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Abs tract

Ce ramic ma trix com pos ites (CMC), es pe cially sil i con car -
bide (SiC) fi ber-re in forced sil i con car bide (SiC) ma trix
com pos ites (SiCf/SiC) de vel oped for high tem per a ture ap -
pli ca tions are cur rently un der dis cus sion as a first wall and
struc tural ma te rial for fu ture fu sion power plants.  Po ros ity
and ra di a tion-in duced swell ing in the CMC and their in flu -
ence on the ther mal con duc tiv ity are the ma jor prob lems. In 
ad di tion, they af fect the on set of the ra di a tion dam age pa -
ram e ters in a high ra di a tion en vi ron ment. 

The ob jec tive of this pa per is to an a lyze the struc ture of
the SiCf/SiC com pos ite and to un der stand the ra di a tion ef -
fects in duced by neu trons and pro tons in a SiCf/SiC com -
pos ite. In or der to in ves ti gate ra di a tion-in duced struc tural
changes on a mi cro- and nanostructural scale, a SiCf/SiC
com pos ite has been ex posed to high pro ton and neu tron ra -
di a tion in the SINQ spallation source. To an a lyze of the
struc tural changes, e.g. pore sizes, a highly ir ra di ated and a
non-ir ra di ated SiCf/SiC com pos ite have been in spected by
means of small an gle neu tron scat ter ing at the Paul
Scherrer In sti tute (PSI). Non-ir ra di ated SiCf/SiC com pos -
ites have been in ves ti gated with neu tron ra di og ra phy and
scan ning elec tron mi cros copy. These dif fer ent meth ods for 
ma te rial in ves ti ga tions give an in sight into the prop er ties of 
this ma te rial in view of its ap pli ca tions in fu ture fu sion
power plant. 

1. In tro duc tion

The SiCf/SiC com pos ite is be ing con sid ered as a can di date
ma te rial in the first wall de sign and blan kets of a fu ture fu -
sion re ac tor be cause of its out stand ing high ther mal con -
duc tiv ity, high-tem per a ture strength re ten tion up to

1200 °C and ex cep tional ra di a tion sta bil ity in a high ra di a -
tion en vi ron ment [1]. The ther mal con duc tiv ity is an im -
por tant fac tor for the first wall ma te rial, be cause main
func tion of the first wall is to re move the power gen er ated
by the high en er getic neu trons and al pha par ti cles re sult ing
from fu sion within the plasma. 

N3-1 SiCf/SiC com pos ites man u fac tured by SNECMA
us ing a chem i cal vapour in fil tra tion (CVI) method, have a
3-di men sional tex ture which con sists of Nicalon Si-C-O fi -
bers (Nip pon Car bon Co., Ltd) in a SiC ma trix [2]. CVI is
an ef fec tive but slow pro cess for man u fac tur ing ce ramic
ma trix com pos ites. Un for tu nately, some un avoid able re -
sid ual po ros ity is cre ated dur ing the CVI pro cess. Po ros ity,
in tro duced dur ing man u fac tur ing of the com pos ites, causes 
deg ra da tion in the ther mal con duc tiv ity and ra di a tion sta -
bil ity of SiCf/SiC com pos ites. Pore sizes can vary over a

wide range from micropores (< 2 nm) and mesopores (2-50
nm) to macropores (> 50 nm).  The po ros ity has to be con -
trolled if us able com pos ites are to be pro duced.

  
First wall and blan ket struc ture ma te ri als in a fu ture fu -

sion re ac tor will be ex posed to a high en ergy neu tron flux
up to 14 MeV. The SiCf/SiC com pos ites in a ra di a tion en vi -
ron ment have to re tain their prop er ties dur ing the life time
of a fu sion re ac tor. There fore, a 2 mm thick N3-1 SiCf/SiC
com pos ite has been ir ra di ated to fluencies of ~5.8x1025

neu trons/m2
 and ~2.5x1025 pro tons/m2 in the SINQ tar get

for 16 months to study the ra di a tion-in duced po ros ity and
struc tural changes in the SiCf/SiC com pos ite. The neu tron
and pro ton spec tra have been cal cu lated with the MCNPX
code. The tem per a ture of the com pos ite dur ing the ir ra di a -
tion time was cal cu lated to be around 200 °C.  

2. Ex per i men tal

2.1 In specti on by SEM and Ne utron Ima ging Tech -
niques 

Im ag ing tech niques are nec es sary to vi su al ize the struc ture, 
struc tural changes, and pos si ble de fects in SiCf/SiC com -
pos ites. Scan ning elec tron mi cros copy (SEM) is rou tinely
used for the char ac ter iza tion of the SiCf/SiC com pos ites
and is a re li able and fast method to ob tain im ages of the sur -
face struc ture. The SiCf/SiC com pos ites in ves ti gated by the 
SEM method pos sess in her ent pores with dif fer ent sizes,
which can be seen in Fig. 1b. The large pores, so-called
macropores, are vis i ble be tween fi ber bun dles, while much
smaller pores could not be seen very clearly. The fi bers (di -
am e ter around 14 µm) are in serted into the SiC ma trix as
shown in Fig. 1a. The fi ber bun dles con sist of dif fer ent
sizes of SiC fi bers, as seen in Fig. 1b. 

