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Mechanical and structural characterization 
of the Nicalon silicon carbide fibre 
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The Nicalon SiC fibre offers the possibility of the development of composite materials for 
use above 1000 ~ C. This study has compared two types of Nicalon fibre, one which was 
shown to be amorphous and the other microcrystalline wi th a SiC grain radius of 1.7 nm. 
Both fibres behaved in a britt le manner when tested in air and in argon up to 1300 ~ C and 
their strengths fell above 1000 ~ C. There were indications that new defects were created 
in the amorphous fibre when tested in air above 1000 ~ C. The microstructural analysis 
showed that as well as SiC, both SiO2 and free carbon were present in both fibres. The 
segregations of free carbon had a mean radius of 2.0 nm in the amorphous fibre and were 
grouped into two populations of 1.5 and 2.2 nm in the microcrystalline fibre. 

1. Introduction 
The development of the Nicalon fibres by Nippon 
Carbon is exciting considerable interest as it offers 
the possibility of developing a new generation of 
composites for use at high temperatures. The fibre, 
for which Nicalon is a trade name given by its 
manufacturer, Nippon Carbon, consists primarily 
of SiC although the presence of other phases con- 
siderably influences its behaviour. It is the use of 
this fibre above 1000 ~ C and its reinforcement of 
high temperature ceramics which is particularly 
appealing as it makes possible the development of 
ceramics with greater tenacity than those which 
exist at present. This would present many advan- 
tages, for example, in increasing the efficiency of 
diesel engines [ 1]. 

This type of fibre was developed in Japan by 
Yajima and his colleagues and the first publi- 
cations date from 1976 [2-4].  The fibre was pro- 
duced in an analogous fashion to the pyrolysis of 
polyacrylonitrile fibre to make carbon fibre. An 
organometallic precursor fibre is pyrolysed to give 
a predominantly silicon carbide fibre. Nippon 
Carbide began making available their Nicalon fibre 
in 1980 and since then several authors have 
studied the behaviour of composites reinforced 
with these fibres [5, 6]. Very little has appeared in 
the scientific literature on the microstructure and 

mechanical properties of the fibre, particularly 
when it is exposed to high temperatures. This is no 
doubt due to the difficulty of testing a fibre with 
a mean diameter of 15/~m at temperatures above 
1000 ~ C. This paper is concerned with just such a 
study made on two batches of Nicalon fibre which 
the manufacturer made deliberately with different 
microstructures. Unless otherwise stated the 
results in this paper refer to the commercially 
available fibre (NLP 101). The other fibre is 
referred to as NLM 102. 

2. Experimental techniques 
Characterization of the mechanical properties of 
the fibre was carried out using a Universal Fibre 
Testing machine the principles of which have been 
described elsewhere by Bunsell et al. [7]. The fibre 
is held between two jaws, one of which is either 
fixed or connected to a vibrator for dynamics 
tests, and the other is connected to load cells. The 
distance between the jaws is controlled by an elec- 
tric motor which, in the case of creep or fatigue 
tests, is controlled through a servo system by the 
applied load. Any variation of the load on the 
fibre from the designed load causes the motor to 
start and the load on the fibre is brought back to 
the chosen level. The load is controlled to within 
-+ 0.1 g. The addition of a tubular lanthanum 
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chromite furnace permitted tests on fibres up to 
1600 ~ C. The length of  the furnace meant that 
tests at high temperature had to be conducted on 
specimens with a gauge length of 220 ram. Tests 
were conducted in air and in argon. 

The fibre, diameter was measured using a 
Watson Image Shearing Eye piece mounted on an 
optical microscope. Whenever the broken ends 
could be recovered the fracture morphology was 
examined using a Scanning electron microscope. 

