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Abstract

The product consistency test (PCT) that is used for qualification of borosilicate high-level radioactive waste (HLW)
glasses for disposal can be used for the same purpose in the qualification of the glass-bonded sodalite ceramic waste
form (CWF). The CWF was developed to immobilize radioactive salt wastes generated during the electrometallurgical
treatment of spent sodium-bonded nuclear fuels. An interlaboratory study was conducted to measure the precision of
PCTs conducted with the CWF for comparison with the precision of PCTs conducted with HLW glasses. The six
independent sets of triplicate PCT results generated in the study were used to calculate the intralaboratory and in-
terlaboratory consistency based on the concentrations of Al, B, Na, and Si in the test solutions. The results indicate that
PCTs can be conducted as precisely with the CWF as with HLW glasses. For example, the values of the reproducibility
standard deviation for Al, B, Na, and Si were 1.36, 0.347, 3.40, and 2.97 mg/l for PCT with CWF. These values are

within the range of values measured for borosilicate glasses, including reference HLW glasses.

© 2002 Elsevier Science B.V. All rights reserved.

1. Introduction

Spent sodium-bonded nuclear fuel from the Experi-
mental Breeder Reactor II will be treated using an
electrometallurgical process developed at Argonne Na-
tional Laboratory (ANL) to produce waste forms that
are suitable for geologic disposal [1]. The waste form
developed to immobilize radioactive salt wastes is re-
ferred to as the ceramic waste form (CWF). Work is in
progress to support qualification of the CWF for dis-
posal in a federal high-level waste repository. One of the
requirements for qualification is to ensure that the pro-
duction of waste forms is adequately controlled. The
work described in this paper addresses the use of a
standard test method to verify the consistency of the
CWF.

*Corresponding author. Tel.: +1-630 252 6103; fax: +1-630
252 5246.
E-mail address: ebert@cmt.anl.gov (W.L. Ebert).

The CWF is made by mixing waste salt with zeolite
4A to occlude the salt within the zeolite cage structure.
The salt-loaded zeolite is then mixed with borosilicate
glass (at a 3:1 mass ratio) and processed at about 900 °C.
At temperatures above about 800 °C, the salt-loaded
zeolite converts to the mineral sodalite. Salt that was
occluded in the zeolite becomes incorporated into the
sodalite structure, and the sodalite is encapsulated in the
glass. The resulting waste form is composed of about
70% sodalite, 25% glass binder, and 5% consisting of
halite and various oxide and silicate inclusions. The
major radionuclides in the waste form are actinides and
rare earth fission products, which are present as oxide
inclusions in the binder glass; iodine, which is present in
the sodalite and halite inclusions in the binder glass; and
cesium, which is dissolved in the binder glass.

The requirements for qualification of the CWF for
acceptance into the DOE waste disposal system are
contained in the Waste Acceptance System Require-
ments Document (WASRD), which details the require-
ments for the waste form, waste package, process
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documents, etc. [2]. Borosilicate glass is identified as the
standard high-level radioactive waste (HLW) form in
the WASRD, and the CWF must be qualified as a non
standard HLW form. While few specific details are
provided in the WASRD for non-standard waste forms,
it is likely that they must be shown to meet the same
requirements as borosilicate glass waste forms. One of
the requirements for glass waste forms is that the con-
sistency of the products be determined. Requirement
4231 His:

1. “The producer shall demonstrate control of waste
form production by comparing production samples
or process control information, separately or in com-
bination to the Environmental Assessment bench-
mark glass using the product consistency test (PCT)
or equivalent”.

2. “For acceptance, the mean concentrations of lithium,
sodium, and boron in the leachate, after normaliza-
tion for concentrations in the glass, shall be less than
those of the benchmark glass”.

The solution concentrations of lithium, sodium, and
boron are used because they are common components in
HLW glasses, have high solubility limits, and are released
faster than other glass components or radionuclides. The
PCT has been standardized by the American Society for
Testing and Materials (ASTM) as standard test method
C1285. The PCT Method A is a crushed-glass durability
test that ‘can specifically be used to evaluate whether the
durability and elemental release characteristics of waste
glasses have been consistently controlled during pro-
duction’ [3]. Method A is used to monitor the consistency
of HLW glasses. It is a seven-day test conducted at 90 °C
with glass that has been crushed and sieved to isolate the
—100 4200 mesh size fraction and washed to remove
fines. Specific test conditions require using demineralized
water and a stainless steel test vessel. The PCT Method B
allows for the use of different test conditions to study
glass dissolution behavior.

Several issues have been addressed in evaluating the
possible use of the PCT to monitor the consistency of
the CWF [4]. First, the CWF is a multiphase material,
whereas the PCT addresses the evaluation of homoge-
neous and devitrified glasses. The PCT response result-
ing from the simultaneous dissolution of several phases
is just as useful for monitoring product consistency as
the response from the dissolution of a single phase, if the
relative amounts of each phase is expected to be the
same in all waste forms. This requires that the phase
distribution in the crushed fraction be the same as that
of the bulk CWF. The gross composition of the —100
-+200 mesh size fraction of the CWF was shown to be
the same as that of the bulk CWF.

Second, the CWF contains a small amount of halite
as a soluble inclusion phase. The PCT procedure ad-

dresses the presence of soluble phases (in step 19.6.1 of
[3]) by recommending that the potential for dissolution
of soluble phases during the washing steps be taken into
account by analyzing the wash solutions. Crushed CWF
is washed first with absolute ethanol, to remove most of
the fines, and then with demineralized water, to dissolve
halite exposed at the surface of the crushed material.
The ethanol wash solution is not analyzed, because ha-
lite is sparingly soluble in absolute ethanol and it is
desired to quantify only the halite dissolved from the
—100 +200 mesh fraction. The majority of Na and Cl
present in the ethanol wash solution is assumed to be
present in fines of halite, sodalite, and glass binder, and
so does not provide a measure of the amount of halite in
the CWF.

The wash water is analyzed for sodium and chloride
ions. The water wash step is conducted at the same CWF
mass/water volume ratio used in the PCT, namely, 1 g
crushed solid/10 ml water. In this way, the amounts of
Na and CI dissolved in the water wash can be added
directly to the amounts of Na and CI released in the
PCT, in determining the total amounts that were re-
leased. More importantly, the concentrations measured
in the water wash provide a measure of the relative
amount of halite in the waste form. This information
can be used for process control. For clarity, we refer to
the solution from the water wash as the ‘water wash
solution’ and the solution generated during the seven-
day PCT as the ‘test solution’.

A third issue is whether the PCT response provides
an indication that the process has been controlled. In the
case of HLW glasses, the soluble components Li, Na,
and B will be used to confirm that the composition of the
glass is consistent with the target composition. In the
case of the CWF, the releases of Na and Cl in the water
wash and Al, B, Na, and Si in the PCT can be used to
provide evidence that the relative amounts of halite,
binder glass, and sodalite, respectively, have been con-
trolled. Whereas the compositions of waste glasses will
vary significantly between batches, the gross composi-
tion of the CWF is expected to remain fairly constant.
This is because the same mass ratio of salt-loaded zeolite
to binder glass will be used to make all CWFs, and these
components comprise about 92% of the waste form. The
balance is waste salt, which is primarily (Li, Na, K)CI.
Only very small changes in the composition of the CWF
will occur due to changes in the amounts of radioactive
waste in the salt, and these are not expected to mea-
surably affect the PCT response.

