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Abstract

The indentation fracture toughness and other mechanical properties (elastic modulus and hardness) of high-purity
stoichiometric chemical vapor deposition processed-SiC under neutron irradiation in a dose range of 10%**-10% n/m?
(E, > 0.1 MeV) at the temperature range of 80-1150 °C were investigated. Indentation fracture toughness decreased
slightly at the temperatures below 400 °C, and increased above 400 °C, for example, from 5.08 MPam~!/? (non-irra-
diated) to 6.52 MPam~'/2 (800 °C neutron irradiated). Mechanical properties investigated in this study were signifi-
cantly dependent on the irradiation temperature up to 1150 °C, while generally independent on the irradiation dose up

to 7.7 dpa signifying low-dose saturation.
© 2002 Elsevier Science B.V. All rights reserved.

1. Introduction

Silicon carbide (SiC) has been considered as a
structural material for fusion applications because of its
low neutron induced radioactivation and small degra-
dation of mechanical properties at elevated temperatures
[1-4]. One of the significant issues for SiC as a structural
material is its low fracture toughness. For this reason,
SiC fiber reinforced SiC matrix (SiC/SiC) composites
have been developed [1-3]. The change of mechanical
properties due to neutron irradiation is a central issue
for fusion structural materials [1-3], and has received
little study. For example, the behavior of fracture
toughness under irradiation has not been well defined
and may be of great importance. Considering this
property is indicative of crack generation and propa-
gation in SiC/SiC composites.

The purpose of this study is to clarify the fracture
toughness and other mechanical properties (elastic
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modulus and hardness) of high-purity stoichiometric
chemical vapor deposition (CVD) processed-SiC under
neutron irradiation in a dose range of 10*-10% n/m?
(E, > 0.1 MeV) at various temperatures.

The fracture toughness was evaluated by the tech-
nique of indentation fracture toughness, which involves
measurement of crack length introduced by an inden-
tation using diamond tip defined by Evans [5]. This is
one of the best techniques available for measuring the
toughness of a small and brittle material like an irradi-
ated ceramic because it can be evaluated by a crack
growth behavior in a very small region.

2. Experimental and analysis procedure
2.1. Material and neutron irradiation tests

Material used in this study was polycrystalline B-SiC,
that was fabricated by CVD process by Rohm and
Haas. This material has a stoichiometric composition
with high purity. Bulk SiC samples were machined into
25 mm x 1 mm x 1 mm bars. At least one side of the
sample was mechanically polished.
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Neutron irradiation tests were performed in the High
Flux Isotope Reactor (HFIR) at Oak Ridge National
Laboratory and the High Flux Beam Reactor (HFBR)
at Brookhaven National Laboratory. Samples were ir-
radiated in HFIR up to ~6 and 7.7 x 10® n/m?
(E, > 0.1 MeV) at 300 and 800 °C and in HFBR up to
~1.1 x 10 n/m? and ~0.15 x 10% n/m? (E, > 0.1 MeV)
at 80-90, 250-270, 385, 890-980 and 960-1150 °C. In all
cases thermocouples embedded in sample holders were
used to monitor irradiation temperature. Irradiation
conditions in this study are summarized in Table 1,
where doses were calculated using an assumption that
1 x 10¥ n/m? (E, > 0.1 MeV) corresponds to 1 dis-
placement per atom (dpa).

2.2. Microindentation test

Microindentation test was performed using a Vickers
diamond (Model Micromet™ 3, Buehler, Ltd.), and
doing so, Vickers hardness H,, indentation diagonal 2a,
and crack length ¢ were measured. Each indentation was
made at a load of 2 kg with a dwell time of 15 s. Cracks
from the indentation sides and subsurface cracks were
not included in the analysis. Indentations were spaced
more than 0.1 mm apart to prevent an interaction be-
tween indentations and free edge. The number of the
indentation test was 4-9 in each sample in this study
depending on goodness of data.

2.3. Nanoindentation test

Nanoindentation test was performed using a NANO
INDENTER® II (Nano-instruments, Oak Ridge, TN),
which is an ultra-low load, ultra-low depth (nanometer
scale) sensing machine. This machine is equipped with a
Berkovich diamond tip. In this study, one indentation
included three separate loading/unloading segments.