In or der to re veal the in ner struc ture of the SiCf/SiC
com pos ite, dif fer ent neu tron im ag ing meth ods have been
used. Neu tron ra di og ra phy (NR) is a very chal leng ing im -
ag ing tech nique in the in ves ti ga tion of light el e ments like
H, D, B and Li, and its iso tope sen si tiv ity makes it very at -
trac tive to ob tain better con trast be tween neigh bour ing el e -
ments in the pe ri odic chart [3]. There fore, the SiCf/SiC
com pos ites were in ves ti gated by dif fer ent neu tron im ag ing
meth ods. The neu tron at ten u a tion co ef fi cients of el e ments
de pend strongly on the neu tron en ergy, and con se quently
on the neu tron spec trum. Ther mal neu tron ra di og ra phy us -
ing a ther mal neu tron spec trum gives very good con trast
for the in ves ti ga tion of most sam ples. Some sam ples, how -
ever, like the SiCf/SiC com pos ite with low neu tron at ten u a -
tion could not be vi su al ized by means of ther mal NR. A 3
mm thick non-ir ra di ated SiCf/SiC com pos ite was in ves ti -
gated by ther mal NR as seen in Fig. 2a. As a de tec tion sys -
tem, a neu tron sen si tive scintillator based CCD cam era was 
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used. As seen on the im ages, SiCf /SiC com pos ite has very
low neu tron at ten u a tion char ac ter is tics and very low im age 
con trast could be ob tained. In or der to in crease con trast or
neu tron at ten u a tion, two non-ir ra di ated SiCf/SiC com pos -
ites to gether, each hav ing 3 mm of thick ness, were in -
spected. The ther mal NR shows a ho mog e nous SiC/SiC
struc ture. There af ter, en ergy se lec tive neu tron ra di og ra phy 
(ESNR), us ing mono chro matic neu trons with a broad spec -
trum, was ap plied to the com pos ites at the PGA-PSI in
Swit zer land [4]. Un for tu nately, the fa cil ity PGA does n’t
ex ist any more at the PSI, it was re placed by an other ex per i -
men tal setup. The spec trum gets broader at poor en ergy
res o lu tion (30 % at 10 C). Monochromatization was done
us ing a ve loc ity se lec tor and a dig i tal de tec tion sys tem
based on scintillator/CCD cam era was used. Fig. 2b shows
ESNR im ages from the same com pos ite re corded at 2.6 C
and 7.9 C re spec tively. The neu tron at ten u a tion co ef fi -
cients of Si and C el e ments are dif fer ent at dif fer ent neu -
tron spec tra; there fore the ESNR method de liv ered better
im age con trast be tween fi ber bun dles and pores, more
struc tural de tails show ing the wo ven struc ture of SiC/SiC
fi ber bun dles. Re cently, neu tron im ag ing with co her ent
ther mal neu trons has been ex ploited to in ves ti gate very low 
con trast ob jects, so-called phase ob jects [5, 6].  In this

method, a 1 mm small hole in a thin Gd foil is used to vary
neu tron collimation with a com bi na tion of dif fer ent pin -
hole-sam ple and sam ple-de tec tor dis tances. The draw back
of this method is that it needs lon ger ex po sure time (2
hours) due to the lower neu tron in ten sity. On the other
hand, high res o lu tion neu tron sen si tive IPs (Im ag ing
Plates) with 100 mi crom e ter spa tial res o lu tion were used
as a de tec tion screen at the PSI in Swit zer land. The im age
con trast at the edges was in creased; how ever, no struc tural
in for ma tion could be ob tained. The re frac tion-re lated
bright and dark fringes caused a con trast in crease at the
edges as seen in Fig. 2c. 

As seen in Fig. 2, the con trast de pends strongly on the
Bragg-cut off en ergy as a func tion of used beam spec trum
in ESNR im ages. More struc tural in for ma tion could be ob -
tained from ESNR im ages in spite of higher spa tial res o lu -
tion. The im ages ob tained by ESNR shows clearly the fi ber
bun dles and po ros ity. The fi bers and ma trix both con sist of
ho mog e nous SiC ma te rial hav ing the same neu tron at ten u -
a tion co ef fi cients, and there fore the con trast seen on the
im ages should be an in di ca tor of the ex is tence of pores. 

