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Data Summary for Nominal 350 zm DUO, Kernels

J.D. Hunn and A.K. Kercher, Oak Ridge National Laboratory

1 Scope of report:

This document is a compilation of characterization data obtained on the nominal 350 xm
depleted uranium oxide kernels (DUQO,) produced by ORNL for the Advanced Gas Reactor Fuel
Development and Qualification Program under task 3.1.2. Samples were riffled for analysis from
a 100 g batch (designated as DUN350-1), which was riffled from the 3.4 kg composite lot of
DUOQ, kernels (designated as DUN350).

2  Summary of results:

Table 2-1 contains a summary of property measurements in comparison to the current acceptance
criteria for depleted 350 um UO, kernels. All the criteria were met with the exception of the 95%
confidence criteria on the impurity levels, which was only measured on a single small sample. In
addition, microstructure was analyzed by scanning electron microscopy (SEM). The grain size
was less than 10 ym across in the plane of the cross section and typically about 5 ym. SEM
micrographs also provided evidence of closed pores that were less than 0.25 ym in diameter.

Table 2-1: Summary of property measurements compared to current acceptance criteria.

Specification
Propert Value
perty {variable or attribute}
Means of individual impurities 100 each
=< €ac
m-w .
[pp t at 95% confidence level see section 5 *
{variable}
Li, Na, Ca, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Al, Cl
Mean bulk density [Mg/m’] >10.5
(95% confidence interval) at 95% confidence level 10.87 — 10.97
{variable}
Mean diameter [um] 350 + 10
(95% confidence interval) at 95% confidence level 353 -355
{variable}
Diameter [Mm] = 1% beyond each critical limit (to <1% beyond each limit given below

95% confidence level):

(upper and lower limits (to 95% confidence level):

to a 95% confidence level) upper limit 400 upper limit 365
lower limit 300 lower limit 344
{variable}
Sphericity (D/Dyin) Tolerance limit < 1% Based on measured sample,
(% above control limit at a 95% confidence level) allowed with sphericity above <0.4%

1.05 control limit
(to 95% confidence level)
{attribute}

with sphericity above 1.05
(to 95% confidence level)

* Confidence level was not determined, because impurity content was only measured on a single small sample. A 95% confidence
level is not necessary for the current stage of research.
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3 Size and shape measurement: (Kercher, Hunn, Price)

Size and shape were measured by shadow imaging a sample of kernels in a random plane with an
optical microscope. Image analysis software was used to find the center of each kernel and
identify 360 points around the perimeter. Data was extracted as both radius and diameter. Since
the kernels were not perfect spheres, the terms “radius” and “diameter” are used loosely.
“Radius” means the distance from the fit center to the edge. “Diameter” means the distance from
edge to edge in a line passing through the fit center. Data for each kernel was then reported in
terms of the mean radius or diameter, the standard deviation in those values, the minimum and
maximum radius or diameter, and the ratio of the maximum over the minimum of those values
(the aspect ratio). These values for each kernel were then compiled and the average, standard
deviation, minimum, and maximum for each value were calculated. In addition to reporting the
compiled data for the sample, histograms of the mean kernel radius or diameter and the aspect
ratios have also been provided to show how these values were distributed in the sample analyzed.

3.1  First analysis of DUN350 — low magnification

Figure 3-1 shows the summary data for the measured radius of 8630 kernel shadowgraphs.
Figure 3-2 shows the same data reported in terms of the diameter. The difference between
compiling the measurements in terms of radius versus diameter is that the radius-based
measurements more accurately report asymmetric shapes. The diameter measurements dilute the
effect of a local deviation in radius by adding the opposite radius (+180 degrees in polar
coordinates). Because the kernels were nearly spherical, there was no significant difference in
the statistically calculated mean diameter from twice the mean radius. Even the standard
deviations in these values scale by a factor of two. However, the max/min aspect ratio was
significantly affected, because aspect ratios are based on maximum and minimums as opposed to
means. R ,./R, ., 1S a more sensitive way of measuring the deviation from a circular cross section.
The R,,,./R,;, measurement showed a higher average aspect ratio as well as a broader distribution
toward higher values. To be consistent with historical techniques and reports, radius-based and
diameter-based aspect ratios will be herein called “sphericities,” although sphericity has several
more commonly used definitions.