The interlaboratory study (ILS) discussed in this
paper was conducted to evaluate the precision with
which the PCT could be conducted with the CWF. This
must be known before the sensitivity of the PCT re-
sponse to waste form composition can be determined.
The ILS was conducted following the procedure in
ASTM standard E691-99 [5]. All participants had ex-
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tensive experience in conducting PCTs with borosilicate
waste glasses, and the analytical laboratories were ex-
perienced in analyzing PCT test solutions. A laboratory-
scale CWF product was made with a nonradioactive
surrogate waste salt for use in testing. Sample lots pro-
vided to participants were taken from a CWF that had
been crushed, sieved, and washed with absolute ethanol
to remove fines at ANL. These sample preparation steps
were done to maximize the homogeneity of the samples
and to constrain the study to test execution and solution
analysis by eliminating possible variations due to sample
preparation. Participants were asked to perform one
water wash of the provided lot and then conduct trip-
licate PCTs at 90 °C with the water-washed material.
The factors that may contribute to variability in the test
results include the operators for test execution and so-
lution analysis, the analytical equipment used, calibra-
tion of the analytical equipment, and the laboratory
environment.

The database generated in the ILS is used to deter-
mine the precision that can be expected for execution of
the PCT with the CWF. This information provides evi-
dence that the PCT, along with process records, can be
used to meet the WASRD requirement for demon-
strating consistency of CWF products. The test results
and statistical analyses for the ILS are presented in this
paper.

Use of the PCT to monitor the consistency of a waste
form requires identifying elements that are good indi-
cators of chemical durability that remain in solution
during the test. Generally, elements with high solubility
limits that are released from the waste form structure by
rapid reactions and are not sequestered in alteration
phases that may form during the test are selected for this
purpose. Alkali metals, boron, and silicon are com-
monly monitored for PCTs conducted with borosilicate
waste glasses. In the case of the CWF, the PCT response
is due to the dissolution of sodalite and borosilicate glass
binder phases. Halite exposed at the surface is expected
to dissolve completely during the water wash step and is
not expected to contribute to the PCT test solution. Like
waste glasses, the dissolution of the binder glass can be
monitored by the concentrations of sodium, boron, and
silicon. Dissolution of sodalite can be monitored by the
concentrations of sodium, silicon, and chloride ion.
Negligible amounts of sodalite or binder glass dissolve
during the water wash step, so the measured concen-
trations of sodium and chloride ion are due to the dis-
solution of halite.

Whereas dissolution of both sodalite and binder glass
contribute to the concentrations of sodium and silicon in
the PCT step, only dissolution of binder glass contrib-
utes to the concentration of boron. All CWFs will be
made using the same binder glass composition and the
same mass ratio of binder glass and salt-loaded zeolite
(which will result in the same mass ratio of binder glass

and sodalite). Therefore, the compositions of all CWFs
are expected to be very similar. The two primary con-
sistency issues are to confirm that a CWF has an ac-
ceptable amount of halite and the correct mass ratio of
binder glass and sodalite. Analysis of sodium or chloride
ion in the water wash solution provides a measure of the
amount of halite, and analysis of boron in the PCT
solution provides a measure of the amount of binder
glass in the CWF. Tracking the sodium and silicon
concentrations in the PCT solution provides a measure
of the total amount of sodalite and binder glass that has
dissolved in the test. Because the compositions of
sodalite and binder glass will be constant, their disso-
lution rates can be considered to be constant in all
CWFs. Therefore, the consistency of the sodium and
silicon concentrations in the PCT provides an indication
that the relative amounts of sodalite and binder glass in
the CWF are consistent. Although the pH of the PCT
solution is not used for qualification of HLW glass and
will not be used for qualification of the CWF, it is
commonly tracked in PCTs conducted with waste glas-
ses and is included in this ILS for completeness.

2. Experimental

A 500-g CWF product was prepared at ANL for use
in the ILS. The CWF was crushed and sieved to isolate
the —100 +200 mesh size fraction (i.e., the size fraction
between 74 and 150 um), then washed six times with
absolute ethanol to remove fines. These steps were done
at ANL to eliminate variation in the efficiencies of
sieving and washing to remove fines from the study so
that the precision of the two operations in the test
procedure, i.e., the water wash and the seven-day PCT,
was measured directly. The prepared material was di-
vided into lots of about 5 g, which were provided to each
participant for use in both the composition analysis and
the PCT parts of the study. (Some participants requested
and were provided more than one lot.) The participants
were instructed to follow the PCT procedure for Method
A at 90 °C as closely as possible, except that the tests
with a standard reference glass that are called for in the
PCT were not required. Key aspects of the test proce-
dure are summarized below:

e The crushed CWF that was provided was to be
washed once with a volume of water having a mass
equal to 10 times the mass of the sample at room
temperature. The wash solution was to be passed
through a 0.45-um pore-size filter to remove sus-
pended material and then analyzed for Na or Cl.

e Triplicate PCTs were to be conducted at 90 °C with
between 1 and 1.5 g of crushed CWF and a mass of
demineralized water (ASTM Type I water) that was
exactly 10 times the mass of the CWF used. This is
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the mass ratio requirement in the PCT procedure for
Method A.

e PCTs were to be conducted for seven days. The times
of day a test vessel was placed in and removed from
the oven were required to differ by no more than 3.4
h. This is the duration required in the PCT Method A
procedure.

e Tests were to be conducted using unsensitized Type
304L stainless steel vessels, which are required by
the PCT Method A procedure.

e Duplicate blank tests with demineralized water were
to be conducted simultaneously with the tests with
the CWF. The vessels used in the blank tests were
to be cleaned in the same manner as the vessels used
in the tests with the CWF. This is a requirement in
the PCT Method A procedure.

e The oven temperature was to remain at 90 +2 °C
throughout the test. This is the temperature stability
requirement in the PCT Method A procedure.

e The total mass of the test vessel was not to change
during the test by more than 5% of the mass of
demineralized water that was initially added to the
vessel. This is a requirement in the PCT Method A
procedure.

e Solutions generated in the blank tests and the tests
with CWF and were to be filtered through 0.45-pm
pore-size filters, acidified with concentrated nitric
acid, and then analyzed for B, Na, and Si. Estimated
detection limits were to be reported. The PCT calls
for analysis of elements that represent the maximum
dissolution of the waste form.

e The analytical method for solution analysis was not
specified.

3. Results

In the following discussion, the datasets provided by
the ILS participants are designated by index letters A—
H. In some cases, different scientists at the same par-
ticipating laboratory provided more than one set of PCT
results. Datasets were considered independent if differ-
ent scientists conducted the test and different instru-
ments were used for solution analysis. This decision was
made to use the largest possible database to evaluate test
precision. This decision was based on the assumption
that the scientist performing the tests and the combi-
nation of the analyst and analytical method used to
measure the solution concentrations are the major con-
tributors to test precision, and that the laboratory en-
vironment has only a minor influence. Participant A
conducted three sets of triplicate tests on separate days.
These are referred to as A, D, and E for ease of refer-
ence; these data are not considered independent, and
only data set A was used for the ILS statistical analysis.
Participants A, B, and C are from the same laboratory.