Table 1
Summary of the irradiation conditions in this study
Reactor (cycle, capsule, Irradiation Dose/
position, etc.) temperature/°C  dpa_SiC
HFIR  14] 300 6
800 7.7
HFBR SiC-1 Pos. 1 960-1150 1.1
Pos. 2 (—=2)  960-1150 1.1
Pos. 2 960-1150 1.1
Pos. 3 890-980 1.1
Pos. 4 250-270 1.1
Pos. 5 385 1.1
Pos. 6 80-90 1.1
V4 Pos. 1 105 0.15
Pos. 2 160 0.15
Pos. 3 256 0.15

Indentation depths and loading (unloading) rates were
constant in each division; 50 nm and 50 pm/s, 100 nm
and 125 um/s, and 200 nm and 300 pm/s. The indenter
was unloaded until 90% of the load has been removed in
each unloading segment and thermal drift corrected. The
number of the indentation tests was 12-15 for each
sample.

Hardness H,.,, and elastic modulus E,,,, were eval-
uated using an unloading curve by a method proposed
by Oliver and Pharr [6]. Hyao 1s calculated from the
following formula:

Huano = max/A(hc)7 (1)

where P, 1s the maximum indentation load and 4,
which is a function of constant indentation depth 4, is a
contact area of the indenter with a sample surface. Ey 00
is defined as follow:

Enano = (1 =v0)/(1/E; + (1 = v}) [ Ey), (2)

where vg, v;, and E; are a Poisson’s ratio of the sample,
that of the indenter (0.07 for the diamond tip), and an
elastic modulus of the indenter (1141 GPa for the dia-
mond tip), respectively. Reduced modulus E; in Eq. (2)
has the form:

E. = n]/zs/zﬂA(hc)]/zv (3)

where S and f is a slope of the initial unloading curve
and a geometrical correlation factor (1.034), respec-
tively. The theoretical geometrical shape function for
Berkovich tip A(h.) represents the same area-to-depth
ratio as the Vickers diamond tip. In practice, however,
the shape of the indenter is not an ideal shape, therefore,
A(h.) was calibrated by procedure given by Oliver and
Pharr [6].

2.4. Indentation fracture toughness

Evans-Davis model [5] was used for the evaluation of
indentation fracture toughness K. in this study. This
model describes K, as follows:

K. = 0.4636(P, /a*'?)(Eqano /Hy )" 107, (4)

F=-1.59—0.34B — 2.02B> + 11.23B® — 24.97B*
+16.23B°, (5)

B =logy,(c/a), (6)

where P, is a peak load in Vickers hardness test. Mod-
ulus from the third division of the indentation curve in
the nanoindentation test was used as E,,,, in calculating
K. because the scattering of E,,,, among 12-15 inden-
tations was the smallest. Behavior of H, change was
different from that of Hy,,, as described later, possibly
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due to the difference of the shape of indenter-tip and
the calculation method between two tests. The relation
between an ideal shaped tip are described as H, =
0.927 Hpano in the open literature [7].

3. Results and discussion

The dependencies on the irradiation temperature of
Vickers hardness H, and indentation hardness H,,,, of
CVD-SiC irradiated up to various doses are shown in
Figs. 1 and 2, respectively. The error bars denote plus or
minus of one standard deviation calculated from 4 to 9
data points for H, and 12 to 15 data points for H,,, at
each irradiation conditions. From the results, it is clear
that the hardness increased at all neutron doses and
temperatures studied. The value H,,,, of the non-irra-
diated sample (~37.8 GPa) was almost the same as the
open literature values (~36 GPa) [8]. Furthermore, re-
sults suggest that the hardness of CVD-SIiC is indepen-
dent on the irradiation dose above a saturation value,
while significantly dependent on the irradiation tem-
perature. Such low-dose saturation in hardness was
shown previously on identical materials to those used in
this study irradiated in HFIR [8]. The hardness is shown
to rapidly increase with temperature below 100 °C and
with almost no change observed above 100 °C. It is
noted that, for temperatures below ~180 °C, amorphi-
zation of SiC is possible leading to a decreased hardness
of ~55% [9]. However, the material of this study did not

O Unirradiated

® 141 (6 or 7.7 dpa)
SiC-1 (1.1 dpa)
V4 (0.15 dpa)

4 B

N
~

N
[9,]

v
N N
IS o
T T
H—o—
-
o
Il L

N
w

N
o

Unirrad..

