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Abstract

Changes of volume of thin silicon carbide specimens and a SiC/C composite and electrical resistivity of SiC were
measured under helium implantation and during subsequent annealing. Comparison to proton irradiation shows that
displacement defects are responsible for damage, while the implanted helium atoms play a minor role. Lattice dilatation
and resistivity show rather different recovery behaviour, while annealing of dilatation after implantation and after
deformation by polishing are amazingly similar. A tentative explanation of the recovery in terms of defect kinetics and

reactions is given. © 1998 Elsevier Science B.V. All rights reserved.

1. Introduction

Silicon-carbide and SiC/C composite materials are
under consideration for first wall and structural mate-
rials in future fusion reactors. Strong interatomic
bonding, as indicated by the high melting point, causes
at least one type of point defect to be immobile up to
temperatures far above ambient. This leads to the re-
tention of significant amounts of defects which causes
lattice dilatation, and in the case of inhomogeneous
damage large internal stresses. In the present work de-
fect accumulation has been studied by measurements of
electrical resistivity of thin ribbons and of their bending
by irradiating to only about half of their thickness. The
recovery behaviour of the defects was investigated by
isochronal annealing experiments up to 1050°C. In ad-
dition the recovery behaviour of bending strains intro-
duced by polishing was compared to those after
inhomogeneous implantation, in an attempt to gain in-
sight into the nature of the underlying defects.

2. Experimental

Polished sheets of 0.33-0.36 mm thickness of hot-
pressed silicon carbide (SiC-HD, density: 3.2 g/cm?,
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purity: > 98.5%, electrical resistivity: 0.4-0.8 Q m) were
supplied by Elektroschmelzwerk Kempten. X-ray anal-
ysis showed a composition of 80% 6H-SiC, 18% 4H-SiC
and 2% free C, while electron diffraction by transmission
electron microscope (TEM) gave in addition 3C-SiC (j3-
SiC) and 15R-SiC in the percent range. The 6H-SiC had
grain sizes from about 1 to 5 um, while some of the 4H—
SiC had a rod-type appearance with lengths up to 30
pm. The SiC/C particulate composite (SiC30, density:
2.65 g/em?, electrical resistivity: ~200 pQ m) was sup-
plied by Schunk Kohlenstofftechnik GmbH in sheets of
0.32 mm. Chemical analysis gave a composition of 36.7
at% Si and 63.3 at% C and TEM showed mostly B-SiC.
Both materials were cut into 40 mm long strips of w=2
mm width. Specimen thicknesses were reduced by pol-
ishing to 200-300 um for better resolution of the bend-
ing and resistivity measurements.

The specimens were soldered with Wood’s metal to a
copper heat sink, mounted in a vacuum chamber (<1073
Pa) behind a 28 pm aluminum window, and implanted
at the Jiilich compact cyclotron with 24.7 MeV a-par-
ticles. A rotating degrader wheel with 51 aluminum foils
of appropriate thicknesses was used to obtain homoge-
neous helium implantation to maximum depths # of 96
um in SiC-HD and 117 pm in SiC/C for both the
bending and the resisitivity measurements. Specimen
temperature during and after implantation was < 80°C.
For comparison to other irradiation environments the
damage produced by helium implantation was trans-
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formed to displacement damage (dpa) by a factor
6 x 1075 dpa/at. ppm He, cf. Ref. [1].

Bending strains due to irradiation of only about half
of the specimen thickness were investigated by surface
profilometry using a DEKTAK3ST device with a 2.5 um
tip radius. The resolution of the measurements was
mainly limited by surface roughness. Therefore speci-
mens were polished before irradiation to a final rough-
ness of <0.25 um with diamond paste. The implanted
surface showed convex curvature (radius r) due to vol-
ume dilatation by irradiation defects. The calculation of
linear strain ¢ (= AV/3V) from r and thickness ¢; of the
implanted layer and total thickness t of the specimens
was detailed in Ref. [1]:

t
6:6rx(lfx) )

with x =¢/¢t. The lateral compressive stress in the
damaged layer o is given by

4
0. :%(1 — 3x + 6x%). 2)
E' =E/(1 —v) with E Young’s modulus (445 GPa for
SiC-HD and 140 for SiC/C) and v Poisson’s ratio
(=~0.16).