Because different scientists conducted the tests, and
different analysts analyzed the test solutions using dif-
ferent instruments, datasets A, B, and C are considered
independent. Participant F conducted nine replicate
tests; the first set of test results was used for the ILS
statistical analysis. The ILS statistical results are based
on the six independent sets of results. The results of the
three sets of triplicate tests conducted by Participant A
and all nine triplicate tests conducted by Participant F
are considered separately for further evaluation of test
repeatability in Appendix A.

The measured solution concentrations were com-
pared directly because the mass ratio of CWF/demin-
eralized water in all of the tests was about 0.100 + 0.001
for both the water wash and PCT steps. The 1% varia-
tion in the CWF-to-water mass ratio is assumed to be
negligible relative to the analytical uncertainty. The PCT
calls for subtracting the background concentration of an
element from the concentration of that element in a test
with glass. For all participants, only the concentrations
of sodium and silicon in the blank tests were above the
background detection limits. The sodium concentrations
in the blank tests were significant with respect to the
sodium concentrations in the PCT test solutions, and
were used for background subtraction. The silicon
concentrations in the blank tests were not significant
with respect to the silicon concentrations reported in the
PCT test solutions. (Participants F and G reported sili-
con concentrations to two significant figures, and the
concentrations in the blanks were insignificant with re-
spect to the reported values.)

The results for the analysis of the wash solution are
given in Table 1. Blank tests were not conducted for the
water wash step and participants were not asked to
measure the Na and CI concentrations in the deminer-
alized water they used; those concentrations are cer-
tainly negligible relative to the high concentrations

Table 1
Results of wash solution analysis, in mg/l
Test no. Cl Na
A wash solution 273 180
B wash solution 235 171
C wash solution 243 168
D wash solution® 261 151
E wash solution® 266 178
F wash solution 242 153
G wash solution Not reported 163
H wash solution 229 146
Mean =+ std. dev.b 250417 164 + 13
Mean + std. dev.© 244 4+ 17 164 £12

#Extra set of tests conducted by Participant A.
®Including D and E wash solution results.
°Excluding D and E wash solution results.
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Table 2

PCT results
Test data Test type pH Al (mg/l) B (mg/l) Na (mg/l) Si (mg/l)
Al PCT 8.97 25.3 2.09 31.4 33.6
A2 PCT 8.94 24.6 2.12 324 32.6
A3 PCT 8.97 24.5 2.16 31.4 33.7
ABI1 Blank Not reported <0.1 <0.03 0.08 <0.03
AB2 Blank Not reported <0.1 <0.03 0.07 <0.03
Bl PCT 9.26 25.3 1.89 28.5 332
B2 PCT 9.21 25.7 1.76 27.8 323
B3 PCT 9.15 22.5 1.79 26.5 30.3
BB1 Blank 7.42 <0.1 <0.01 0.10 0.02
BB2 Blank 7.23 <0.1 <0.01 0.087 0.03
Cl PCT 8.94 24.2 1.89 34.0 32.8
C2 PCT 8.99 22.1 1.89 323 30.4
C3 PCT 8.84 23.2 2.19 31.7 329
CBI Blank 5.09 <0.1 <0.001 0.19 <0.01
CB2 Blank 5.48 <0.1 <0.001 0.21 <0.01
DI1? PCT 9.06 23.1 2.72 37.2 332
D2* PCT 9.07 24.9 248 33.0 355
D3* PCT 8.97 24.7 2.37 354 33.7
DBI1* Blank 5.99 <0.1 <0.03 0.15 <0.3
DBI® Blank 5.73 <0.1 <0.03 0.18 <0.3
E1* PCT 8.86 22.5 2.38 31.2 31.5
E2¢ PCT 8.86 21.8 2.55 313 32.1
E3® PCT 8.74 22.1 247 31.6 329
EBI* Blank 6.47 <0.1 <0.03 0.18 <0.3
EB2* Blank 6.28 <0.1 <0.03 0.18 <0.3
F1 PCT 8.9 23 2.7 32 35
F2 PCT 9.0 24 2.6 31 35
F3 PCT 8.9 23 2.8 31 35
F4® PCT 9.1 23 2.8 33 36
F5° PCT 8.9 24 2.6 33 36
FeP PCT 9.1 23 2.9 34 36
F7° PCT 9.1 23 2.7 34 35
F8® PCT 9.0 22 2.9 34 35
F9® PCT 9.2 21 33 38 35
FB1 Blank 5.8 <0.07 <0.09 <0.2 <0.2
FB2 Blank 5.1 <0.07 <0.09 <0.2 0.49
Gl PCT Not reported 12¢ 2.3 23 28
G2 PCT Not reported 12¢ 2.3 23 28
G3 PCT Not reported 11 2.6 36 27
GB1 Blank Not reported Not reported Not reported 0.76 0.29
GB2 Blank Not reported Not reported Not reported 0.27 0.29
HI PCT 9.02 25.8 2.51 30.5 35.2
H2 PCT 9.01 26.3 2.48 30.8 36.5
H3 PCT 9.02 25.3 2.49 30.3 354
HBI1 Blank 6.92 <0.009 <0.07 0.40 <0.8
HB2 Blank 6.78 <0.009 <0.02 <0.1 <0.8

“Extra tests conducted by Participant A. Dataset excluded from interlaboratory statistics.
®Extra tests conducted by Participant F. Dataset excluded from interlaboratory statistics.
¢Value excluded from analysis.

measured in the water wash step. Because participants the water wash solution, only the interlaboratory pre-
were requested to make only a single measurement of cision is evaluated. The pH results and the Al, B, Na,
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and Si concentrations measured in triplicate PCT and
duplicate blank tests are summarized in Table 2. The
values given for the PCT results have already been
background-subtracted using the average of the blank
values. Because all participants provided measured val-
ues, the consistency of the Al response in the PCT was
also evaluated. The extra results provided by Participant
A (as datasets D and E) and Participant F (as data F4
through F9) were not included in the calculations to
evaluate the intralaboratory and interlaboratory test
precisions.

4. Discussion of interlaboratory study with CWF

The results of the composition and PCT parts of the
ILS were analyzed separately following the methods
recommended in ASTM standard E691 [5] to assess re-
peatability and reproducibility. As defined in ASTM
E691, Section 3.2.5, “‘repeatability concerns the vari-
ability between independent test results obtained within
a single laboratory in the shortest practical period of
time by a single operator with a specific set of test ap-
paratus using test specimens taken at random from a
single quantity of homogeneous material obtained or
prepared for the ILS. Reproducibility deals with the
variability between single test results obtained in differ-
ent laboratories, each of which has applied the test
method to test specimens taken at random from a single
quantity of homogeneous material obtained or prepared
for the ILS” [5]. In the formulae that are summarized
below, a ‘cell’ refers to the result of a measurement made
by a participant, x refers to the value that is being
measured, x, is a measured value, 7 is the number of
replicate measurements made by a participant, and p is
the number of participants that provided a measurement
of that value.

e The cell average of values measured by a participant
in replicate tests (%) is

xp:pr/” (1)

e The cell standard deviation for a participant (s,) is

5= (S0~ %) /=] " @

This is a measure of the intralaboratory variability.
e The consensus average of the measured value (x) is

X=Y_%/p (3)

This is the average of the cell averages.
e The pooled intralaboratory standard deviation (s,) is

o= [San] " @

This gives the estimated standard deviation for re-
peatability of measurements made within a labora-
tory.

e The standard deviation of the cell averages for repli-
cate tests by the same participant from the consensus
average (sz) is

o 1/2
se= [ Y& -2/ -1 (5)
e The interlaboratory estimate of precision (sg) is
s = (52 +52n — 1)/m)"”. (6)

This is the reproducibility standard deviation.

