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Summary

For the purpose of evaluating fracture strength of IPyC for TRISO particles, a disc
equibiaxial flexural test technique was developed and IPyC-relevant specimens fabricated
in a test-run of fluidized-bed chemical vapor deposition were evaluated. It was
demonstrated that the test technique developed is effective to determine the apparent
fracture strength of thin specimen of PyC. Moreover, true local strength was estimated from
the acquired apparent strength values based on the result from finite element analysis. The
estimated true local strength values appeared reasonable for flexural strength of dense PyC,
and can be used for determination of fracture stresses which depend on the effective surface.
The influence of geometrical features introduced to the specimens due to the specific
preparation procedures appeared insignificant.

The following issues need to be addressed in future work.
1) An explicit and rigorous procedure for determining true local strength value from
the experimentally obtained apparent strength value needs to be established.
2) Origin of the observed dependence of estimated true strength on specimen thickness
has to be clarified. This includes the influence of the presence of buffer PyC layer.
3) The test method including both the data acquisition and the analytical procedure
needs to be validated.



1. Objectives

The failure criteria of the IPyC layer are among the critical parameters which decide the
performance of TRISO fuel particles. However, a sufficiently reliable and relevant method
of strength evaluation for IPyC has not been available to date. Considering that the
anticipated primary failure mode of IPyC is equibiaxial tension (initiating from the inner
surface) due to internal pressure developed by accumulation of gaseous fission products,
equibiaxial flexural testing is one of the best available techniques which are capable of 1)
testing a small specimen that is produced in a fluidized bed, 2) applying equibiaxial tensile
loading onto at least one side of the specimen, 3) testing in a simple and robust manner,
making post-irradiation evaluation fairly easy, and 4) producing statistically significant data
from a small neutron irradiation experiment. The objective of this work is to develop an
equibiaxial disc flexural test for strength determination of PyC material relevant with IPyC
in TRISO fuel particles. The present document reports the initial result of the strength tests
performed using PyC samples produced by fluidized-bed chemical vapor deposition (CVD)
at Oak Ridge National Laboratory.

2. Experimental Procedure

The equibiaxial flexural test in a “ring-on-ring” configuration, where a disc specimen of
ceramic is placed on a support ring and loaded with a smaller diameter coaxial loading ring,
was adopted as a method of strength evaluation. This test method is often utilized for
equibiaxial strength of brittle ceramics and the test procedure is standardized in ASTM
C1499-05. [1]

A typical disc equibiaxial flexural test utilizes ceramic specimens of diameter of the order
of one inch. However, because the evaluation of PyC samples requires testing using much
smaller dimensions, a dedicated fixture was designed and fabricated. The section view of
the test setup is shown in Fig. 1 and in a set of photographs in Fig. 2. The physical
parameters of the test configuration and the condition of testing are summarized in Table. 1.

Specimens used were prepared through the fluidized-bed CVD process at Oak Ridge
National Laboratory, run number AGR-500ZR0O2-Disk11. Dimensions of the disc
specimens were ~6.3 mm (diameter) x ~0.12 m (thickness). This thickness includes a buffer
PyC layer of ~0.025 mm. Details of the fabrication procedure and the specimen
characterization (microstructures, etc.) will be reported in a separate document [2].
Equibiaxial flexural testing was performed so that the face with the buffer PyC layer on it
was loaded in tension.

Due to the difference in procedure of the disc specimen preparation, some of the discs were
received with slight “cupping,” or with a slight partial-cylindrical wall perpendicular to the
disc face attached to the circumference, whereas the other discs were with geometrically



non-smooth perimeters. These features in specimen geometry are shown in photographs in
Appendix A.
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Fig. 1. Section view of the equibiaxial flexural test configuration.

Fig. 2. Photographs of test specimen and fixture before (top-left) and after (bottom-right)
testing.



Table 1. Physical parameters and condition of the test.