For 4-point resisitivity measurement, 1 pm thick and
1 mm wide platinum contacts were sputtered onto the
specimen strips after implantation to avoid impurity
injection. Five sections of 5 mm length were thus ob-
tained, the middle one coinciding with the 7 mm wide
implanted region, while the others were used as refer-
ences. The two adjacent sections also showed increases
in resisitivity after implantation in the order of ~10% of
the middle region, due to beam spreading and mis-
alignment. Resistance measurement was performed at
room temperature in helium atmosphere with 30 and 50
LA measuring currents including current reversal to
compensate for thermovoltages. Corrections for changes
of geometry factor by irradiation induced expansion of
typically 0.1% were not applied, considering the relative
resistance changes in the order of 100%. The electrical
resistivity of unimplanted SiC-HD showed an Arrhenius
type temperature dependence from about 100°C to
600°C with an activation energy of about 0.3 eV and
smaller slopes at temperatures outside this range. This
activation energy falls into a range reported for p-type
SiC [2]. The electrical resistivity of SiC/C is dominated
by graphite. It is about one order of magnitude higher
than that of typical graphites and also has a negative
temperature coefficient.

For measurements of deformation effects two SiC-
HD specimens of about 220 pum thickness were at first
annealed at 1050°C to remove residual surface stresses
from grinding by the supplier. Then they were polished
on one side with 3 pm diamond paste, giving convex
curvature which was investigated by thermal annealing.

In all experiments isochronal annealing was performed
in steps of 50°C or 100°C, with 1/2 h holding times.

3. Results
3.1. Production of irradiation damage

Fig. 1 shows strain of SiC-HD derived by Eq. (1)
from the curvature produced by helium implanation into
a surface layer. The data are compared to results from
uniaxial elongation after transmittive proton irradiation
at 265°C [1]. A cross section of 1.65 x 10~%° m? was used
to convert proton doses to displacement damage [3,4].
The straining initially shows a linear dose dependence
(power law exponent 1 + 0.1) and eventually saturates
at ex~1%. The resolution of bending measurements on
SiC/C was limited by the poor surface quality of this
material even after polishing.

3.2. Annealing

Annealing of helium implanted SiC-HD and SiC/C
specimens is shown in Fig. 2. The 200 atppm curve of
SiC/C may be affected by microcracks due to the very
high dose. Included are results for SiC after neutron
irradiation from Refs. [5-7]. Recovery of reciprocal
thermal conductivity after neutron irradiation [5,8]
shows similar overall behaviour as the strains in Fig. 2.
In contrast to the smooth recovery of dilatation, elec-
trical resistivity shows a steep annealing step around
780°C (Fig. 3). Also after neutron irradiation annealing
in a single step is observed, but already around 500°C
[9]. The electrical resistivity of SiC/C shows only a minor
increase after implantation if any, and consequently
negligible recovery.

3.3. Polishing

As the thickness # of the damaged layer is not
known, only the product 6.t =~ 780 + 30 Pa m could be
derived by Eq. (2) from the bending radius after pol-
ishing of SiC-HD with 3 pm diamond paste. For com-
parison implantation of 3.2 at. ppm helium in a 98 pm
layer of 250 pm SiC-HD specimens produces an average
o.t; = 770 Pa m. The relative annealing of the bending
strains are shown in Fig. 4.

4. Discussion

The agreement of the dilatation after helium im-
plantation compared to transmittive proton irradiation
indicates that straining is dominated by retained lattice
defects while the implanted helium plays a negligible
role. This is understandable as the implantation of one
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Fig. 1. Linear straining derived from bending measurements on SiC-HD ([J) and SiC/C (A,V) during helium implantation at < 80°C
[1] and from uniaxial length change of SiC-HD (O) and SiC/C (e) under proton irradiation at 265°C and 235°C as a function of
displacement dose [3]. Included are results from lattice parameter and volume measurements on SiC under neutron irradiation at 250°C
(-) [5], from 120°C to 180°C (- - *) [12], from 120°C to 150°C (- -) [11], and at 200°C (- -) [10].

helium atom is accompanied by the production of about
60 Frenkel defects. Fig. 1 shows that also the dilatation
derived from linear expansion [5] or from volume ex-
pansion [10-12] after neutrons irradiation is in good
agreement with the present results. ! This agreement also
holds at higher temperatures, cf. Ref. [1].

More astonishing is the fact that for both particles
the dilatation of SiC/C closely coincides with that of
SiC-HD. This means that lattice expansion by defects in
SiC/C is determined by the SiC component (60%), while
the graphite is of minor importance. A possible reason
could be that graphite in the dose range of Fig. 1 shows
only negligible dimensional changes, mostly compac-
tion, cf. Ref. [13], and therefore the specimen dimensions
are dominated by the rigid SiC framework, to which the
softer graphite accomodates itself.