min

One effect that must be accounted for in the aspect ratio measurement of sphericity is the effect
of the measurement uncertainty for ratios of this type, which are based on selecting maximum
and minimum values. When a single maximum is selected, the random fluctuation from the
measurement uncertainty becomes a positive bias. A similar negative bias is introduced in
selecting the minimum value. This leads to a positive offset in the aspect ratio. Eq. 3.1 derives
the offset (+2AR/R,,.,,) created in the radius-based aspect ratio due to this positive and negative
bias, where the bias is estimated as AR. The uncertainty in determining the kernel edge is usually
equivalent to about 1 pixel size. For the magnification used in Figure 3-1, the pixel size was
0.895 microns. The bias AR can usually be estimated to be close to this measurement
uncertainty. A similar offset can be derived for diameter-based sphericity with AD equivalent to
about 2 pixel sizes (one pixel for each edge), but the offset simplifies to the same expression,
+2AD/D

mean*
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Rmax + AR 2
R +AR R R (R. AR\. AR (AR
ax — min min _ max_ 1+ + +
Rmin —-AR 1- Ay Rmin Rmm Rmin Rmin
Eq. 3.1 Rmin
Rmax Rmax AR AR Rmax AR
=~ + + =~ +2
Rmin Rmin Rmin Rmin Rmin Rmean

For highly aspherical particles we simply set the bias, AR, equal to the pixel size and calculate
the offset as 2AR/R,,.,,. For more spherical particles, where the minimum uncorrected aspect
ratio is near or below this offset, we use an alternate method where we estimate the offset to be
equal to the minimum uncorrected aspect ratio, in order to not overestimate the offset. This is
equivalent to the assumption that the most spherical particle essentially exhibits a perfect circular
cross section to the limit of the measurement sensitivity. The DUN350 kernels were highly
spherical, so a constant correction factor was subtracted from each sphericity (radius-based and
diameter-based) so that the minimum sphericity was 1. The estimated correction factor is
reported with each data set.

Image analysis of the random sample was used to calculate statistics describing the composite
batch. Note that the bin values in the histograms are upper limits on each bin. The measured
kernels had an average mean diameter of 355 ym with a standard deviation in the distribution of
4 ym. Based on variable sampling statistics using a two-sided student’s t distribution (t=1.96),
the average mean diameter of the DUN350 composite of kernels was 354-355 um with 95%
confidence. Applying a two-sided tolerance factor test (K=2.576), the critical range containing
99% of the composite was 344-366 ym with 95% confidence. Applying two separate one-sided
tolerance factor tests (K=2.326) for the upper and lower bound with a 99% tolerance limit, the
critical range (with 1% above and 1% below) was 345-365 pm with 95% confidence. These
values were well within the specified acceptance criteria of 350+10 ym on the mean and <1%
below 300 and <1% above 400 ym. The composite passed the acceptance criteria on sphericity
of <1% with D,,,./D,,,,=1.05 at 95% confidence. Applying a z-factor test (which is relevant for a
sample size greater than 891) it was calculated that the minimum control limit that the composite
would pass at <1% tolerance based on the measured sample was D,,./D,,,=1.038. Alternately,

the minimum tolerance limit that the composite would pass for a control limit of D, ,,/D,;,=1.05
based on the measured sample was 0.4%.

To guide ongoing research efforts, 95% confidence intervals were determined for: (1) the
sphericity limit that demarcates 1% of the composite batch and (2) the defect fraction of the
composite batch (where a defect was defined as a sphericity greater than 1.05). Based on t-
statistics, the 95% confidence interval for the sphericity limit that would demarcate 1% of the
composite batch was 1.033-1.038. Using t-statistics, the 95% confidence interval for the defect
fraction of the composite batch was 0.18-0.40%.
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| Rmax/Rmin Mean Radius St. Dev. In Radius Minimum Radius Maximum Radius
Average 1.017 177 0.7 175 180
Standard Deviation 0.012 2 0.3 2 3
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Figure 3-1: Size and shape summary for 8630 DUN350 kernels. Measurements are distance
from best circle fit center to edge in ym. Measurement uncertainty is about +1 ym. Estimated
correction factor for sphericity offset = 0.010.
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| Dmax/Dmin Mean Diameter St. Dev. In Diameter Minimum Diameter Maximum Diameter
Average 1.011 355 1.1 352 358
Standard Deviation 0.007 4 0.5 4 4
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Figure 3-2: Size and shape summary for 8630 DUN350 kernels. Measurements are in ym from
edge to edge through best circle fit center. Measurement uncertainty is about +1 pgm. Estimated
correction factor for sphericity offset = 0.0053.
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3.2 Second analysis of DUN350 — higher magnification