Two other expressions were used to express the re-
peatability and reproducibility:

e The estimated 95% repeatability level, I(r), is I(r) =
2.83s,. On the basis of test error alone, the absolute
value of the difference of two test results obtained
in the same laboratory will exceed /(r) only approx-
imately 5% of the time.

e The estimated 95% reproducibility level, I(R), is
I(R) = 2.83sz. On the basis of test error alone (in-
cluding intra- and interlaboratory components), the
absolute value of the difference between two test re-
sults obtained in different laboratories will exceed
I(R) only approximately 5% of the time.

The repeatability of the water wash step was not
evaluated in this ILS, although the three datasets pro-
vided by Participant A offer a measure of the repeat-
ability at one laboratory. Instead, the pooled results
were analyzed to determine the consensus mean and
standard deviation. The consensus mean and standard
deviation are 164 £+ 13 mg/l for the analysis of sodium
and 250 & 17 mg/l for the analysis of chloride ion when
the results for Participant D and E are included, and
164 + 12 and 244 4+ 17 mg/l when they are not. The re-
sults in datasets A, D, and E provided by Participant A
have mean and standard deviations of 170 4 16 mg/I for
sodium and 268 + 6 mg/l for chloride ion. The mean
values for Participant A are slightly higher than the
consensus average, but the intralaboratory precision
(repeatability) for Participant A is similar to the inter-
laboratory precision (reproducibility) from the pooled
results. The amounts of Na and Cl measured in the
water wash solutions provide an indication of the rela-
tive amounts of halite, sodalite, and glass binder that
have dissolved during the wash step. From the consen-
sus mean concentration values, the mole ratio in
solution is 7.13 £+ 0.57 mol Na to 6.88 + 0.48 mol CI. If
only halite (NaCl) dissolves in the water wash step, then
the Na/Cl mole ratio will be 1.0. The ratio of the con-
sensus concentrations is 1.04. The slightly greater release
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Table 3
PCT results with the CWF

Dataset pH Al (mg/l) B (mg/l) Na (mg/l) Si (mg/l)

A 8.96 +0.02 24.8+0.4 2.1240.04 31.8+40.6 333+0.6

B 9.21£0.06 245+1.7 1.81£0.07 27.6+£1.0 319+ 1.5

C 8.92+0.08 232+1.1 1.99+0.17 07+12 320+1.4

D* 9.03+0.06 242+1.0 2.52+£0.18 352421 341+1.2

E* 8.82+£0.07 22.1+0.4 2.4740.09 31.4+0.2 32.24+0.7

F® 8.93+0.06 23.3+0.6 2.70+£0.10 31.3+0.6 35.0+0.0

Fe¢ 9.02+0.11 229+0.9 2.81+0.22 328+1.3 353+0.5

G Not reported 12+14 24+0.2 273+7.5 27.7+£0.6

H 9.02+0.01 25.8+0.5 2.4940.02 30.5+£0.3 35.7+£0.7

“Extra tests conducted by Participant A.

®Mean and standard deviation for tests F1, F2, and F3.

“Mean and standard deviation for tests F1 through F9.

9 Al result for Participant G excluded from statistics.
of Na may be due to the dissolution of a small amount 40
of sodalite in the water wash step, although the differ- [ Si N
ence is well within the analytical uncertainty. b a4 N é 4

The values of the mean (x,) and standard deviations %ﬁ 30 - t ¥ P 8 O -
(s,) for the triplicate tests by each participant are sum- E I ? Na B .
marized in Table 3. The Al values provided by Partici- g I ¢ s ¢ .« ¢ * ]
pant G were excluded from calculations of the test = 20 e Al Al ]
precision as outliers based on the Q-test. The results of fé» e B
extra tests conducted by Participant A (i.e., datasets D o [| O Na .
and E) and Participant F are included in Table 3 for S 10| 4 Si .
completeness. They were excluded from calculation of @ [ B
the consistency statistics, and are compared with the [ e o eo2e o o o o
expected intralaboratory and interlaboratory consisten- 0
cies calculated based on the other data in Appendix A. A B C D E F G H

(The mean values for datasets F and G are given to three
significant figures although the results were reported to
two significant figures. Calculations of the statistical
values did not distinguish between the number of sig-
nificant figures reported by different participants.) The
datasets are compared graphically in Fig. 1, where the
mean values and the standard deviations for each par-
ticipant are plotted. In some cases, the standard devia-
tion is less than the size of the symbol. The horizontal
lines show the consensus average concentrations (ex-
cluding datasets D and E and tests F4 through F9). The
plot shows that the Na and Si results for Participant G
deviate most significantly from the consensus value.
Whether or not these deviations are statistically signifi-
cant is determined later. The Al value for Participant G
was excluded from calculation of the mean and the other
statistical parameters as an outlier.

The statistical parameter values calculated from the
test results in Table 3 are summarized in Table 4. These
values are used to evaluate the repeatability (the intra-
laboratory precision) and the reproducibility (the inter-
laboratory precision) for PCTs with the CWF. The
results of extra tests conducted by Participant A (i.e.,
datasets D and E) and Participant F (i.e., tests F4

Participant

Fig. 1. Mean values of solution concentrations. Lines show
consensus means (excluding values for Participants D and E)
for: Al =24.3, B=2.25 mg/l, Na = 30.2 mg/l, and Si=32.6
mg/l.

through F9) were excluded from these calculations.
Those results are compared with the expected precisions
that are calculated from the ILS in Appendix A.