From the derivatives of recovery of low-dose SiC-
HD specimens, as given by the curves on the bottom of
Fig. 2, annealing stages can be discriminated at
< 200°C, =250°C, > 530°C and ~800°C. The first stage
seems to be independent of dose, while above 200°C

! Neutron fluences were converted to dpa by a cross section
of 7.3 x 1072 m? [4].

recovery is strongly reduced with increasing dose.
Therefore recovery below 200°C may be ascribed to
close pairs, i.e. correlated recombination of interstitial—
vacancy pairs without long-range migration. It may be
speculated that the mobile species are carbon interstitials
(Ic), as displacement of carbon atoms predominates due
to their lower displacement energies, cf. a compilation in
Ref. [14]. Furthermore computer simulations give mi-
gration energies for carbon interstitials of 1.3 eV [15],
which would be an upper limit for the activation energy
of the first-order close-pair recombination. The stage
around 250°C may then be ascribed to free migrating
Ics. Recovery in this temperatures regime has also been
observed by positron annihilation spectroscopy (PAS) at
low displacement doses [16,17]. At very low concentra-
tions the Ic’s may escape to grain boundaries, but at
higher concentrations will be retained by clustering. A
lower concentration limit ¢; at which clustering becomes
important can be estimated by comparing the formation
rate of diinterstitials, i.e. the trapping rate of a mobile I¢
at another Ic which is given by 4nrDiciNy, and the av-
erage time needed to reach a grain boundary,
(s/8)*/6Dy. Ny, r and s are number density of the matrix
atoms, reaction radius of I¢’s and grain size, respecti-
vely. Withr~107"m, s~10~*mand Ny =9.66 x 10¥m3,
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Fig. 2. Relative recovery of linear straining €/ey = (I — lo/l; — ly) derived from bending of SiC-HD after helium implantation to 1
(V,-), 3.2 (A, -), 10 (O,- -) and 30 atppm (~0.0018 dpa, [J,- - -), and of SiC/C to 30 (), 100 (e) and 200 atppm (=0.012 dpa, ). The
lines in the lower part of the figure are spline fits to the derivatives of the SiC-HD data, see right side ordinate. Included are results on
annealing of dilatation after neutron irradiation of B-SiC at 250°C to 5.5 x 10**/m? (~0.04 dpa,—) [5], of SiC slightly above ambient
to 4.3 x 10%/m? (~0.03 dpa, — e -) [6], and at 280°C to 8 x 10*/m> (=0.06 dpa), where short, medium and long dashes indicate re-
action bonded, pressureless-sintered and hot-pressed SiC, respectively [7]. The data from Ref. [7] were normalized to the lengths after
annealing around 1500°C. To match the present data, the data of Refs. [5,7] were multiplied by values of 0.76 and 0.75, corresponding

to the irradiation temperatures of 250°C and 280°C, respectively.

clustering of interstitials occurs at ¢;=10 atppm, corre-
sponding to an implanted He concentration of > 0.2 at.
ppm (ci/cpe < 60). This is in rough agreement with the
value in Fig. 2 of about 1 at. ppm He.

The stages above 530°C and around 800°C may then
be ascribed to the migration of vacancies. This assign-
ment is mainly based on the observation of vacancy
clustering by PAS [16] in this temperature regime after
high-dose neutron irradiation where only rearrangement
over short distances is needed. After electron irradiation
at low displacement doses where migration over larger
distances is needed for clustering, the PAS lifetime in-
creases only above ~900°C [17]. Furthermore computer
calculations give migration energies for both Si and C
vacancies around 2.7 eV [15] and differences between
calculated formation energies [18] and measured self-
diffusion energies of B-SiC [19,20] are also in this range.
A defect annealing around 800°C observed by electron
spin resonance (ESR) and photoluminescence (PL) was
associated to the silicon vacancy [21,22], cf. also Ref.
[23]. It is also above this temperature regime ( = 1000°C)
that voids become visible after neutron irradiation [24].
Around 1250°C recovery may be complete when silicon
interstitials become mobile. This is in agreement with the

shrinking of vacancy clusters observed by PAS [16,17],
and with calculated migration energies around 4.1 eV
[15]. It is only above this temperature, when both types
of interstitials are mobile, that dislocation loops form
[25]. At temperatures above 1500°C, loops begin to
coarsen [24] presumably by interstitial evaporation from
the loops. Large remaining vacancy clusters (cavities)
dissolve not below 1700°C [24] or at even higher tem-
peratures [16], presumably by vacancy evaporation.

