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Summary

Product Consistency Tests (PCT) and Vapor Hydration Tests (VHT) were performed on a radioactive
glass made from Hanford tank AP-107 waste (i.e., R-AP-107) and its non-radioactive equivalent glass
made from simulated tank waste (i.e., S-AP-107). The radioactive and non-radioactive experiments were
conducted in parallel with identical equipment, protocols, and staff to remove additional experimental
uncertainties. PCT and VHT results are reported for all samples and are shown in Table S.1. Average
normalized mass loss of B (NLg) and Na (NLx,) calculated from the three replicate test results for each
glass with their respective standard deviations (SD) are presented for PCT results while individual VHT
rates (ryur) with their propagated errors (Urpmp) from individual thickness measurements on each sample

are presented for the VHT results. Some VHT samples experienced more than 50% evaporation loss
during the experiments. However, no visible alteration was detected on any VHT samples regardless on
the amount of evaporation loss detected as shown in Table S.1.

Table S.1. Average NLp and NLy, and standard deviations for the three replicates of R-AP-107 and S-AP-
107, and individual VHT rates (#yzr) with propagated errors (arpmp) from individual thickness

measurements. The DOE limits for NLg, NLy,, and rygr are provided for comparison.

R-AP-107 S-AP-107
Average NLp = SD (g'm?) 0.51+0.05 0.37 +£0.01
Average NLy, = SD (g'm?) 0.61 + 0.04 0.42 +0.01
NLg and NLy, DOE Limits (g'm™) 2 2
VHT Replicate 1: rvur+ oy, (g m?2d") 3+£35 -1+3
VHT Replicate 2: ryur+ oy, (8 m2d!) 2+4 0+3
VHT Replicate 3: ryur £ 0y, (2 m?2d!) 4+7 3+8

rvuar DOE limit 50 50

Underlined values indicate the test had more than 50% evaporation loss

Statistical analyses were performed on the results and indicated that the test responses were within
experimental uncertainty for all PCT and VHT experiments. The experimental uncertainties were
estimated using pooled standard deviations determined in Vienna et al. (2022) which incorporated
estimates of SDs from several replicate sets of other low-activity waste (LAW) glasses to include
uncertainties due to fabricating glasses, performing experiments, and sample measurements (e.g., leachate
analysis). The pooled standard deviations are a better representation than simple SD determined from
three replicates for one glass. Statistical analysis was also performed using simple SD and propagated
errors for the VHT samples for comparison. The VHT samples were still within experimental uncertainty
regardless of how the experimental uncertainty was represented. These results help to confirm the Waste
Treatment and Immobilization Plant composition control methods that predict PCT and VHT responses
using models fit primarily to non-radioactive simulant glasses are valid for radioactive tank waste glasses.
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1.0 Introduction

The U.S. Department of Energy (DOE) Office of River Protection (ORP) is responsible for the safe
storage, treatment and immobilization of the Hanford Site tank wastes. The Hanford Waste Treatment and
Immobilization Plant (WTP) is being built to provide DOE with a capability to treat the waste by
vitrification for subsequent disposal. The tank waste will be partitioned into low-activity waste (LAW)
and high-level waste (HLW) fractions, which will then be vitrified, respectively, into immobilized low-
activity waste (ILAW) and immobilized high-level waste (IHLW) products. The ILAW product will be
disposed of in the Integrated Disposal Facility (IDF) on the Hanford Site, while the IHLW product will be
temporarily stored on-site prior to disposal at a national deep geological disposal facility for high-level
nuclear waste.

The ILAW products must satisfy a variety of requirements with respect to regulatory compliance and
protection of the environment before they can be accepted for disposal. The WTP Contract specifies that
the responses of ILAW to the Product Consistency Test (PCT, ASTM C1285) and Vapor Hydration Test
(VHT, ASTM C1663) must satisfy numerical constraints (DOE 2000) where DOE states the following:

“2.2.2.17.2 Product Consistency Test: The normalized mass loss of sodium, silicon, and boron shall be
measured using a seven-day product consistency test run at 90 °C as defined in ASTM
C1285-98. The test shall be conducted with a glass to water ratio of 1 gram of glass (-100
+200 mesh) per 10 milliliters of water. The normalized mass loss shall be less than 2.0
grams/m?. Qualification testing shall include glass samples subjected to representative
waste form cooling curves. The product consistency test shall be conducted on waste form
samples that are statistically representative of the production glass.