The intralaboratory consistency can be determined
by using the k consistency statistic, which is defined as
the standard deviation for a participant (s,) divided by
the repeatability standard deviation (s,): k = s,/s,. The
k consistency statistic provides a measure of how the
variability within a particular laboratory compares with
that of all laboratories combined. The & value is unitless.
The k values for the measured concentrations of Al, B,
Na, and Si are plotted in Fig. 2 for the six independent
datasets. The critical k value for an ILS with six par-
ticipants conducting triplicate tests is 1.98 (see Table 5 in
Ref. [5]). The critical value is provided to determine if
the variability in the results of a particular laboratory
exceeds that expected due to random error. Examination
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Table 4
Summary of precision statistics for PCTs with the CWF?*
X Sx Sy SR I(r) 1(R)
pH 9.01 0.117 0.050 0.124 0.142 0.351
Al, mg/l 24.3 1.09 0.992 1.36 2.81 3.84
B, mg/l 2.25 0.334 0.113 0.347 0.320 0.982
Na, mg/l 30.2 2.23 3.15 3.40 8.91 9.62
Si, mg/l 32.6 2.86 0.949 2.97 2.69 8.40
#Symbols defined in text. Concentrations of Al, B, Na, and Si in mg/l. Datasets D and E and tests F4 through F9 excluded from
statistics.
2.5 : ; 5y . PP The A values calculated for the concentrations of Al, B,
o | 0OA HB Na Si | S Na, and Si in the six independent datasets are plotted in
B 2L : T 1 TN 1 Fig. 3. (The Al values for Participant G were excluded
g N from the analysis.) Examination of the plot shows that
o N the /1 values for all results are less than the critical value,
2 L5 ¢ E including the Na and Si results from Participant G.
g i Therefore, all test data are retained for calculation of the
2 1t E precision statistics for PCTs with the CWF, which are
§ ! given in Table 4.
] The expected values for product acceptance testing
~

B 8 F G H
Participant

Fig. 2. Plot of k statistic values and critical value = 1.98 (for
comparing intralaboratory consistency for six participants
conducting triplicate tests) for PCTs with the CWF.

of Fig. 2 shows that the concentration of sodium mea-
sured by Participant G exceeds the critical k value. This
means that the variation in the sodium results of Par-
ticipant G is inconsistent with (higher than) that for the
other participants. It also indicates intralaboratory im-
precision, which may be related to the test procedure or
the solution analysis. Laboratories with very small &
consistency parameter values have a less sensitive mea-
surement scale than the other laboratories. For example,
Fig. 2 indicates that the silicon results from Participant
F give a k value of zero. This probably reflects the fact
that the results from Participant F were reported to two
significant figures, whereas most of the other laborato-
ries reported results to three significant figures.

The interlaboratory consistency is determined by the
h consistency statistic, which is the difference between
the value measured by a participant (¥,) and the con-
sensus value (x) divided by the standard deviation of the
cell averages (s;): h = (X, —X)/sz. The h value can be
used to evaluate the overall variability of the analyses
among the participants and to compare the results of
one participant against those of all the other partici-
pants. At the 0.5% significance level, the critical values
of h for six participants is =1.92 (see Table 5 in Ref. [5]).

are given by the values of /(r) for repeatability and /(R)
for reproducibility. At the 95% confidence level, two
values measured at the same laboratory are expected to
differ by less than /(r) and two values measured at dif-
ferent laboratories are expected to differ by less than
I(R). The values of I(r) and /(R) should be taken into
account when establishing process control limits to de-
termine when the response of a PCT with a CWF ex-
ceeds the uncertainty due to testing and analysis. These
values provide the minimum values that should be used
for control limits; wider limits can be used to allow for
acceptable variations in waste form composition. Ad-
ditional tests are needed to determine the range of test

2 . .
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Fig. 3. Plot of / statistic values and critical value = £1.92 (for
comparing interlaboratory consistency for six participants) for
PCTs with the CWF.
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responses corresponding to the acceptable range of
CWF compositions. Such tests will be conducted as part
of the CWF process qualification process. The values of
1(r) and I(R) measured in the present study will allow
the variations in test response due to changes in the
CWF compositions or processing conditions to be dis-
tinguished from the expected variations due to con-
ducting the test.

5. Comparison with interlaboratory studies with borosili-
cate glasses

The test precision measured in this ILS conducted
with CWF can be compared with the precision measured
in other studies conducted with borosilicate glasses. An
ILS was recently conducted with a borosilicate glass that
was developed to be used as a low-activity reference
material (referred to as LRM glass) for acceptance
testing of Hanford low-activity waste glass [6]. The
primary purpose of that study was to document con-
sensus PCT responses and test precision. The organizers
and many of the participants are the same in the ILS
with LRM glass and the present ILS with the CWF. The
ILS with LRM glass included conducting triplicate
PCTs at 90 °C with analysis of Al, B, Na, and Si. Those
results can be compared directly with the results of PCTs
with CWF.

Another ILS was conducted with the National In-
stitute of Science and Technology reference glass SRM-
623, the Materials Characterization Center reference
glass ARM-1, and two borosilicate glasses used to rep-
resent HLW glasses to be made at the Savannah River
Site. These are referred to as SRL-G and SRL-P. The
primary purpose of that study was to evaluate the ef-
fectiveness of the PCT to discriminate between glasses of
different composition. The ILS test matrix included tests
conducted during three different weeks and replicate
solution analyses. Triplicate tests with SRL-G and single
tests with the other glasses were conducted during the
first week, and single tests with all four glasses were
conducted during the second and third weeks. The ILS
results were compiled and evaluated at Pacific North-
west National Laboratory (PNNL) [7]. The results of
triplicate tests conducted during the first week with
SRL-G glass, which we refer to as SRL-G (3 x 1), are
best suited for comparison with the results of tests with
the CWF. Note that, although the ILS conducted by
PNNL had seven participants, the results from one
participant (Lab 2) were determined to deviate signifi-
cantly from the results of other participants using the k
and / consistency values. We compare the statistic val-
ues from the ILS with the CWF with the results from the
PNNL ILS excluding Lab 2.

We have calculated the statistics values using the data
provided in Ref. [7] for the triplicate tests conducted

with SRL-G during the first week, with the same
spreadsheet being used to calculate the values for the
ILS with the CWF. The same spreadsheet was also used
for the ILS with LRM glass. The statistics values are
summarized in Table 5. Note that the Al, B, Na, and Si
concentrations attained in tests with LRM glass and
SRL-G glass are all significantly higher than those at-
tained in tests with the CWF, although this does not
bear on the test precision. The values of s, and si pro-
vide the best comparison of the test precision, as these
represent the intralaboratory repeatability and inter-
laboratory reproducibility, respectively. The tests with
the CWF had both the best intralaboratory repeatability
(s,) and interlaboratory reproducibility (sz) for the
measurement of B and Si. The precision for measuring
the Na concentration was highest (the standard devia-
tion was lowest) in the ILS with SRL-G glass.

Table 5 includes the precision of triplicate PCTs
conducted with the CWF with single PCTs conducted
with four glasses over three different seven-day intervals.
(The tests conducted with SRL-G on three different
weeks are referred to as SRL-G (1 x 3).) All values have
been rounded to three significant figures. The standard
deviations for the triplicate tests with the CWF are
within the range of deviations in replicate tests with the
glasses. The deviations in tests with the glasses include
the added analytical uncertainty due to analyzing solu-
tions on different days. That is, the day-to-day variation
in the analytical measurement may reduce the test pre-
cision. This effect can be seen by comparing the two
sets of results for SRL-G glass: the results for triplicate
tests conducted simultaneously, SRL-G (3 x 1), have
lower intralaboratory deviations than the results for
single tests conducted three different weeks, SRL-G
(1 x 3), whereas the interlaboratory deviations are about
the same. This suggests there is an effect of when the
tests are conducted and/or when the solutions are ana-
lyzed.