2.2. Small An g le Ne utron Scat te ring (SANS)

SANS mea sure ments were car ried out at the SANS-I fa cil -
ity of the PSI-Swit zer land [7]. This   in stru ment cov ers a

Q-range of 6 ´ 10-3 nm-1 < Q < 10.5 nm-1. The scat ter ing
pat terns for both ir ra di ated and non-ir ra di ated com pos ites
were re corded at four dif fer ent in stru men tal con fig u ra tions 
with the sam ples per pen dic u lar to the in com ing neu tron
beam, cor re spond ing to the ori en ta tion in Fig. 2: sam -
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Figure 1. SEM mi cro graphs show ing (a) Nicalon SiC fi bers 
with a di am e ter of about 14 µm. (b) Sur face area with dif fer ent 
size pores and fi bers bun dles.        
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Fig ure 2. NR im ages of the non-ir ra di ated SiCf/SiC com pos ites
taken by: a) ther mal NR with 0.5 mm res o lu tion, b) ESNR at 2.6 C
with ~ 0.4 mm spa tial res o lu tion, c) ESNR at 7.9 C with ~ 0.9 mm
spa tial res o lu tion and d) phase con trast NR with 0.1 mm res o lu -
tion.

d)



ple-de tec tor dis tances of 2.0, 6.0, 20.0 m with neu tron

wave length l = 4.7 C, and a sam ple-de tec tor dis tance of

20.0 m with neu tron wave length l = 18 C. For both com -
pos ites, the scat ter ing pat terns ex hibit a par tially
anisotropic be hav iour and sym me try around the hor i zon tal
and ver ti cal axis as seen in the in set of Fig. 3. These two
axes cor re spond to the main ori en ta tion of the wo ven fi bers 
in the com pos ite [2]. The pores show elon ga tion along the
fibres. This ori ented na ture of the pore struc ture in
SiCf/SiC com pos ites was also ob served in a pre vi ous study
[8]. These com pos ites can be treated as a two-phase sys tem
con sist ing of pores and ma trix with con stant scat ter ing
length den si ties. The scat ter ing length den sity dif fer ence
be tween fi bers, ma trix and on the com po nents of the

SiCf/SiC com pos ites has been cal cu lated as Dr =
4.784x1010 cm-2. For the eval u a tion of scat ter ing data from
po rous me dia the Debye-An der son-Brumberger (DAB)
model can be ap plied [9]. In our mod i fi ca tion of the model
two dif fer ent pore types with cor re la tion length l0 and l1 are
as sumed [6]. To ac count for the anisotropic na ture of the
scat ter ing pat terns the data are av er aged over nar row seg -
ments (width 10°) and the mod i fied DAB-model Eq.1 is fit -
ted to the ex per i men tal data  
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where f0 and f1  are the vol ume frac tions of the two pore

types, and  
d

d
Q

S

W
( ) is the mac ro scopic dif fer en tial scat ter -

ing cross sec tion usu ally given in ab so lute units (cm-1), see
Fig. 3. With this model cor re la tion lengths and vol ume
frac tions of the po ros ity can be de ter mined. 

The two pore types were clas si fied as the small and the
large pore type, see Fig ure 4. The av er age di am e ter for
large pores of the non-ir ra di ated and the ir ra di ated com pos -
ite was es ti mated to be around 1045 C (vol ume frac tion
0.27 ± 0.06%) and 709 C (vol ume frac tion 0.48 ± 0.06%),
re spec tively. This shows that the av er age di am e ter for large 
pores was de creased by the ir ra di a tion. The av er age di am e -
ter for small pores in the non-ir ra di ated and ir ra di ated com -
pos ites were cal cu lated as 4.8 C (vol ume frac tion 6.740
± 1.24%) and 32.0 C (vol ume frac tion 0.11 ± 0.04%), re -
spec tively. The av er age di am e ter for small pores was in -
creased by ir ra di a tion, its vol ume frac tion, how ever,
de creased con sid er ably.  

3. Con clu sion and out look

 In or der to de ter mine the most ef fi cient im ag ing
experiments, the non-ir ra di ated SiC/SiC com pos ite was in -
ves ti gated with dif fer ent NR meth ods: ther mal NR, ESNR
and phase con trast NR. Among these meth ods, ESNR de -
liv ered the best im age con trast. Phase con trast NR is very
prom is ing in the in ves ti ga tion of low con trast ma te ri als,
how ever im prove ment in its de tec tion sys tem is nec es sary. 

Ra di a tion sta bil ity data of the SiCf/SiC com pos ites are
still in ad e quate, and more ir ra di ated com pos ites are cer -
tainly re quired to un der stand the ra di a tion caused struc -
tural changes in the SiCf/SiC com pos ite. Pores larger than
our cal cu lated pore di men sions also ex ist in the SiCf/SiC
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Fig ure 3. Scat ter ing cross sec tion av er aged over a sec tor (an gu lar width 10°) for both ir ra di ated and non-ir ra di ated sam ple [4].



com pos ite, which could not be ob served in SANS mea sure -
ments due to the lim ited Q-range. There fore, ul tra small an -
gle neu tron scat ter ing (USANS) tech nique will be car ried
out to de ter mine the large pores. 

In or der to im prove the com pos ite struc ture and ra di a -
tion sta bil ity, the newly de vel oped Tyranno SA and
Hi-Nicalon Type-S fi bers based com pos ites have to be in -
ves ti gated for a de fin i tive un der stand ing of struc ture
changes in com pos ites.
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         Fig ure 4. The fit pa ram e ters  (left) and  (right) for the ir ra di ated and the ref er ence sam ple for dif fer ent ori en ta tions of the seg ment over 
          which scat ter ing data were av er aged. These length pa ram e ters can be in ter preted as av er age pore di am e ters. 