Several techniques have been used to study the 
microstructure of  the fibre. The proportion of 
different elements in the fibre was measured using 
an electron microprobe and an Auger spec- 
trometer. These two techniques were complemen- 
tary. The microprobe was incapable of  measuring 
quantitatively the amounts of  light elements in the 
structure but gave information on their distribution 
with a resolution o f  about 1 tzm 3. The Auger spec- 
trometer had a resolution of  10/~m ~ but allowed 
a quantitative measurement to be made. 

The microstructure and crystalllnity of  the 
fibre were examined by X-ray diffraction, small- 
angle scattering and dark-field transmission elec- 
tron microscopy. Specimens for this latter tech- 
nique were prepared using an ultra microtome 
with a diamond cutting edge. 

3. Tensile behaviour 
3.1 In f luence o f  gauge length 
A considerable number of fibres were tested in 
simple tension in order to determine the spread of 
properties and the influence of gauge length on 
strength. Fig. 1 shows the results of  100 tests at 
24 ~ C using a gauge length of  220 mm. There was 
considerable scatter. This type of  scatter is not 
unusual with fibres and ceramics and is usually due 
to defects at the surface or in the bulk of the 
material. I f  the defects are of  the same type differ- 
ing only in size and are spread randomly over the 
fibre length the failures obey a Weibull distri- 
bution. The WeibuU analysis describes the prob- 
ability of  survival, Ps, of the specimen at a given 
stress, o, as a function of  its volume, Vso, i.e. 

Ps = exp[--~(a--u--~tmdV] Clo ] (1) 

In the case of  a cylindrical fibre of  uniform 
diameter loaded in tension , Equation 1 can be 
rewritten as: 

Ps = exp - - V  , (2) 
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Figure 1 Failure stress histogram for the NPL 101 fibres 
tested at 24~ with a gauge length of 200mm. One 
hundred specimens were tested and the mean failure stress 
was 1.29 GPa. 

where au is the stress at which there is never fail- 
ure and is usually considered to be zero; a0 is a 
constant for the material; m is the Weibull shape 
parameter and characterizes the dispersion of  the 
failure stresses. The smaller the value of  rn the 
greater the dispersion. 

Equation 2 can be rewritten as: 

1 
l n l n - -  = l n V + m l n o - - r n l n a 0 ,  

/'s 
so that for a given length 

1 
l n l n ~ s  = m In a + 21nD + constant, (3) 

where D is the fibre diameter. 
The median stress value, corresponding to a 

50% failure probability (Ps = 0.5), of  a fibre 
bundle of  a given length, l, can be written as a 
function of the volume: 

ln ln  ~ = l n V + m l n o s o - - m l n a o  
0.5 



T A B L E  I Results of  tensile tests on the NLP 101 fibres tested at 24 ~ C 

Gauge art a so Standard Weibull Young's Standard 
length (GPa) (GPa) deviations shape modulus deviations 
(mm) (GPa) parameter, (GPa) (GPa) 

m 

220 1.29 1.27 0.51 3.1 147 36 
80 1.58 1.51 0.47 3.0 113 23 
25 1.84 1.80 0.39 2.3 134 23 
15 2.04 1.92 0.54 2.2 185 50 

1 
In in b-~ = in I + 21n D + m in aso + constant. 

Assuming that the average fibre diameter from 
one batch of  specimens is the same as that from 
another batch we can write: 

1 
In Oso - In l + constant. (4) 

- - m  

In the case of  a Gaussian or symmetrical  distri- 
bution of  the failure stresses around the average 
we would find 0 = aso. That was not  the case as 
can be seen from Table I for the NLP 101 fibre 
and from Table I! for the NLM 102 fibres; how- 
ever, the differences were slight. 

Therefore, it  is possible to determine the 
Weibull shape parameter from both a series of  
tensile tests with fibres of  all the same gauge 
length or by conducting tensile tests on specimens 
of different gauge lengths. In the former case a 

plot of  In In ( 1 / P s ) -  21n D as a function of  I n a  
should give a straight line of gradient m. In the 
latter case a plot  of  In as0 as a function of  in l for 
several gauge lengths should also give the value 
of re. 