Parameter Symbol Value

Support ring diameter Dy 5 mm
Loading ring diameter Dy 2.5 mm
Ring tip radii Rs, R 0.3 mm
Test temperature T Ambient
Crosshead displacement rate 5 0.1 mm/s

3. Results and Discussion

Results of the equibiaxial flexural tests are summarized in Table 2. The apparent flexural
strength was determined by the following equation per ASTM Standard C1499-05,

3F DS -D,’ D
0y =5 (1—V)#+(1+V)IHD—‘Z (1)

where F' = fracture load, 4 = specimen thickness, v = Poisson’s ratio, and D = specimen
diameter. This equation is valid only when specimen deflection height remains negligible
with regard to the specimen thickness during testing.

Table 2. List of measured information

Estimated

Thickness, Thickness, Fracture Apparent Estimated Correction True Local

Sample

D Cupping total PyC1 Load Strength2 Deflection Factor’ Streng th?
[mm)] [mm)] [N] [MPa] [mm)] [MPa]
PyC080721 01  Yes 0.127 0.102 8.97 254 0.16 0.31 123
PyC080721_02 No 0.135 0.110 10.82 279 0.17 0.28 115
PyC080721 03  Yes 0.125 0.100 11.81 352 0.17 0.26 141
PyC080721 04  Yes 0.109 0.084 14.65 581 0.19 0.23 219
PyC080721 05 Yes 0.127 0.102 16.10 465 0.20 0.22 156
PyC080721_06 No 0.112 0.087 19.55 734 0.21 0.19 226
PyC080721 07 No 0.111 0.086 15.18 580 0.19 0.22 208
Average 0.121 0.096 464 170
Std. Dev. 0.010 0.010 178 47

1) It was assumed that the buffer PyC layer is of thickness 0.025 mm in all samples.

2) Apparent strength was determined following ASTM C1499-05 assuming that the buffer PyC layer
possesses the same strength as PyC.

3) Correction factor is a rough estimate of the ratio of true stress to the apparent stress. As the
preliminary treatment, the correction factor was determined as a function of deflection.

4) True local strength was estimated based on the correction factor and the assumption that the buffer
PyC layer is NOT contributing to strength.



The mean value of apparent equibiaxial flexural stress for fracture of seven samples tested
was 454 MPa. However, the measured strength values widely varied in a range 254-734
MPa and exhibited negative dependency on the sample thickness as clearly shown in Fig. 3.
Also considering the fact that the estimated maximum heights of specimen deflection
shown in Table 2 are very significant as compared to the specimen thickness, meaning that
significant stress concentration around the loaded location has occurred, the results
obtained indicate that Eq. (1) can not be simply applied. The crack patterns, shown in
Appendix A indicate cracking along the circle corresponding to the location loaded by the
loading ring, verifying the stress concentration at the loading ring.

The anticipated influence of mechanical constraint by cupping appeared less significant as
compared to the thickness effect. For the highest strength case, crosshead displacement was
~0.2 mm with the maximum load of ~20 N, which is consistent with the finite element
calculation for the 25 GPa Young’s modulus case (typical for dense PyC) as shown in Fig.
4. Using results from the finite element analysis, true fracture strength values of the present
PyC samples were estimated and shown in Table 2.

The estimated true local strength values are within a typical range of the flexural strength of
dense PyC. However, as seen in Fig. 4, the estimated true strength still exhibits a negative
correlation with the specimen thickness. This may be due to contribution from the buffer
PyC layer to the strength, which was ignored in the estimation of true strength. The reason
for this trend needs to be clarified in future work. More importantly, a standard procedure
for determination of true local strength needs to be established based on the finite element
analysis. Fracture strength of the PyC layer, which should be used in models for fuel
performance evaluation, can be determined using values of the true local strength, the
effective loading area, Weibull parameters (both scale and shape parameters), and the
loaded surface area in actual application.
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Fig. 3 Specimen thickness dependence of the apparent strength of PyC as determined by
equibiaxial flexural test. Closed symbols indicate data points from specimens without
“cupping.” Note that the apparent strength values are significantly higher than the estimated
true strength values (see text).
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Fig. 4 Load-displacement curves for PyC disc samples (0.1 mm thickness) as predicted
by finite element analysis. Typical Young’s modulus (E) is ~25 GPa for dense PyC.