The ISL conducted by PNNL included analysis of a
‘standard solution’ containing Al, B, Na, and Si at
concentrations similar to those in tests with the CWF.
Those results provide insight into the contribution of the
analytical uncertainty to the overall precision of the
PCT. The repeatability of analyses of B in the standard
solution is similar to the repeatability of the B concen-
tration in the PCT for all glasses except ARM-1, which
had a test precision about four times higher than the
precision for B analysis. This indicates that the PCT
precision is limited by the analytical precision in the case
of boron. The repeatability of analyses of Na and Si in
the standard solution is better than the repeatability of
the Na and Si concentrations in the PCT for all mate-
rials except the CWF, which had a similar test precision.
This indicates that the precision of conducting a PCT is
not limited by the analytical precision in the cases of the
sodium and silicon responses.
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Table 5

Summary of precision statistics for PCTs with the CWF and borosilicate glasses®
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Material p/n® X Ss Sy Sk %rsd repeatability® %rsd reproducibility?
Aluminium

CWEF* 6/3 24.3 1.09 0.992 1.36 4.08 5.60
LRM' 8/3 14.3 2.42 0.922 2.59 6.45 18.11
SRL-G (3 x 1)¢ 6/3 3.84 0.256 0.124 0.275 3.23 7.16
SRL-G (1 x 3)" 6/3 3.87 nr' 0.250 0.343 6.46 8.86
SRL-P" 6/3 3.51 nr 0.142 0.288 4.05 8.21
SRM 623" 6/3 3.34 nr 0.200 0.228 5.99 6.83
ARM-1P 6/3 4.65 nr 0.269 0.468 5.78 10.06
Standard solution! 6/3 4.09 nr 0.095 nr 2.32 nr
Boron

CWF¢ 6/3 2.25 0.334 0.113 0.347 5.02 15.42
LRMf 8/3 26.7 2.48 0.647 2.54 2.42 9.51
SRL-G (3 x 1)¢ 6/3 14.7 0.523 0.287 0.573 1.95 3.90
SRL-G (1 x 3)" 6/3 14.4 nr 0.465 0.724 3.23 5.03
SRL-P" 6/3 25.3 nr 0.667 1.27 2.64 5.02
SRM 623" 6/3 7.05 nr 0.496 0.609 7.04 8.64
ARM-1P 6/3 27.5 nr 2.07 3.33 7.53 12.11
Standard solution’ 6/3 19.6 nr 0.524 nr 2.67 nr
Sodium

CWEF* 6/3 30.2 2.23 3.15 3.40 10.4 11.26
LRM' 8/3 160 11.5 4.06 11.9 2.54 7.44
SRL-G (3 x 1)¢ 6/3 49.2 2.50 0.993 2.63 2.02 5.35
SRL-G (1 x 3)" 6/3 49.9 nr 1.51 2.49 3.03 4.99
SRL-P" 6/3 69.6 nr 3.47 3.90 4.99 5.60
SRM 623" 6/3 12.7 nr 0.87 0.961 6.85 7.57
ARM-1" 6/3 55.6 nr 4.16 5.08 7.48 9.14
Standard solution! 6/3 39.3 nr 0.557 nr 1.42 nr
Silicon

CWF¢ 6/3 32.6 2.86 0.949 2.97 291 9.11
LRMf 8/3 82.0 4.36 1.25 4.48 1.52 5.46
SRL-G (3 x 1)¢ 6/3 110 4.30 1.09 4.39 0.99 3.99
SRL-G (1 x 3)" 6/3 112 nr 3.10 4.18 2.77 3.73
SRL-P" 6/3 110 nr 3.19 3.76 2.90 3.42
SRM 623" 6/3 46.1 nr 3.72 4.47 8.07 9.70
ARM-1" 6/3 80.2 nr 3.92 6.03 4.89 7.52
Standard solution’ 6/3 40.8 nr 0.897 nr 2.20 nr

#Symbols defined in text. Concentrations of Al, B, Na, and Si in mg/l.
®p = number of participants or independent datasets; n = number of replicate tests.
©%rsd repeatability = 100s,./x.
49%rsd reproducibility = 100s, /.
¢Datasets D and E and tests F4 through F9 excluded from statistics.

"Results from [6].

€ Results calculated from data in [7] for triplicate test conducted during week 1.
" Results calculated from data in [7] for single tests run during weeks 1, 2, and 3 (from sz from Table C.2 and s, from Table C.3).

'nr = not reported.

IResults calculated from data in [7] for replicate analysis of standard solution (from Table C.7 ‘without * values’).

Consideration of the k statistics for the intralabora-
tory consistency and the / statistics for the interlabo-
ratory consistency provides another indication that the
PCT can be conducted with the CWF as consistently as
with borosilicate glasses. The sodium response measured
by one of the six participants exceeded the critical k&

statistic value in tests with the CWF, as can be seen in
Fig. 2. The ILS with LRM glass [6] showed the values of
one of eight participants to exceed the critical & statistic
value for the boron and silicon responses (the critical k
value for eight participants conducting triplicate tests
is 2.06). In the ILS conducted by PNNL [7], values of



W.L. Ebert et al. | Journal of Nuclear Materials 305 (2002) 37-51 47

three of the seven participants exceeded the critical k
value for the boron, sodium, and/or silicon responses for
PCT with one or more glass or analysis of the standard
solution (the critical k value for seven participants
conducting triplicate tests is 2.03). None of the partici-
pants exceeded the critical /4 statistic value in the ILS
with the CWF, as can be seen in Fig. 3. The values of
one of the eight participants in the ILS with LRM glass
[6] and one of the seven participants in the ILS con-
ducted by PNNL [7] exceeded the critical 4 value for the
responses of Al, B, Na, and Si; those results have been
excluded in the statistic values reported in Table 5 (the
critical 4 value for seven participants is 2.05).

The percent relative standard deviations based on
the repeatability (%rsd = 100s,/X) and reproducibility
(%orsd = 100sg /%) are included in Table 5. Although the
%rsd was used in Refs. [3,7] to evaluate and compare
testing precision for the PCT conducted with borosili-
cate glasses, it is not called for in the ASTM standard for
measuring the precision of a test method [5]. We have
not used the %rsd for the present comparisons because
comparison of the standard deviations s, and sz provide
a direct comparison of the test precision. The absolute
test response does not affect the precision of either test
execution or solution analysis. Although high solution
concentrations are often assumed to be analyzed more
reliably than low solution concentrations, this is usually
not the case because most test solutions must be diluted
to within the quantifiable concentration window of the
instrument. The values in Table 5 show how use of %orsd
can belie the relative precisions of the PCT conducted
with different materials. For example, the absolute
standard deviation of the boron response in tests with
the CWF are more than 2x lower than for SRL-G in
terms of s, and sg, but the relative standard deviation is
about 3 x higher for tests with the CWF. This is because
the mean boron response is about 6x higher for SRL-G
than for the CWF.