The first approach gives information on the 
type of  defect in the material and in particular 
whether there is a bi- or mult imodal  distr ibution 
of defects which would be shown by a change in 
gradient. The second approach allows the median 
stress value to be determined for any gauge length. 

Tests were conducted with different gauge 
lengths. One hundred NLP 101 fibres were tested 
with a 2 2 0 m m  gauge length, 20 at 80mm,  30 at 

2 5 m m  and 30 at 15mm. All fibres were taken 
randomly from the same bundle. The initial 100 
tests with a 2 0 0 m m  gauge lengths revealed that 
the average value of  failure stress corresponded 
very closely (less than 10% variation) to that calcu- 
lated after 30 tests. For  that reason 30 specimens 
only were used at the other gauge lengths. 

The NLP 102 fibres were tested with two gauge 
lengths only,  25 and 220 mm. 

It can be seen from Fig. 2 that the spread o f  
results obtained at 24~ for the NLP 101 fibres 
with 100 specimens 200 mm long, gave a straight 
line when In In ( 1 / P s ) -  21nD was plot ted against 
m In o r. From this it can be seen that only one 
defect populat ion existed and the Weibull shape 
parameter was calculated to be 3.1. Fig. 3 shows 
the results of  plott ing inaso  as a function of  In l 
for both  the NLP 101 and the NLM 102 fibres and 
are compared with those obtained by  Andersson 
and Warren [8] on a pre-production batch o f  
fibres. The Weibull shape parameter calculated in 
this way was found to be 6.4 for the NLP 101 
fibres and 8.8 for the NLM 102 fibres. 

3.2. I nfluence of temperatu re 
Tensile tests were conducted over a wide range o f  
temperatures using a gauge length o f  200 mm and 
were conducted both  in air and argon with the 
NLP 101 fibres but  in air only with the NLM 102 
fibres. The results of  these tests are shown in 
Tables III and IV. At  least 30 fibres were broken 
at each temperature.  Fig. 4 shows the variation o f  
strengths as a function of  temperature.  It can be 

TABLE II Results of tensile tests on NLM 102 fibres tested at 24 ~ C 

Gauge a R a 5o Standard Weibull Young's Standard 
length (GPa) (GPa) deviations shape modulus deviations 
(ram) (GPa) parameter, (GPa) (GPa) 

m 

25 1.49 1.37 0.64 2.7 144 57 
220 i .16 1.07 0.42 3.6 130 62 
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Figure 2 The fibre failures detailed in Fig. 1 were seen to 
be described by Weibull statistics and obey Equation 3 
giving a shape parameter of 3.1. 

seen that a fall in strength occurred above 1000 ~ C 
both in air and argon. The Young's moduli of the 

fibres was calculated after having taken into 

account the temperature profile across the fur- 

nace. The variation of the Young's moduli with 

temperature can be seen in Fig. 5. The Weibull 

shape parameter for the NLP 101 fibres was found 

1 

NLM 102 m=88 ~ ~ . .  

10 . . . .  160 ' L (ram) 

Figure 3 Variation of fibre strength as a function of gauge 
length. The two fibres examined in this study are com- 
pared to the preproduction results given by Andersson 
and Warren [8]. 

not  to vary from ambient to 1000~ in air and 

from ambient to 1300~ in argon, as shown in 

Fig. 6. The fall in the value of the shape parameter 

in air above 1000~ indicates the creation of 
another defect population. The shape parameter 

for the NLM 102 fibre was found not to change 

with temperature even when tests were carried out 
in air. 

The fracture surfaces of the fibres as seen in a 
scanning electron microscope did not alter in 

appearance over the temperature range studied and 
were of a brittle failure. A smooth mirror zone of 
stable crack growth was followed by the irregular 
fracture surface characteristic of rapid failure. 