It is noteworthy that the estimated local fracture stress values are not significantly different
between specimens with “cupping” and specimens with uneven perimeter but without
“cupping.” However, specimens without “cupping” are preferred because it is anticipated
that the stress state in specimens will be more significantly disturbed by the “cupping” than
by the uneven perimeter.
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Appendix A

Optical images of individual specimens before/after testing and
load-displacement relationship obtained during testing.
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Appendix B

This Appendix contains a copy of Reference 2

J. H. Miller, K. M. Cooley, and B. C. Jolly, “Coating R&D in Support of PyC Strength
Measurement: FYO0S8 Progress Report,” Oak Ridge National Laboratory, September 2008,
Oak Ridge, TN.



Coating R&D in Support of PyC Strength Measurement: FY08 Progress Report
J. H. Miller, K. M. Cooley, and B. C. Jolly
September 20, 2008

Introduction

The purpose of the coating activities for FY2008 was to begin to develop methods for
producing representative pyro-carbon samples for strength measurements. Preliminary
coating experiments related to the PyC strength determination effort have been
conducted. Methods for producing representative carbon coating samples that are
approximately 6 mm in diameter for strength measurements are being developed. To
produce the samples, several 6 mm diameter disk substrates (up to 20 disks) are included
with a batch of surrogate particles (54 g of 500 um ZrO,), and are coated with a thin
buffer coating (~25 um) and a thick inner pyro-carbon (IPyC) coating (~100 um target
thickness) using AGR-1 baseline coating conditions. It was determined in the initial
experiments that a buffer layer was necessary to facilitate reliable debonding of the
carbon disk from the sapphire substrate.

Substrate selection

Graphite, alumina, and sapphire disks have been tested in an effort to determine which
offers the best potential for coating removal without damage to the thin coating sample.
A polished sapphire disk approximately 6 mm in diameter and 2 mm thick provided for
the most reliable release of the carbon coating layer. Early experiments used an alumina
ring press-fit around the circumference of the sapphire disk prior to coating in an attempt
to encourage controlled fracture of the coating around the circumference of the sapphire
substrate. A photograph of the sapphire disk and the alumina ring are shown in Figure 1.
A photograph of a pyro-carbon disk produced using the sapphire disk/alumina ring
assembly is shown in Figure 2. Both the buffer layer and the IPyC layer are visible in the
picture.

The uneven edges produced when using the alumina ring as a crack control fixture were
deemed unacceptable due to the inability to prevent crack propagation from the outside
cylindrical surface “around the corner” and onto the flat disk surface of the carbon
sample (Figure 2). The presence of a cylindrical edge (or corner) on the carbon coating
sample can be accounted for computationally in the strength measurement technique, but
in order to account for this “corner,” it needs to be continuous all the way around the
circumference of the sample and preferably of consistent height. With the edge/corner
condition in mind, additional coating removal techniques are being developed.

Pyro-carbon removal techniques

The two coating removal techniques that show the most promise are circumferential
cracking and turning. Laser cutting is also being considered, but its feasibility has not yet
been established. Circumferential cracking involves manually cracking the coating
around the circumference (outside cylindrical surface) of the coated sapphire disk using
tweezers. This technique is shown schematically in Figure 3. The process of repeatedly
cracking the coating under compression applied by the tweezers blades around the




circumference of the coated disk is tedious and takes significant patience and dexterity.

A cross sectional photograph of a pyro-carbon disk removed from the sapphire substrate
by circumferential cracking is presented in Figure 4. The figure demonstrates the level of
unevenness along the edge of the carbon disk. As discussed above, this unevenness,
although not preferred, is acceptable as long as the corner of the sample stays intact.