6. Conclusions

An ILS was conducted to determine the precision
with which a seven-day PCT at 90 °C can be conducted
with the CWF and how this compares with the precision
of PCTs conducted with borosilicate glass waste forms.
Six independent datasets were generated by participants
in four laboratories. The statistic values for the PCT
with the CWF were within the range of values that have
been determined in the PCT with borosilicate glass. The
intralaboratory and interlaboratory consistencies were
similar for the PCTs conducted with the CWF and with
borosilicate glass. The results of this study indicate that,
from the perspective of test repeatability and reproduc-
ibility, the PCT Method A is appropriate for monitoring
the consistency of the CWF. The study also indicates

that the intralaboratory consistency is best applied to
tests that are conducted and analyzed as a group. The
measured interlaboratory consistency I(R) will likely
provide a better measure of the expected long-term
consistency of tests conducted in the same laboratory
because it includes added uncertainty due to the use of
different analytical instruments. Based on the results of
datasets A, D, and E provided by Participant A (see
Appendix A), this is similar to the day-to-day analytical
uncertainties of a particular instrument.
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Appendix A

The extra results provided by Participants A (data-
sets D and E) and F (tests F4 through F9) can be
compared with the expected test precision from the ILS.
From Table 4, the expected intralaboratory consisten-
cies /(r) are 2.81, 0.320, 8.91, and 2.69 mg/l and the
expected interlaboratory consistencies /(R) are 3.84,
0.982, 9.62, and 8.40 mg/l for measuring Al, B, Na, and
Si concentrations, respectively. That is, the absolute
differences of the concentrations measured within a set
of replicate tests are expected to agree within the value
of I(r), and differences between different sets of replicate
tests are expected to agree within the value of 7(R). Tests
for which the concentrations differ by more than the
value of /(r) or I(R) should be considered suspect. The
absolute values of the differences between the Al, B, Na,
and Si concentrations measured in replicate tests con-
ducted by Participant A (datasets A, D, and E) and by
Participant F (test data F1 through F9) are tabulated in
Tables 6 and 7. (Calculations of /(r) and /(R) did not
include datasets D and E or tests F4 through F9.) Dif-
ferences in test results within a dataset that are greater
than /(r) are shown in bold font. The difference between
the boron results in tests D1 and D3 conducted by
Participant A exceeds the expected intralaboratory
consistency of 0.32 mg/l. Likewise, the differences be-
tween the boron result for test F9 and other tests in
dataset F exceed 0.32 mg/l. This indicates that test F9
and either test D1 or D3 are suspect.

Table 6 also shows the comparisons between datasets
A, D, and E provided by participant A. Differences are
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Table 6

Consistency of nine replicate tests conducted by Participant A, in mg/l

Test number

Al A2 A3 D1 D2 D3 El E2 E3
1(r) Al =2.81; I(R) Al =3.84
253 0.0 0.7 0.8 2.2 0.4 0.6 2.8 35 32
24.6 0.7 0.0 0.1 1.5 0.3 0.1 2.1 2.8 25
24.5 0.8 0.1 0.0 1.4 0.4 0.2 2.0 2.7 24
23.1 22 1.5 1.4 0.0 1.8 1.6 0.6 1.3 1.0
249 0.4 0.3 0.4 1.8 0.0 0.2 2.4 3.1 2.8
24.7 0.6 0.1 0.2 1.6 0.2 0.0 22 2.9 2.6
22.5 2.8 2.1 2.0 0.6 24 2.2 0.0 0.7 0.4
21.8 3.5 2.8 2.7 1.3 3.1 29 0.7 0.0 0.3
22.1 32 2.5 2.4 1.0 2.8 2.6 0.4 0.3 0.0
I(r) B=0.320; I(R) B =0.982
2.09 0.00 0.03 0.07 0.63 0.39 0.28 0.29 0.46 0.38
2.12 0.03 0.00 0.04 0.60 0.36 0.25 0.26 0.43 0.35
2.16 0.07 0.04 0.00 0.56 0.32 0.21 0.22 0.39 0.31
2.72 0.63 0.60 0.56 0.00 0.24 0.35 0.34 0.17 0.25
2.48 0.39 0.36 0.32 0.24 0.00 0.11 0.10 0.07 0.01
2.37 0.28 0.25 0.21 0.35 0.11 0.00 0.01 0.18 0.10
2.38 0.29 0.26 0.22 0.34 0.10 0.01 0.00 0.17 0.09
2.55 0.46 0.43 0.39 0.17 0.07 0.18 0.17 0.00 0.08
247 0.38 0.35 0.31 0.25 0.01 0.10 0.09 0.08 0.00
I(r) Na =8.91; I(R) Na =9.62
314 0.0 1.0 0.0 5.8 1.6 4.0 0.2 0.1 0.2
324 1.0 0.0 1.0 48 0.6 3.0 1.2 1.1 0.8
314 0.0 1.0 0.0 5.8 1.6 4.0 0.2 0.1 0.2
37.2 5.8 4.8 5.8 0.0 4.2 1.8 6.0 5.9 5.6
33.0 1.6 0.6 1.6 4.2 0.0 24 1.8 1.7 1.4
354 4.0 3.0 4.0 1.8 24 0.0 42 4.1 3.8
31.2 0.2 1.2 0.2 6.0 1.8 4.2 0.0 0.1 0.4
31.3 0.1 1.1 0.1 5.9 1.7 4.1 0.1 0.0 0.3
31.6 0.2 0.8 0.2 5.6 1.4 3.8 0.4 0.3 0.0
1(r) Si =2.69; I(R) Si =8.40
33.6 0.0 1.0 0.1 0.4 1.9 0.1 2.1 1.5 0.7
32.6 1.0 0.0 1.1 0.6 2.9 1.1 1.1 0.5 0.3
33.7 0.1 1.1 0.0 0.5 1.8 0.0 2.2 1.6 0.8
332 0.4 0.6 0.5 0.0 2.3 0.5 1.7 1.1 0.3
355 1.9 2.9 1.8 2.3 0.0 1.8 4.0 3.4 2.6
33.7 0.1 1.1 0.0 0.5 1.8 0.0 22 1.6 0.8
315 2.1 1.1 2.2 1.7 4.0 2.2 0.0 0.6 1.4
32.1 1.5 0.5 1.6 1.1 34 1.6 0.6 0.0 0.8
32.9 0.7 0.3 0.8 0.3 2.6 0.8 1.4 0.8 0.0

The responses in the nine replicate tests for each element are given in the left-hand column. For each element, the values give the

absolute differences between the responses in the replicate tests.

all less than the values of I(R) for Al, B, Na, and Si.
However, many of the differences between the boron and
silicon results in the three datasets provided by Partici-
pant A exceed the value of /(r); these are shown in bold
font. We attribute the poorer consistency of the com-
bined dataset compared to the individual datasets A, D,
and E (with respect to /(r)) to added analytical uncer-
tainty for solutions that are analyzed on different days, as
discussed in the text. The observation that the consis-

tency of the combined datasets A, D, and E were within
the values of 7(R) for Al, B, Na, and Si indicates that the
interlaboratory consistency better represents the ex-
pected intralaboratory consistency for test solutions an-
alyzed on different days. Note that the results of test D1
differ from the other tests more than the results of test
D3, which suggests that D1 is the suspect test. Table 8
shows differences between the results in dataset F with
the results from Participant A in datasets A, D, and E.
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Table 7
Consistency of nine replicate tests conducted by Participant F, in mg/1

Test no.