2.2.2.17.3 Vapor Hydration Test: The glass corrosion rate shall be measured using at least a seven (7)-day
vapor hydration test run at 200 °C as defined in the DOE-concurred upon ILAW Product
Compliance Plan. The measured glass alteration rate shall be less than 50 grams/(m?* day).
Qualification testing shall include glass samples subjected to representative waste form
cooling curves. The vapor hydration test shall be conducted on waste form samples that are
representative of the production glass.”'

A vast majority of all ILAW glass durability data generated to-date is based on simulated waste glasses
fabricated using crucible melts. PCT data have been generated for six glasses fabricated at crucible scale
with radioactive Hanford LAW and their respective non-radioactive glasses made from simulant waste
(Figure 1.1, Vienna (2004)). All sample pairs except one were found to have relative percent differences
(RPD) less than or equal to experimental uncertainty which includes errors due to sample preparation,
instrument variances, and random errors. The one exception, the AN-102 glass pair, measured RPD of
roughly double the experimental uncertainty (indicated by solid symbols in Figure 1.1).

'For this work, ASTM C1285-21 was used instead of ASTM C1285-98 which is an updated version of ASTM C1285-98.
There are no major changes between the procedures described in the two versions.

Introduction 1.1



PNNL-34123 Rev 0
EWG-RPT-042 Rev 0

10.00
OrB OrNa ArSi

ki
o 1.00 +
E E ) «— 2g/m?
e i o Limit
2 I
2.
2 010 + A
| C
@) L
=% L
= i
2
Q
<

0'01 e ey Lo

0.01 10.00

0.10 1.00
Simulant PCT response (NL;, g/m?)
Figure 1.1. Comparison of PCT responses (normalized loss, NL;, g'm?) for radioactive actual and non-

radioactive simulated LAW glasses. The solid symbols represent AN-102 PCT responses discussed in the
text. (Vienna. 2004)

No VHT experiments have been performed to date on glasses fabricated with actual WTP LAW. VHT is
a notoriously noisy test with repeat measurements being on the order of 63 RPD for simulant glasses
only.

The purpose of this task is to perform PCT and VHT on glasses fabricated using Hanford LAW and its
simulant in laboratory-scaled melters to evaluate differences in their responses. This report presents the
PCT and VHT data of an actual radioactive waste glass and its respective non-radioactive simulant glass
and statistical analysis calculations to determine if the differences between measured PCT and VHT
responses of actual and simulated waste glasses are statistically significant.

Introduction
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2.0 Quality Assurance

This work was performed in accordance with the Pacific Northwest National Laboratory (PNNL) Nuclear
Quality Assurance Program (NQAP). The NQAP complies with DOE Order 414.1D, Quality Assurance,
and 10 CFR 830, Nuclear Safety Management, Subpart A, Quality Assurance Requirements. NQAP uses
NQA-1-2012, Quality Assurance Requirements for Nuclear Facility Application, as its consensus
standard and NQA-1-2012, Subpart 4.2.1, as the basis for its graded approach to quality.

The NQAP works in conjunction with PNNL’s laboratory-level Quality Management Program, which is
based on the requirements as defined in DOE Order 414.1D and 10 CFR 830 Subpart A.

The work of this report was performed to the quality assurance (QA) level of applied research with a
technology readiness level (TRL) of 8.

Quality Assurance 1.3
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3.0 Test Methods

3.1 Glass Selection

Previous tasks at PNNL have generated glasses from radioactive and non-radioactive continuous
laboratory-scaled melters, which are already available for durability tests. Glasses made from AP-107
tank waste (i.e., “AP-107-1R”) and an AP-107 simulant (i.c., “AP107WDFL”) from Dixon et al. (2020)
were chosen to be tested in parallel for their PCT and VHT responses. For the present study, the glasses
were renamed for clarity: radioactive glass “AP-107-1R” was renamed to “R-AP-107 and simulant glass
“AP107WDFL” was renamed to “S-AP-107". The target compositions of R-AP-107 and S-AP-107 are
provided in Table 3.1 (minus the minor elements), which shows the two glasses are similar.