The use of a lathe to remove a band of carbon coating from the cylindrical surface of the
coated disk, termed the turning technique, is shown schematically in Figure 5. In turning,
the coated sample is glued to a small rod on one side and supported on the other side by a
soft elastomeric rod that is pressed against the surface of the sample. A small cutting tool
is used to remove a band of the carbon coating on the cylindrical surface of the coated
sample. After turning, the sample is removed from the lathe and the carbon disk is
carefully removed from the sapphire substrate. A cross sectional photograph of a pyro-
carbon disk produced by turning is shown in Figure 6. The photograph demonstrates the
consistent edge/corner that results from the turning technique.

The turning technique produces samples with consistent edges, but it is tedious and time
consuming. Also, due to having to glue the sample on one side for holding purposes, the
turning process only yields one carbon disk sample per coated substrate. The
circumferential cracking technique yields two. At present, neither coating removal
process is clearly superior.

Pyro-carbon sample bowing

Another characteristic of the carbon disks produced by coating sapphire substrates is the
bowing or curvature present in the disks. This bowing is evident in the cross sectional
pictures shown in Figures 4 and 6. This bowing is caused by residual thermal stresses
induced by the coefficient of thermal expansion (CTE) mismatch between the carbon
coating and the sapphire disk. The coating is applied at elevated temperature (~1265°C),
and the CTE mismatch on cooling induces the thermal stresses that cause the bowing of
the carbon disk and facilitate the debonding of the carbon coating from the sapphire
substrate. The bowing presents added complexity to the strength measurement since it
has to be accounted for, but the CTE mismatch that is responsible for the bowing is
necessary for sample production.

A surface profile plot of a typical carbon disk, after removal from the substrate, is
presented in Figure 7. A cross sectional photograph of a carbon sample is also shown in
the figure. The profile plot shows a maximum height at the apex of the curvature of
approximately 300 pm, but due to the method of measurement (as shown by the red lines
drawn on the cross sectional photograph), this height also includes the thickness of the
carbon sample (~100 um). Therefore, the magnitude of the bowing exhibited in these
samples is on the order of 200 pm.

Conclusions

As state above, the purpose of the coating activities for FY2008 was to begin to develop
methods for producing representative pyro-carbon samples for strength measurements.
As presented in this report, significant progress has been made on sample production.



The most challenging technical issue related to sample production encountered thus far is
the consistent removal of the carbon coating from the substrate onto which it was applied.
Circumferential cracking and turning are both tedious and time consuming, but both
appear to be feasible methods for carbon coating removal. The viability of laser cutting
is yet to be determined. Planned future work involves down selecting and perfecting the
carbon coating removal methods, and then producing carbon samples under a variety of
conditions (with a variety of properties) so that the processing-properties relationships for
pyro-carbon particle coatings can be determined.
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Figure 1. Photograph of the sapphire disk and alumina ring used in PyC strength coating
sample production.
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Figure 2. Photograph of a pyro-carbon disk sample after it has been removed from the
sapphire disk/alumina ring assembly.



Compression
cracking induced
by tweezers
Pyro-carbon coated
sapphire disk

Tweezers blades

Coating cracked and
removed around
outside diameter of the
sapphire substrate

Figure 3. Schematic representation of the manual circumferential cracking technique for
removing carbon disk samples from coated sapphire substrates.
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Figure 4. Cross section photograph of a 6 mm diameter pyro-carbon removed from the
sapphire substrate by circumferential cracking.
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Figure 5. Schematic representation of the turning technique for removing carbon disk
samples from coated sapphire substrates.
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Figure 6. Cross section photograph of a 6 mm diameter pyro-carbon disk removed from
the sapphire substrate by turning.
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Figure 7. Surface profilometer measurements of a pyro-carbon disk removed from the
sapphire substrate by turning showing the magnitude of the disk curvature.
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