Fig. 2 shows that the relative recovery of dilatation in
SiC after neutron irradiation (lines) to more than one
order of magnitude higher displacement doses are in
good agreement with the present high dose data, see also
Ref. [12]. This means that cascade production has no
marked effect on the contribution of defects to straining.
Also an annealing experiment after neutron irradiation
up to saturation of straining shows similar behaviour
[25]. The smooth temperature dependence of strain re-
covery from 100°C to 800°C at high doses in Fig. 2 re-
sembles that of strain saturation, which decreases almost
linearly from room temperature to ~900°C [26]. This
also indicates that defect evolution is essentially deter-
mined by temperature and much less by defect concen-
tration.
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Fig. 3. Relative recovery of electrical resistivity (p — po/p; — po) of SIC-HD after implantation of 1 (V), 10 (A) and 100 (O) atppm of
helium. Included are recovery data of SiC after neutron irradiation to 2 x 10%/m? (- —) and 2 x 10**/m? (- -), respectively [9]. The
dotted line gives the annealing of defect centers, measured by ESR [21].

SiC/C shows much less annealing below 200°C than
SiC-HD at equal implantation dose. This is rather
amazing when the almost identical defect production
rates in Fig. 1 are considered. A tentative explanation
could be the much higher fraction of -SiC in SiC/C, i.e.
less close pair production by larger interstitial-vacancy
separation in the cubic structure.

The electrical resistivity in SiC-HD recovers in one
major step around 780°C. Also after neutron irradiation
resistivity recovers in one step, but at lower tempera-
tures, which decrease with increasing dose [9] (Fig. 3).
For other resisitivity measurements on neutron irradi-
ated SiC see Refs. [27-29]. The lower annealing tem-
perature for neutron irradiation conforms to the above
mentioned behaviour of PAS lifetimes. If irradiation
induced increase of resistivity is tentatively ascribed to
the trapping of impurities or dopants at vacancies, the
conductivity could recover by their dissociation when
vacancies become mobile around 800°C. The annealing
of ESR and PL signals which was ascribed to a silicon
vacancy is included in Fig. 3 [21,22].

The annealing behaviour after polishing is similar to
that after implantation to a similar o 4 product (=780
Pa m in Fig. 2) as shown in Fig. 4. Only one study on
surface damage induced by grinding of SiC is known to
the authors [25]. In this investigation, TEM revealed
only microcracks but no dislocations in the damaged

region of 6H-SiC for abrasive particles smaller than 12
um, while larger particles produced also dislocations on
the {0 0 0 1} basal plane. Under careful treatment, the
damaged region extended to a depth of only about one-
tenth of the particle diameter. Only in a few investiga-
tions on other ceramics the residual stress induced by
machining or grinding was measured as a function of
depth in AL,O3 [30,31], MgO [32] and SizNy [33], while
up to now no systematic investigation of the annealing
of grinding damage has been performed. Only two
qualitative results are available for Al,Os, indicating
major recovery around 1200°C [31,34]. The above
mentioned microstructural results for SiC and the
present annealing behaviour indicate that careful pol-
ishing of SiC (and probably other ceramics) at room
temperature produces point defects similar to irradiation
but no extended defects.

5. Conclusions

1. Lattice dilatation by irradiation initially shows within
experimental error a linear dose dependence and
eventually saturates at ex1%.

2. Strains derived from inhomogeneous helium implan-

tation, proton- and neutron irradiation agree when
particle fluences are converted to displacement doses.
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Fig. 4. Relative recovery of bending strain induced by one-side
polishing of two ~220 pm thick SiC-HD specimens (A,V) with
3 um diamond paste as a function of annealing temperature.
The dashed line gives the annealing of the 3.2 atppm specimen
in Fig. 2.

3. The straining of SiC/C is almost identical to that of
pure SiC.

4. Atlow doses straining of SiC anneals in four stages at
<200°C, ~250°C, > 530°C and ~800°C.

5. Significant dose dependence is seen above the first
stage.

6. The low temperature annealing stage (< 200°C) is al-
most completely missing in SiC/C.

7. The electrical resistivity of SiC recovers in one single
step around 780°C with no discernible dose depen-
dence.

8. SiC specimens deformed by polishing show annealing
behaviour resembling that of specimens irradiated to
a similar stress—depth product.
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