During a melter session, glass is produced during multiple pours which lead to slight variations in glass
composition from pour-to-pour. The measured compositions of the R-AP-107 and S-AP-107 are
presented in Table 3.2which provide concentrations of the major and minor elements of the specific glass
pour of the respective glasses used for PCT and VHT. The R-AP-107 measured composition is the
“Sample Glass Pour 9.42” in Dixon et al. (2020) was not analyzed for minor radioisotopes (i.e., Np-237,
Cm-242, Cm-243/Cm-244, Am-241, Pu-238, Pu-239/Pu-240). The measured compositions confirm the
R-AP-107 and S-AP-107 glasses are similar (<12 RPD for components with >1 wt% in glass except for Li
and Ca). R-AP-107 contains nearly 90% more Li and 25% more Ca than S-AP-107. Higher
concentrations of Li,O are known to increase both PCT and VHT responses while increasing CaO
concentrations has a smaller and mixed effect on PCT and VHT (Vienna et al. 2022, Table 9.3).

Test Methods 34
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Table 3.1. Target compositions (wt %) for R-AP-107 and S-AP-107 from Dixon et al. (2020).

Target, wt %

Component R-AP-107 S-AP-107
ALO; 6.13 6.10
B:0; 9.95 10
CaO 4.53 3.94
Cr,03 0.07 0.08
Fe,0; 5.52 5.5
K:O 0.36 0.38
Li,O 1.52 0.89
MgO 1.49 1.48
NaO 16.34 17.2
NiO 0.01 0
SiO; 45.36 45.5
TiO: 1.4 1.4
ZnO 3.51 3.5
7r0; 3.02 3
Cl 0.18 0.42
F 0.03 0.04
P,0s 0.19 0.13
SOs 0.39 0.44

Test Methods 3.5



PNNL-34123 Rev 0
EWG-RPT-042 Rev 0

Table 3.2. Target compositions (wt %) and measured compositions (ppm) for R-AP-107 and S-AP-107.
The R-AP-107 composition is from Dixon et al. (2020). Not measured results are represented

Test Methods

by CGNM”‘

Measured, ppm

Component R-AP-107 S-AP-107
Al 31400 30700
B 30100 30000
Ba 37.7 112
Ca 31600 25600
Cd 4.75 6.32
Cr 885 837
Cs 4.03 NM
Co 3.8 7.03
Cu 18.1 17.2
Fe 37100 41700
K 3100 3110
La 2.51 575
Pb 5.01 32.2
Li 6520 3480
Mg 8550 8680
Mn 87.7 98.2
Mo 47.7 205
Na 125000 125000
Ni 163 323
Si 213000 215000
Sr 36.5 87.3
Te 2.24 NM
Ti 8410 8860
Zn 28400 27200
Zr 20400 20300
Cl NM 2439.6
F 434 141.9
P 628 742
S 1570 1690
Sn 243 18
Re NM 4.37
W 247 196
v 544 60.1
Y 393 41.5

3.6
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3.2 Experimental Considerations

PNNL has previously performed hundreds of durability tests on non-radioactive simulant glasses.
However, the existing laboratory spaces where these previous tests were performed are not equipped to
handle radioactive samples. Thus, additional laboratory space and equipment were obtained, but various
lab procedures and equipment were modified based on safety needs and availability. Therefore, R-AP-107
and S-AP-107 were prepared with the same (or identical) equipment and procedures.

The following nomenclature is used for experiment names throughout the text:
Sample ID = Batch ID-AAA-X

Where:

Batch ID = Glass name (e.g., R-AP-107, S-AP-107)

AAA = Test method (i.e., PCT, VHT)

X =Replicate ID (e.g., a, b, or ¢)