F1 F2 F3 F4 F5 Fo6 F7 F8 F9
1(r) Al =2.81
23 0 1 0 0 1 0 0 1 2
24 1 0 1 1 0 1 1 2 3
23 0 1 0 0 1 0 0 1 2
23 0 1 0 0 1 0 0 1 2
24 1 0 1 1 0 1 1 2 3
23 0 1 0 0 1 0 0 1 2
23 0 1 0 0 1 0 0 1 2
22 1 2 1 1 2 1 1 0 1
21 2 3 2 2 3 2 2 1 0
I1(r) B=0.320
2.7 0.0 0.1 0.1 0.1 0.1 0.2 0.0 0.2 0.6
2.6 0.1 0.0 0.2 0.2 0.0 0.3 0.1 0.3 0.7
2.8 0.1 0.2 0.0 0.0 0.2 0.1 0.1 0.1 0.5
2.8 0.1 0.2 0.0 0.0 0.2 0.1 0.1 0.1 0.5
2.6 0.1 0.0 0.2 0.2 0.0 0.3 0.1 0.3 0.7
2.9 0.2 0.3 0.1 0.1 0.3 0.0 0.2 0.0 0.4
2.7 0.0 0.1 0.1 0.1 0.1 0.2 0.0 0.2 0.6
2.9 0.2 0.3 0.1 0.1 0.3 0.0 0.2 0.0 0.4
33 0.6 0.7 0.5 0.5 0.7 0.4 0.6 0.4 0.0
I(r) Na=8.91
32 0 1 1 1 1 2 2 2 6
31 1 0 0 2 2 3 3 3 7
31 1 0 0 2 2 3 3 3 7
33 1 2 2 0 0 1 1 1 5
33 1 2 2 0 0 1 1 1 5
34 2 3 3 1 1 0 0 0 4
34 2 3 3 1 1 0 0 0 4
34 2 3 3 1 1 0 0 0 4
38 6 7 7 5 5 4 4 4 0
I1(r) Si =2.69
35 0 0 0 1 1 1 0 0 0
35 0 0 0 1 1 1 0 0 0
35 0 0 0 1 1 1 0 0 0
36 1 1 1 0 0 0 1 1 1
36 1 1 1 0 0 0 1 1 1
36 1 1 1 0 0 0 1 1 1
35 0 0 0 1 1 1 0 0 0
35 0 0 0 1 1 1 0 0 0
35 0 0 0 1 1 1 0 0 0

The responses in the nine replicate tests for each element are given in the left-hand column. For each element, the values give the

absolute differences between the responses in the replicate tests.

The boron result of test F9 is significantly different
(difference > 0.982) than the results of tests A1, A2, and
A3. The differences between the results are otherwise
within the expected interlaboratory consistency 7(R)
values. The boron result for test F9 was also flagged as
suspect based on the intralaboratory consistency. The
intralaboratory consistency of the boron response mea-
sured in this study is quite low, relative to the other ele-

mental responses. Viewed from the perspective of process
control, using the intralaboratory consistency /(r) of the
boron response to detect variant test responses gave one
or two false positives in dataset D (test D1, test D3, or
both) and one false positive in dataset F (test F9). Using
the intralaboratory consistency of the aluminum re-
sponse gave one false positive in dataset F (test F9). The
intralaboratory consistencies for sodium and silicon gave
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Table 8
Consistency of nine replicate tests conducted by Participants A and F, in mg/l
Test no.
Al A2 A3 D1 D2 D3 El E2 E3
25.3 24.6 24.5 23.1 24.9 24.7 22.5 21.8 22.1
I(R) Al =3.84
F1 23 2.3 1.6 1.5 0.1 1.9 1.7 0.5 1.2 0.9
F2 24 1.3 0.6 0.5 0.9 0.9 0.7 1.5 2.2 1.9
F3 23 2.3 1.6 1.5 0.1 1.9 1.7 0.5 1.2 0.9
F4 23 2.3 1.6 1.5 0.1 1.9 1.7 0.5 1.2 0.9
F5 24 1.3 0.6 0.5 0.9 0.9 0.7 1.5 2.2 1.9
Fo6 23 2.3 1.6 1.5 0.1 1.9 1.7 0.5 1.2 0.9
F7 23 23 1.6 1.5 0.1 1.9 1.7 0.5 1.2 0.9
F8 22 33 2.6 2.5 1.1 2.9 2.7 0.5 0.2 0.1
F9 21 4.3 3.6 3.5 2.1 39 3.7 1.5 0.8 1.1
I(R) B=0.982
2.09 2.12 2.16 2.72 2.48 2.37 2.38 2.55 2.47
F1 2.7 0.61 0.58 0.54 0.02 0.22 0.33 0.32 0.15 0.23
F2 2.6 0.51 0.48 0.44 0.12 0.12 0.23 0.22 0.05 0.13
F3 2.8 0.71 0.68 0.64 0.08 0.32 0.43 0.42 0.25 0.33
F4 2.8 0.71 0.68 0.64 0.08 0.32 0.43 0.42 0.25 0.33
F5 2.6 0.51 0.48 0.44 0.12 0.12 0.23 0.22 0.05 0.13
Fo6 2.9 0.81 0.78 0.74 0.18 0.42 0.53 0.52 0.35 0.43
F7 2.7 0.61 0.58 0.54 0.02 0.22 0.33 0.32 0.15 0.23
F8 2.9 0.81 0.78 0.74 0.18 0.42 0.53 0.52 0.35 0.43
F9 33 1.21 1.18 1.14 0.58 0.82 0.93 0.92 0.75 0.83
I(R) Na =9.62
31.4 32.4 31.4 37.2 33.0 354 31.2 31.3 31.6
F1 32 0.6 0.4 0.6 5.2 1.0 34 0.8 0.7 0.4
F2 31 0.4 1.4 0.4 6.2 2.0 4.4 0.2 0.3 0.6
F3 31 0.4 1.4 0.4 6.2 2.0 4.4 0.2 0.3 0.6
F4 33 1.6 0.6 1.6 4.2 0.0 24 1.8 1.7 1.4
F5 33 1.6 0.6 1.6 4.2 0.0 2.4 1.8 1.7 1.4
F6 34 2.6 1.6 2.6 3.2 1.0 1.4 2.8 2.7 24
F7 34 2.6 1.6 2.6 32 1.0 1.4 2.8 2.7 2.4
F8 34 2.6 1.6 2.6 32 1.0 1.4 2.8 2.7 24
F9 38 6.6 5.6 6.6 0.8 5.0 2.6 6.8 6.7 6.4
I(R) Si =8.40
33.6 32.6 33.7 33.2 355 33.7 31.5 32.1 329
F1 35 1.4 24 1.3 1.8 0.5 1.3 3.5 2.9 2.1
F2 35 1.4 2.4 1.3 1.8 0.5 1.3 3.5 2.9 2.1
F3 35 1.4 24 1.3 1.8 0.5 1.3 3.5 29 2.1
F4 36 2.4 34 2.3 2.8 0.5 2.3 4.5 39 3.1
F5 36 24 3.4 2.3 2.8 0.5 23 4.5 39 3.1
F6 36 2.4 34 2.3 2.8 0.5 2.3 4.5 3.9 3.1
F7 35 1.4 2.4 1.3 1.8 0.5 1.3 3.5 2.9 2.1
F8 35 1.4 2.4 1.3 1.8 0.5 1.3 3.5 2.9 2.1
F9 35 1.4 24 1.3 1.8 0.5 1.3 3.5 29 2.1
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