As mentioned previously in section 3.1, uncertainty in the measurement causes an offset error in
the sphericity measurements. A reasonable estimate for the offset error was discussed. Since the
estimated error is based on the pixel size, using a higher magnification should decrease the
necessary correction factor. The problem is that the depth of focus decreases at higher
magnification and this tends to offset the effect of the increased pixel resolution on the total
uncertainty. A second sample of DUN350 was measured at a higher magnification (0.442 ym
pixel size) to examine the effect of the offset error. Figure 3-3 shows the summary data for the
measured radius of 4097 kernel shadowgraphs. Figure 3-4 shows the same data reported in terms
of the diameter. Other than the expected reduction in the sphericity offset due to the higher
resolution, the results did not differ significantly from the lower magnification measurements.

Again, the image analysis of the random sample was used to calculate statistics describing the
composite batch. Note that the bin values in the histograms are upper limits on each bin. The
measured kernels had an average mean diameter of 354 ym with a standard deviation in the
distribution of 4 ym. Based on variable sampling statistics using a two-sided student’s t
distribution (t=1.96), the average mean diameter of the DUN350 composite of kernels was 353-
354 um with 95% confidence. Applying a two-sided tolerance factor test (K=2.576), the critical
range containing 99% of the composite was 343-365 ym with 95% confidence. Applying two
separate one-sided tolerance factor tests (K=2.326) for the upper and lower bound with a 99%
tolerance limit, the critical range (with 1% above and 1% below) was 344-364 pm with 95%
confidence. In good agreement with the low magnification results, these values were well within
the specified acceptance criteria of 350+10 pm on the mean and <1% below 300 and <1% above
400 um. The composite passed the acceptance criteria on sphericity of <1% with D,,,./D,,,,=1.05
at 95% confidence. Applying a z-factor test, it was calculated that the minimum control limit that
the composite would pass at <1% tolerance based on the measured sample was D,,,./D,,,,=1.035.
Alternately, the minimum tolerance limit that the composite would pass for a control limit of
D, .x/Dmin=1.05 based on the measured sample was 0.38%.

To guide ongoing research efforts, 95% confidence intervals were determined for: (1) the
sphericity limit that demarcates 1% of the composite batch and (2) the defect fraction of the
composite batch (where a defect was defined as a sphericity greater than 1.05). Based on t-
statistics, the 95% confidence interval for the sphericity limit that would demarcate 1% of the
composite batch was 1.029-1.036. Using t-statistics, the 95% confidence interval for the defect
fraction of the composite batch was approximately 0.1-0.36%. This range is only approximate
because the measured defect fraction was slightly too low (relative to the sample size) to declare
a 95% confidence interval.
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| Rmax/Rmin Mean Radius St. Dev. In Radius Minimum Radius Maximum Radius
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Figure 3-3: Size and shape summary for 4097 DUN350 kernels at higher magnification.
Measurements are distance from best circle fit center to edge in ym. Measurement uncertainty is
about 0.5 ym. Estimated correction factor for sphericity offset = 0.0055.
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Figure 3-4: Size and shape summary for 4097 DUN350 kernels at higher magnification.
Measurements are in ym from edge to edge through best circle fit center. Measurement
uncertainty is about +0.5 ym. Estimated correction factor for sphericity offset = 0.0029.
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4 Density measurement: (Hunn, Pappano, Barker)

Using the ASTM D3766 standard terminology, we define three different types of density: the
theoretical density is based solely on the solid material volume, the skeletal density includes the
closed pore volume, and the envelope density includes the open and closed pore volume. The
theoretical density of UQO, is 10.96 g/cc.

Envelope density was measured with a Hg porosimeter. The envelope density was measured by
weighing the sample and measuring the volume of mercury displaced after sufficient pressure
was applied to cause the mercury to envelop each individual kernel in the sample. Open porosity
information was obtained by continuing to increase the pressure and measuring the amount of
mercury penetrating into the pores. Several samples were riffled from the 100 g sublot. It has
been observed previously that best results with the mercury porosimeter in its present
configuration are obtained for sample sizes of at least 12 g (about 50,000 kernels). Table 4-1
shows the results of the measurement of envelope density on these samples. The average
envelope density was 10.92+0.03 g/cc with a 0.2+0.3 open porosity. The scatter in the open pore
volume measurement indicates that the uncertainty in the measurement is probably greater than
the measured value. However, we can conclude that the open pore volume was <1%. Figure 4-1
through Figure 4-4 show the pore volume versus pore size for the four samples in the table.