3.3 Product Consistency Test

PCT experiments were performed in triplicate for R-AP-107 and S-AP-107 using Method A of the
standard ASTM International procedure Standard Test Methods for Determining Chemical Durability of
Nuclear, Hazardous, and Mixed Waste Glasses and Multiphase Glass Ceramics: The Product
Consistency Test (PCT) (ASTM C1285-21). Approved reference material — 1 (ARM-1) glass was tested
concurrently with the samples as a reference material since it had previously been tested in a multi-
laboratory round robin (Ebert 2019). The composition of ARM-1 is given in Appendix A. All glass
samples were crushed, sieved to an aperture size of 75 — 150 pm (200 and 100 mesh, respectively), and
washed according to ASTM C1285-21. The prepared glass was added to ASTM Type 1 18.2 MQ-cm
deionized water (DIW, ASTM D1193-06R18) in a 1.2 g:12 mL ratio in Type 304L stainless steel vessels
cleaned according to ASTM C1285-21. The vessels were closed, tightened, and placed into an oven at 90
°C + 2 °C for 7 days + 3 hours (i.e., + 2% test duration). After 7 days, the vessels were removed from the
90 °C £ 2 °C oven and cooled to room temperature. Final vessel masses and solution pH at room
temperature (pHrr) were recorded. Approximately 2 mL of leachate solution was passed through a 0.45-
um filter and acidified with ~8 mL of 2 wt% HNOs. The acidified solutions were analyzed by inductive
coupled plasma optical emission spectroscopy (ICP-OES) for B, Na, and Si for all samples and by
inductive coupled plasma mass spectrometry (ICP-MS) for Tc in the R-AP-107 samples and blanks.

Normalized concentrations for element i (NC;, g-L™") were calculated according to Equation 3.1.

NC G 3.1
J—— 3.1
i fi

where: C; = concentration of element i in the leachate solution in the test vessel (g-L™")

fi = mass fraction of element i measured in the unaltered glass (See Appendix A, Table A.2).

Additionally, normalized mass losses for element i (NL;, g'm™) was calculated according to Equation 3.2.

NC;

L

NLi = Gam)

(3.2)

where: SA = surface area of the glass (m?)
V= volume of solution (L).

Test Methods 3.7
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SA is estimated from the mean sieve aperture size via Equation 3.3 as follows:

2 2

6m 1 meter 3m 1 meter
sa= M (Ameter Y _gm (_Ameter ) o5
pd \100 centimeters pr \100 centimeters
where: m = initial mass of glass (g)

p = density of the glass (g-cm™)
d = average particle diameter, 112.5 um
r = average particle radius, 56.25 um

The densities, p, used for the R-AP-107 and S-AP-107 were 2.66 g-cm™ which is the average density for
LAW glasses provided in Muller et al. (2001) and Rielley et al. (2001). The density for ARM-1 is 2.75
g-cm” from Ebert (2019).

Results are reported in Section 4.1.

3.4 Vapor Hydration Test

For Vapor Hydration Tests (VHT), monolith glass samples were altered in water vapor at 200 °C in
sealed stainless-steel vessels according to the ASTM International standard procedure Standard Test
Method for Measuring Waste Glass or Glass Ceramic Durability by Vapor Hydration Test (ASTM
C1663-18). Due to the safety protocols specified for radioactive work, some steps in ASTM C1663-18
were modified.

Select glass pieces were annealed at 500 °C for one hour and then cooled naturally overnight to <50 °C at
which point they were removed from the oven. Monoliths with approximate dimensions of

2 mm X 10 mm x 10 mm samples were cut from the annealed glasses using a water lubricated diamond-
impregnated saw. Typically, all six sides of the monoliths are polished by hand to

1.5 mm x 10 mm X% 10 mm at 600 grit. For this work, no direct hand contact was allowed while polishing
due to the risk of laceration through the gloves and skin, which would result in internal exposure to
radioactivity. Instead, the coupons were mounted on aluminum pucks, as shown in Figure 3.1, and
polished through successive steps to 600 grit on only the two large faces. Each final dimension was
measured in three locations by calipers, and the average and standard deviations for each dimension were
calculated. The average initial dimensions and their standard deviations are given in Table B.1 in
Appendix B and were approximately 1.5 mm x 10 mm % 10 mm for each coupon.
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Figure 3.1. Example of a mounted ishe T mocA)litilr sarriple

The polished samples were secured with Pt wire from stainless-steel supports within stainless-steel
vessels. DIW was added to the bottom of the vessels so that enough DIW was present to react with the
specimens in the vapor state but not enough to reflux during testing (~0.20 g). The vessels were closed
and tightened to 20.3 — 23.0 N-m (i.e., 15.0 — 17.0 ft-Ib) and then placed in a convection oven preheated to
200 + 2 °C for 24 days.