Fig. 7 shows the fracture surface of two NLP 101 

TABLE III Variation of tensile properties of NLP 101 fibres over a range of temperatures and with a gauge length of 
200 mm 

T (o C) Stress at Standard Weibull Young's Standard 
failure deviation, shape modulus deviation, 
o (GPa) <a) (GPa) parameter, Y (GPa) (Y~ (GPa) 

m 

24 air 1.29 0.51 3.1 147 36 

650 air 1.02 0.35 3.4 127 22 

800 air 0.92 0.30 3.9 111 25 
argon 1.01 0.35 3.7 133 23 

900 air 1.02 0.32 3.7 117 27 

1000 air 1.06 0.32 3.4 97 25 
argon 1.08 0.31 3.3 97 16 

1150 air 0.66 0.36 1.81 85 32 
argon 0.86 0.23 4.6 96 26 

1300 air 0.54 0.31 1.8 95 30 
argon 0.71 0.27 3.5 96 23 
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TABLE IV Variation of tensile properties with temperature of the NLM 102 fibres with a 220 mm gauge length 

T(~ Breaking Standard WeibuU Young's Standard 
stress, deviation, shape modulus, deviation, 
O R (GPa) <~> (GPa) parameter, E <E) 

m 

24 1.16 0.42 3.6 130 42 
1000 1.03 0.35 3.4 95 30 
1300 0.76 0.20 3.4 88 25 

fibres broken at 24 ~ C and reveals that fracture can 
be initiated by  internal defects. Fig. 8 shows the 
fracture morphology of  a NLP 101 fibre broken at 
1300 ~ C in air. These photographs show no sign o f  
plastic deformation or any surface oxide layer. 

4. Structural analysis 
4.1. Castaing microprobe 
This technique is not well adapted to the detect ion 
of  the light elements which constitute the struc- 
ture o f  the Nicalon fibres; however, it did reveal 
the presence of  silicon, carbon and oxygen. No 
other elements were detected. It was possible to 
determine the distr ibution o f  the elements across 
the fibre diameter. The zone resolution was about  
1 #m 3. The three elements were found to be uni- 

formly distributed across the diameter so that the 
oxygen content must have come from the cross- 
linking stage of  fibre product ion which occurs in 
air at 200 ~ Fig. 9 shows the concentration 
profiles for silicon, carbon and oxygen across the 

;1 
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Figure 4 Variation of fibre strength with temperature. 

fibre diameter. A thin surface layer of  SiO2 on the 
fibre cannot be ruled out as the resolution o f  the 
technique is not  sufficiently high to examine this 
possibility. The behaviour o f  the NLM 102 fibre 
which shows no change in Weibull shape parameter 
at high temperature suggests that such a layer 
could exist. 

4. 1.1. Auger  s p e c t r o m e t r y  
This technique allows an analysis with an electron 

beam spot size of  10/~m 2 which is too great for 
anything other than a global measure but  one 
which is quantitative. Auger spectrometry con- 
firmed the existence o f  only three elements, 
silicon, carbon and oxygen in the proport ions 
shown in Table V assuming that the three elements 
are in the form of  SiC, C and SiOz. These are the 

average values and considerable variation between 
individual fibres was found so that the carbon 
content was observed to be as high as 10% and 
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Figure 5 Variation of Young's modulus with temperature. 
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Figure 6 Variation of the Weibull shape parameter for the 
NLP 101 fibre tested at different temperatures. 

20% by weight, respectively, in the NLP 101 and 
NLM 102 fibres. The figures given by Yajima et al. 

[9] for preproduction fibres were SiC 64%, C 5% 
and SiO~ 21%, showing that the NLM 102 fibre is 
closer to the original fibre than is the NLP 101. 

4 .2 .  X- ray  analys is  
The diffraction spectra of  the two types of  
fibre studied arc shown in Fig. 10. These results 
indicate that the NLP 101 fibre is amorphous. A 
calculation o f  the possible SiC/3 crystal size using 
the Scherrer method gives 1.1 nm, which seems 
unlikely. It is known that ii ~ the interatomic bonds 
are strong there is a greater likelihood of  a glassy 
phase than a microcrystalline phase [10]. 