Table 4-1: Envelope density by Hg porosimetry

Sample ID Sample weight (g) | Envelope density (g/cc) 9% Open pore
+0.001 g +0.05 g/cc volume
DUN350-1-02 13.374 10.92 0.010
DUN350-1-05 12.357 10.87 0.580
DUN350-1-06 12.127 10.93 0.057
DUN350-1-07 11.843 10.94 0.129
Average 10.92 +0.03 0.2+0.3

Skeletal density was measured with a helium pycnometer. The skeletal density was measured by
weighing the sample and measuring the volume of helium displaced by the kernel. In this
technique, the helium freely enters any open porosity in the kernels. Two samples were riffled
from the 100 g sublot. The skeletal density of the samples was measured to be 10.79 g/cc and
10.81 g/cc. The average skeletal density was 10.80+0.18 g/cc where the uncertainty stems mainly
from the uncertainty in the calibration of the instrument. The measured skeletal density should be
higher than the envelope density obtained with the mercury porosimeter, with the difference
stemming from the open porosity. Given the low open porosity, these two measurements would
be expected to be within 0.1 g/cc. In this case, the reported mean value of skeletal density was
slightly lower. However, the expected difference between these two values was less than the
reported uncertainties in the measured values, making this discrepancy insignificant.
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Figure 4-1: DUN350-1-02, intrusion histogram showing volume Hg per pore size.

Figure 4-2: DUN350-1-05, intrusion histogram showing volume Hg per pore size.
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Figure 4-3: DUN350-1-06, intrusion histogram showing volume Hg per pore size.

Figure 4-4: DUN350-1-07, intrusion histogram showing volume Hg per pore size.
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5 Impurity analysis: (Williams, Collins, DelCul)

A 1.16 g sample of kernels (about 4700) was sent to ORNL Analytical Chemistry for analysis.
The sample was microwave digested in ultra pure nitric acid to completely dissolve the sample.
The uranium was then separated from the solution by using TRU resin obtained from Eichrome
Technology, Inc and the collected column effluent was subsequently analyzed by ICP-MS. The
only cations reported that were above the detection limit are listed in Table 5-1 (in order of
decreasing concentration).

Table 5-1: Impurity analysis

Impurity Ton Measured Concentration (xg/g or ppm-wt)
K 156+ 1.6
Cr 13.4+1.3
Fe 6.31+1.9
Mg 543 +£0.5
Al 5.1+£0.5
Ni 4.5+0.5
Cu 2.7+0.3
Zn 2.7+0.3
Mn 1.1+0.2
Co 0.97 £0.19
Mo 0.62 +0.13
Sb 0.61 +0.12
Ba 0.38 +0.08
Pb 0.28 +0.06
Sr 0.27 +0.05
\4 0.26 +0.05

ORNL delivered to Materials and Chemistry Laboratory, Inc. (MCLinc) a 4.895 g sample (about
20000) for chlorine analysis. The sample was prepared by pyrohydrolysis and analyzed by
MCLinc SOP MCL-7759 Anions by Ion Chromatography. Two runs resulted in <35 and <19
chloride ug/g (ppm-wt).

12
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6 SEM analysis of Kernel polished cross section: (Menchhofer, Hunn)

Kernels were mounted in conducting epoxy and polished to near midplane for analysis by SEM
(mount ID# M040430.2). This analysis was qualitative; no attempt was made to obtain sufficient
images and measurements to produce statistically sound quantitative measurements of grain size.
However, it was observed that most of the polished kernels had a similar microstructure.

Figure 6-1 through Figure 6-3 show a typical kernel cross section. Imaging with back scattered
electrons gave good contrast for viewing the grain structure. The grain size was less than 10 ym
across in the plane of the cross section and typically about 5 ym. Numerous small pits could be
seen over the entire polished surface and some larger pits were also observed. The small pits,
shown at high magnification in Figure 6-4, were less than 0.25 ym in diameter and appeared to
be due to closed porosity exposed by the cross sectioning. Some residual scratches caused by the
polishing could also be seen.

) o
7 3
P <

Acc.V Spt Man Det WD Exp
7.00kV 6.0 500x  BSE 10.1 43711

Figure 6-1: Typical cross section of DUN350 kernel.
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Figure 6-3: Typical cross section of DUN350 kernel.
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Figure 6-4: Small pits in cross section of DUN350 kernel, probably due to closed porosity.
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