After 24 days, the vessels were removed from the oven, weighed, and then quenched in water. The altered
VHT monoliths were removed from the vessels, and the pHzr of the remaining solutions were measured
with pH paper. ASTM C1663-18 specifies that a post-experiment solution pH >10 may signify reflux
conditions in the vessel, indicating the experimental results may need to be repeated. Additionally, ASTM
C1663-18 indicates that experiments with >50% evaporation loss may also need to be repeated.

The post-VHT monoliths were air dried, mounted in epoxy, crossed-sectioned, and polished to 600 grit
for analysis by optical microscopy-image analysis to determine the amount of remaining unaltered glass
after the VHT experiments. Examples of cross sections of post-VHT monoliths are provided in Figure
3.2. Individual and average remaining glass thicknesses are provided in Table B.2 in Appendix B.

i ;i - & mirt X AL = Stygane X :
Figure 3.2. Examples of VHT cross section measurements: a) R-AP-107-VHT-c and b) S-AP-107-VHT-
a.
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The remaining glass thicknesses of the monoliths were determined by performing 10 measurements
distributed across the cross section of the sample (see Figure 3.2). Then, the average and standard
deviation of the 10 remaining glass thickness measurements were calculated. The individual remaining
glass thickness measurements, averages, and standard deviations are provided in Appendix A. The
amount of glass altered per unit surface area of specimen (., grmm) was determined from the average
thickness of remaining glass according to Equation 3.4 from ASTM C1663-18, Equation 6:

S (1 dr) 3.4
Ma = 2 w; - li di ( ’ )
where: m; = initial glass monolith mass (g); treated as a constant for error propagation as only one

mass measurement was made.
w; = average initial glass monolith width (mm)
[; = average initial glass monolith length (mm)
d; = average initial thickness of the glass monolith (mm)
d, = average thickness of remaining glass (mm)

Error propagation of m, (0,,,) was determined by applying the general formula for uncertainty of a
general function (ASTM C1663-18, equation 8) to yield Equation 3.5:

mma - [(ZY o () (e 3s
e = Ma J(wi %) "\t aa @3
where: oy, = initial glass width standard deviation (mm)

0y, = initial glass length standard deviation (mm)
04, /q; = propagated error for d,/d; as defined in Equation 3.6 below:

d, 04, \*>  (9a;\?
=T, |(Z i 3.6
Tar/a; =g (dr> +<di> 3.6

where: 04, = initial glass thickness standard deviation (mm)
04, = remaining glass thickness standard deviation (mm).

Individual rates of VHT corrosion (ryzr, g'm>-d™") for each sample were determined via Equation 3.7:

(3.7)

m, (1000 millimeter\?
Tyur = ( )

t ' 1 meters

where: t = test duration (d).

Error propagation for individual 7y values (Urpmp’ g'm>-d") was calculated using Equation 3.8 which
assumed no error in ¢:

(3.8)

_ Om, (1000 millimeter)2

O' =
Tprop t 1 meter

The In[ryur] values were determined for all individual samples. Propagated errors for In[ryx7] values
(Gln[rpmp]) were determined by Equation 3.9 which was derived by the general formula for uncertainty of

a general function (ASTM C1663-18, Equation 8) as follows:
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Crafro | = 2 (3.9)
In[rprop] = Ty 2
Average In[ryur] values (In[ryyr]) for each glass were calculated from individual replicate In[ryu7] values
for each glass. Errors for In[r, 5] were calculated using two approaches: 1) a simple standard deviation

(SDin[ryyyq)) Tor the individual In[ryxr] which ignores the propagated errors determined from the 10

measurements performed on each sample, and 2) a combined uncertainty of the individual T1n[ryrop]

A ’ Z] Uln[rprop] (310)

Tinfrprop] =~

values (51n[rpmp]) as shown in Equation 3.10:

where: Jj = the number of replicate tests for each glass.

3.5 Test Statistic Calculations

Test statistic calculations and p-values were determined using PCT and VHT results. Individual
calculations are described in Sections 4.1.2 and 4.2.2, but a general discussion of the calculations is
described here.

The t-statistic or z-statistic values that are often used as the test statistic, or as the form of the basis of
confidence interval formulas, follow the general formula in Equation 3.11:

. _0-6
test statistic = — (3.11)
SE()
where: 6 = an estimator of a parameter of interest, 8, typically derived from sample data

0, = the hypothesized value of 6
SE () = the standard error (uncertainty estimate) associated with 8, typically derived from the
same sample data that produced 8.