Vickers Hardness, H /GPa
N
=

1 ‘ L
0 200 400 600 800 1000 1200
Ave.Irrad. Temp., T /°c

N
o

Fig. 1. Dependence of the Vickers hardness H, on the irradi-
ation temperature and dose.
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Fig. 2. Dependence of the indentation hardness H,.,, on the
irradiation temperature and dose, which are calculated using
the method proposed by Oliver and Pharr [6].

undergo amorphization. The ratio of the irradiated to
the non-irradiated hardness was about 119% for H, and
110% for Hpano.-

The elastic modulus also exhibits a significant de-
pendence on the irradiation temperature and indepen-
dence on the irradiation dose shown in Fig. 3. The error
bars denote the same meaning as in Hp,,,. The result
show the rapid reduction of E,,,, with the irradiation
temperature below 100 °C from ~490 GPa for the non-
irradiated one to ~400 GPa for the irradiated one.
Elastic modulus E,,,, of the irradiated samples, how-
ever, gradually recovered and showed almost the same
value as the non-irradiated value when irradiated above
1000 °C.

The observed trends in the elastic modulus can be
related with the swelling summarized in the open liter-
ature [10]. The physical expansion for this decrease in
as-irradiated elastic modulus is based on the accumula-
tion of point defects (vacancies) in the SiC crystal. It is
well known [11] that neutron-irradiation-induced defects
are more stable during low-temperature irradiation and
tend to self-anneal with increased irradiation tempera-
ture until the vacancies’ density responsible for lattice
strain is so low at 1000 °C that essentially no swelling
occur. The elastic modulus is considered to be physically
dependent on the interatomic bond strength, atomic
spacing and bond density, therefore, the modulus con-
sidered to decrease as irradiation-induced strain is re-
duced at high irradiation temperatures.
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Fig. 3. Dependence of the elastic modulus E,,,, on the irradi-
ation temperature and dose, which are calculated using the
method proposed by Oliver and Pharr [6].

Fig. 4 shows the dependence of the indentation
fracture toughness K. of CVD-SiC irradiated in various
doses on the irradiation temperature. K. was calculated
using Evans-Davis model [5] as described before, in
which the average data of E,.,, in each irradiation
conditions was used as the elastic modulus, and thus, the
number of the data points of K. in each irradiation
conditions corresponds to that of Vickers hardness test
(4-9 points). The error bars, therefore, only include the
scatter of Vickers hardness H,, indentation diagonal 2a,
and crack length ¢. The value K. of the non-irradiated
CVD-SiC in this study (5.08 MPam~'/?) was about
twice larger than that in the open literature [8]. It is
noted that, while this technique is quantitative, the
measurement of crack length is somewhat subjective,
hence data should be regarded as qualitative in nature.
A small reduction of K, below ~400 °C, and an increase
in it with increased irradiation temperature to ~1000 °C
was observed. The value K, for CVD-SIC irradiated to
7.7 dpa at 800 °C in HFIR increased by about 30%
compared with the non-irradiated value.

Indentation fracture toughness of SiC is considered
to be strongly affected by the plastic deformation, e.g.,
dislocation motion, under compression introduced by
indentation tests and crack growth behavior. The
previous work suggested that carbon interstitials in SiC
are considered to be mobile below about 800 °C ac-
cording to the molecular dynamics simulations [12],
and they are considered to form a dislocation-loop.
The previous work by Clinard et al. suggested that the
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Fig. 4. Dependence of the indentation fracture toughness K. on
the irradiation temperature and dose, which are calculated by
Evans-Davis model [5].

increase of the fracture toughness of Al,O; and MgO
is attributed to crack pinning and deflection due to the
defect clusters [13]. The increase of K. for CVD-SiC
with temperature in this study might be due to the
increase of the mobility of a dislocation and crack
pinning and deflection.