The NLM 102 fibre, however, is seen to be 
crystalline and the Scherrer formula gives an 
average diameter o f  1.7 nm for the SiC/3 particles. 
This agrees with the conclusions o f  Yajima et al. 

[9]. 
There were no peaks detected corresponding to 

other elements, suggesting that the SiO2 was 
amorphous and the carbon in a turbostatic form. 
Peaks would have been expected at 0 = 2.17 ~ and 

Figure 7 Fracture morphology of the NPL 101 fibre tested at 24 ~ C, showing (a) failure initiated at the surface, and (b) 
failure due to an internal defect. 
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Figure 8 Fracture morphology of the NLP 101 fibre 
broken in ak at 1300 ~ C. 

20 ~ respectively, and there was a slight rise in the 
spectral curve; however, the low percentage con- 
tent of  these elements means that their importance 
was lost in the background. 

An analysis by small-angle scattering permitted 
a study of  the possibility o f  segregation o f  carbon 
in the structure as its electron density is different 
from that of  SiC and SiO2. The gradient of  the 
graph obtained by plotting the logarithm of  the 
X-ray intensity as a function of  e 2, the square of  
the diffusion angle, can be related to the average 
particle size. These curves are shown in Fig. 11, 
giving an average carbon segregation radius of  
2 .1nm for the NLP 101 fibre and two cluster 
populations of  1.5 and 2 .2nm for the NLM 102 
fibre. 

4.3. Transmission electron microscopy 
Figs. 12 and 13 show the electron diffraction 
pattern and dark-field image taken from the first 

diffraction ring for both types o f  fibres. Only the 
presence of  SiC was observed. A search for a segre- 
gation of  free carbon by  a dark-field study at dif- 
ferent diffraction angles between the central beam 
and the first ring associated with SiC revealed 
nothing. There was a considerable difference 
found between the two fibres, confirming that the 
NLP 101 fibre was amorphous, showing little con- 
trast in dark-field, and that the NLM 102 fibre was 
crystalline with an average crystal size of  17pm. 
As the average grain size was small and the section 
thickness important (100rim) it was not possible 
to determine the grain density as the crystals were 
situated at different depths in the specimen. In 
addition the need for an intense electron beam 
focusing resulted in a narrow depth of  field so 
that while some grains are in focus others are not. 

5. Discussion 
The mechanical characterization of  the fibres at 
24 ~ C has revealed considerable dispersion in their 
properties but their strength when compared to 
bulk silicon carbide is good, 1.3 GPa compared to 
0.3 to 0.4 GPa. The Young's modulus (145 GPa) is, 
however, only about half that of  bulk SiC 
(--~350GPa). An analysis of  these results using 
Weibull statistics revealed that a single defect 
population existed at room temperature for each 
fibre and accounted for the observed dispersion. 
The Weibull shape parameters for the two fibre 
types were obtained by two approaches, the first 
involving the testing of  many fibres of  the same 
gauge length and the second based on the variation 
of  mean fracture stress with gauge length. These 
two approaches gave different values, 3 and 6.4 for 
the NLP 101 fibres and 3.5 and 8.8 for the NLM 
102 fibres. Similar results were obtained by 
Andersson and Warren [8]. The most probable 
explanation for this difference is that the weaker 
fibres were broken during their removal from the 
bundle and so could not be tested at long gauge 
lengths. This leads to an over estimation o f  the 
mean fibre strength and an increase in the value o f  
the Weibull shape parameter. 