The calculated test statistic is generally referred to as a z-statistic in cases where sample size is
sufficiently large (i.e., the t-distribution approaches a z-distribution or normal distribution as sample size
increases) or when the uncertainty inputs are known rather than being estimates from sample data (which
is rarely the case). Alternatively, t-statistics are used for limited sample sizes.

For the test statistics in this study, the parameter of interest is the difference between R-AP-107 and S-
AP-107 PCT or VHT responses. The null hypothesis for the tests is that the difference is zero.

Equation 3.11 was tailored to calculated t-statistic values for VHT data using simple standard deviations
as uncertainties. The other test statistic calculations use z-statistic approach adaptions of Equation 3.11 for
PCT and VHT data where uncertainty estimates are obtained from other sources rather from direct
calculations using the sample data that produced the parameter estimate (e.g., propagated errors, pooled
standard deviations). The details of these calculations are described in Sections 4.1.2 and 4.2.2.

Additionally, respective P-values for the 90% confidence interval were calculated from each test statistic.
The P-value is a statistical test that examines the probability of a null hypothesis being correct. In this
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case, the P-value evaluates the probability that the PCT or VHT responses of two samples (e.g., R-AP-
107 and S-AP-107) are not statistically different. A high P-value indicates the responses are not
statistically different — where the commonly used thresholds for significant differences are 0.05 or 0.10
(corresponding to 95% and 90 % confidence intervals, respectively). Thus, P-values >0.10 suggest the
durability responses are not statistically different.
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4.0 Results and Discussion

4.1 Product Consistency Test

411 PCT Results

The individual and average normalized concentrations (NC;, g-L"), normalized mass losses (NL;, grm™?),
and In[NL;, g-m'z] for B, Na, Si, and Tc are reported in Table 4.1, Table 4.2, and Table 4.3, respectively,
for R-AP-107 and S-AP-107. Standard deviations (SD) for NC;, NL;, and pHrr were also calculated and
provided in Table 4.1 and Table 4.2. No B, Na, Si and Tc were detected in any of the blank tests. Per the
WTP contract (DOE 2000), NL; values for B, Na, and Si must be below 2.0 g m™. Both glasses comply
with this limit for all analyzed elements. The Tc values are congruent with the B and Na values for R-AP-
107, which was also observed in MCC-1 like experiments on glasses doped with Tc-99 by Bibler and
Jurgensen (1987).

Table 4.2 also contains the final pHgr values measured for each replicate. In general, R-AP-107 had larger
pHrr, NC;, and NL; values than S-AP-107. These observations are likely due to the small compositional
differences between the glasses, specifically the higher concentrations of Li in R-AP-107 as noted in
Section 3.1. Section 4.1.2 explores the apparent differences in In(NL;) more thoroughly to determine
whether the observed differences are within experimental uncertainty.

Table 4.1. Individual and average normalized concentrations (NC;) for R-AP-107 and S-AP-107. Standard
deviations (SD) are also provided. Not applicable results are represented by “NA”.

Sample ID NCs (gL NCna (g'L) NCsi (gL NCr: (gL
R-AP-107-PCT-A 0.94 1.15 0.38 1.08
R-AP-107-PCT-B 1.00 1.21 0.42 1.12
R-AP-107-PCT-C 1.12 1.31 0.44 1.31

R-AP-107 Average 1.02 1.22 0.41 1.17
R-AP-107 SD 0.10 0.08 0.03 0.12
S-AP-107-PCT-A 0.75 0.86 0.35 NA
S-AP-107-PCT-B 0.74 0.84 0.34 NA
S-AP-107-PCT-C 0.73 0.84 0.34 NA
S-AP-107 Average 0.74 0.85 0.34 NA
S-AP-107 SD 0.01 0.01 0.01 NA

Results and Discussion 4.1
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and S-AP-107. Standard deviations (SD) are also provided. Not applicable results are
represented by “NA”.

