviour at high temperature 
for the fibres and for the bulk materials having the 
same microstructures are identical. However, some 
differences exist which are due to the high surface to 
volume ratio of the fibres. Failure stresses are in- 
creased in the elastic region due to a lower bulk-defect 
density, but failure strains are decreased in creep due 
to a poorer resistance to damage. 

The use of polycrystalline alumina fibres for the 
reinforcement of high-temperature structures is 
limited to 1000 ~ and l l00~ for zirconia-reinforced 
alumina. The major limitation in temperature is the 
presence of grain boundaries which cause, by sliding 
and opening, the creep and failure of the fibre. To 
exploit the attractive high resistance tO oxidation of 
alumina, together with its high stiffness and the 
low mobility of its intragranular dislocations, grain 
boundaries must be avoided. This should encourage 
the development of small diameter monocrystalline 
alumina fibres. 

6. Conclusion 
This study has revealed the behaviour of dense, por- 
ous and reinforced alumina fibres at high temper- 
atures and this can be summarized by a comparison of 
the evolution of their tensile strains and stresses to 
failure. The PRD 166 fibre was seen to maintain its 
strength to 1100 ~ whereas the FP and Almax fibres 
lost strength at 1000~ This is explained by the 
toughening effect ofzirconia in the PRD 166 fibre. The 
delayed increase in strain as a function of temperature 
of this fibre (1250~ for PRD 166 compared to 
l l00~ for FP) is due to the pinning effect of the 
zirconia, delaying plasticity due to boundary sliding. 
However, this effect is lost at 1300~ and tensile 
strains are comparable. The lower failure strains and 
stresses of the Almax fibre are due to the presence of 
large flaws inside the fibre more than to its specific 
intragranular porosity. This porosity induces higher 
strain rates in creep and lower times to failure in this 
fibre. Failure modes, with all the fibres, become more 
intergranular as temperature increases due to the 
weakening of the boundaries, but the Almax fibre 
always presents a higher proportion of intragranular 
failure due to the porosity and internal stresses inside 
the grains. The blunting of the crack tip by thermally 
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