The tensile strength of  both types of  fibres 

TAB LE V Chemical make-up of the two types of Nicalon fibre tested 

Fibre SiC C SiO 2 

mol % wt % mol % wt % mol% wt % 

NLP 101 65 69 20 7 15 24 
NLM 102 49 63 40 15.5 11 24.5 
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Figure 9 (a) Variation of oxygen and silicon across the diameter of a NLP 101 fibre measured by Castaing microprobe. 
(b) Variation of carbon and silicon across the diameter. 

tested was seen to fall above 1000 ~ C. The NLP 
101 fibres showed a greater reduction in  strength 
when tested in air than in argon. A fall in the value 
o f  the Weibull shape parameter was found to 

occur above 1000 ~ C for the NLP 101 fibres tested 
in air, indicating the creation of  new defects. No 
change in the appearance o f  the fibres was seen, 
however, when observed in the scanning electron 
microscope. 

The fall in strength above 1000~ observed 
with the NLM 102 fibres was less than with the 
NLP 101 fibres and there was no change in Weibull 
shape parameter.  The NLM 102 fibres were, there- 
fore, seen to be the stronger of  the two fibres at 
high temperature.  

Variations of  the Young's moduli  o f  the two 
fibres as a function of  temperature were seen to be 
similar. The Young's modulus was seen to decrease 
sooner as a function of  temperature when the fibre 
was heated in air than was the case in argon. The 
fall in Young's modulus of  the NLP 101 fibre 

i = 

NLP 101 

02 

2; 3'0 4'0 5'0 2e 
Figure ] 0 X-ray diffraction spectra for both fibres studied. 
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tested in air was greater than when it was tested in 
argon. 

The microstructure o f  the two fibres has been 
shown to be different; however, bo th  contain only 
silicon, carbon and oxygen in the form of  silicon 
carbide, silicon oxide (silica) and free carbon. 
Auger spectrometry has shown that  the NLP 101 
fibre contains 65% SiC and X-ray diffraction and 
transmission electron microscopy has shown it to 

be in a glassy state. The silicon oxide (15%) is 

o ~ 

~b}~~NLM 102 

o lb 
E 2 (I0-4 rad 2) 

Figurell The plots of the X-ray diffusion intensity 
(log I) as a function of the square of the diffusion angle 

2 (e)  reveal the average carbon segregation radii. 



Figurel2 Dark-field micrograph of an untreated NLP 101 Figurel3 Dark-field micrograph of an untreated NLM 
fibre showing it to be amorphous. 102 fibre. Average size of SiC fl grains is 1.7 nm. 

evenly distributed throughout the fibre and so 

must be a result of  the cross-linking stage during 

fibre manufacture. Analysis by X-ray scattering 

has shown that free carbon is grouped in clusters 
of about 2.0 nm radius. 

The structure of the NLM 102 fibres was found 
to contain different proportions of the three 
elements and in particular a high percentage of 

carbon. The SiC was found to be microcrystalline 
in the/3 form and with a grain radius of 1.7 nm. 
The SiO2 was evenly distributed in the fibre and 

the carbon was grouped into two populations of 
1.5 and 2.2 nm radii. 

6. Conclusions 
The tensile tests on single fibres have shown the 

Nicalon fibres to be brittle and that their strength 
distributions are described by Weibull statistics. 
The tests at high temperature have revealed the fall 
in strength above 1000 ~ C which was more marked 
in the case of the NLP 101 fibres than with the 
NLM 102 fibres. The former fibres showed a fall in 

the value of the Weibull shape parameter above 
1000 ~ C revealing the creation of a new type of 
defect. This new defect is not, however, related to 

the oxidation of the free carbon as the same 

phenomenon is not observed with the NLM 102 
fibre. The distribution of defects on the two types 
of fibres were similar as the Weibull shape par- 

ameters were both around 3. 
The NLP 101 fibres were found to have a glassy 

structure whereas the NLM 102 fibres were micro- 
crystalline. Whereas the strengths of the fibres are 
controlled by the size and distribution of defects, 

their Young's moduli must be influenced by their 
microstructure. The fall in Young's modulus above 
900~ is likely, therefore, to be related to a 
marked fall in the viscosity of the SiO2 phase. 
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