Mechanical properties of CVD-SiC are significantly
changed by neutron irradiation as described here, how-
ever, in order to clarify the mechanism of the mechanical
properties change, the detail of the microstructural de-
velopment due to neutron irradiation must be investi-
gated, for example by transmission electron microscopy,
in future work. Additionally, data of the mechanical
properties at temperature range of 400-800 °C and
above 1100 °C are also required to complete the data
systems of the neutron irradiated SiC.

4. Summary

The indentation fracture toughness of CVD-SiC ir-
radiated up to 10*-10% n/m? (E, > 0.1 MeV) at the
temperature of 80-1150 °C in HFIR and HFBR was
investigated and was compared with other mechanical
properties (hardness and elastic modulus). The following
results were obtained:

(1) The hardness (Vickers hardness H, and indentation
hardness H,.,,) showed a similar irradiation-induced
behavior. They rapidly increased with the irradiation
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temperature below 100 °C and showed almost no
change above 100 °C.

(2) The result showed the rapid reduction of the elastic
modulus E,,,, with the irradiation temperature be-
low 100 °C. Elastic modulus of the irradiated sam-
ples, however, gradually recovered and showed
almost the same value as the non-irradiated value
when irradiated above 1000 °C.

(3) A small reduction in fracture toughness K. below
about 400 °C was seen, with a significant increase
as temperature is increased up to about 1000 °C.

(4) Mechanical properties investigated in this study
were significantly dependent on the irradiation tem-
perature, while generally independent on the irradi-
ation dose.

Acknowledgements

The authors are grateful to all the staffs in Oak Ridge
National Laboratory and Brookhaven National Labo-
ratory relating to irradiation test, indentation test and
sample preparation, etc. This work was supposed by the
JUPITER (Japan—USA Program of Irradiation Testing
for Fusion Research) program.

References

[1] A. Hasegawa, A. Kohyama, R.H. Jones, L.L. Snead, B.
Riccardi, J. Nucl. Mater. 283-287 (2000) 128.

[2] P. Fenici, A.J. Frias Rebelo, R.H. Jones, A. Kohyama,
L.L. Snead, J. Nucl. Mater. 258-263 (1998) 215.

[3] L.L. Snead, R.H. Jones, A. Kohyama, P. Fenici, J. Nucl.
Mater. 233-237 (1996) 26.

[4] L.H. Rovner, G.R. Hopkins, Nucl. Tech. 29 (1976)
274.

[5] A.G. Evans, in: Proceedings of the 11th National Sympo-
sium on Fracture Mechanics, Part 11, ASTM, Philadelphia,
PA, 1979, p. 112.

[6] W.C. Oliver, G.M. Pharr, J. Mater. Res. 7 (6) (1992) 1564.

[7] D. Tabor, in: Hardness of Metals, Oxford University,
London, UK, 1951, p. 98.

[8] M.C. Osborne, J.C. Hay, L.L. Snead, D. Steiner, J. Am.
Ceram. Soc. 82 (9) (1999) 2490.

[9] L.L. Snead, J.C. Hay, J. Nucl. Mater. 273 (1999) 213.

[10] L.L. Snead, M.C. Osborne, R.A. Lowden, J. Strizak, R.J.
Shinavaski, K.L. More, W.S. Eatherly, J. Bailey, A.M.
Williams, J. Nucl. Mater. 253 (1998) 20.

[11] R. Blackstone, E.H. Voice, J. Nucl. Mater. 39 (1971) 319.

[12] H. Huang, N. Ghoniem, J. Nucl. Mater. 212-215 (1994)
148.

[13] F.W. Clinard, G.F. Hurley, R.A. Youngman, L.W. Hobbs,
J. Nucl. Mater. 133-134 (1985) 701.



	Indentation fracture toughness of neutron irradiated silicon carbide
	Introduction
	Experimental and analysis procedure
	Material and neutron irradiation tests
	Microindentation test
	Nanoindentation test
	Indentation fracture toughness

	Results and discussion
	Summary
	Acknowledgements
	References