Sample ID pHrr NLz (g'm?) NLna (grm™) NLsi (g'm?) NLr1: (grm?)
R-AP-107-PCT-A 10.94 0.47 0.57 0.19 0.54
R-AP-107-PCT-B 11.15 0.50 0.60 0.21 0.56
R-AP-107-PCT-C 11.17 0.56 0.65 0.22 0.65

R-AP-107 Average 11.09 0.51 0.61 0.21 0.59
R-AP-107 SD 0.13 0.05 0.04 0.02 0.06
S-AP-107-PCT-A 10.75 0.38 0.43 0.17 NA
S-AP-107-PCT-B 10.71 0.37 0.42 0.17 NA
S-AP-107-PCT-C 10.68 0.36 0.42 0.17 NA
S-AP-107 Average 10.71 0.37 0.42 0.17 NA
S-AP-107 SD 0.04 0.01 0.01 0.00 NA

Table 4.3. Individual and average In(NL;, g'm™) for R-AP-107 and S-AP-107. Not applicable results are
represented by “NA”.

Sample ID In|[NLg (gm?)] In[NLn.(gm?)] In[NLsi(g'm?)] In[NLz (g'm?)]
R-AP-107-PCT-A -0.76 -0.56 -1.66 -0.62
R-AP-107-PCT-B -0.70 -0.50 -1.57 -0.58
R-AP-107-PCT-C -0.58 -0.43 -1.51 -0.42

R-AP-107 Average -0.68 -0.50 -1.58 -0.54
S-AP-107-PCT-A -0.98 -0.84 -1.74 NA
S-AP-107-PCT-B -0.99 -0.87 -1.77 NA
S-AP-107-PCT-C -1.01 -0.87 -1.78 NA

S-AP-107 Average -0.99 -0.86 -1.76 NA

Individual and average NL; responses for B, Na, and Si for the ARM-1 reference glass are reported in
Table 4.4. Standard deviations (SD) of the three triplicates are also provided. Previous average NL;
responses and uncertainties determined from a round robin experiment (Ebert 2019) are provided for
comparison with estimated 95% reproducibility uncertainties (1.96-Sr) between laboratory results. The
average NLp and NLy, values were within the published uncertainty while the average NLs; value was
slightly above the tolerance. The standard deviations of the ARM-1 responses in this study were not

considered in the comparison to the ARM-1 responses in Ebert (2019) as the uncertainties in Ebert (2019)

included interlaboratory results whereas the results from this study include only intra-laboratory

uncertainties.

Results and Discussion
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Table 4.4. Individual and average normalized loss (NL;) responses with standard deviations (SD)
determined from the triplicate tests for B, Na, and Si for ARM-1 reported with previous averages and
uncertainties determined from a round robin experiment (Ebert 2019). The uncertainties from Ebert
(2019) are estimated 95% reproducibility uncertainties (1.96-Sr) between laboratory results.

Glass ID NLz (g'm?) NLya (g'm?) NLsi (g'm?) Source
ARM-1-PCT-a 0.34 0.35 0.176 This study
ARM-1-PCT-b 0.33 0.34 0.180 This study
ARM-1-PCT-c 0.31 0.32 0.170 This study

ARM-1 Average 0.33 0.34 0.176 This study
ARM-1 SD 0.01 0.02 0.005 This study
Reported ARM-1 0.236 £ 0.210 0.233 £0.128 0.136 £ 0.025 Ebert, 2019

41.2 PCT Statistical Comparisons

Statistical analysis comparisons were performed on the average In[NL,, g'm™] responses for B and Na for
R-AP-107 and S-AP-107. Pooled standard deviations (SD; pooed, 1.€., the repeatability standard deviation in
ASTM C1285-21) for In[NLg, g'm™] and In[NLy,, g'm™], (0.2317 and 0.1845, respectively) determined
from Vienna et al. (2022), were used as errors for In[NLg, grm™] and In[NLy,, g'm™] for R-AP-107 and S-
AP-107. The SD;pooted value includes uncertainties due to fabricating glasses, performing PCTs, and
leachate analysis, which is a more thorough representation of the uncertainties compared to simple
standard deviation of the three replicates. Figure 4.1a shows the average In[NLg, g'm™] and In[NLy,, g'm’
?] values for R-AP-107 and S-AP-107 where the error bars represent the SD; yooea Values. The R-AP-107
and S-AP-107 In[NL;, g'm™] values are within error for both B and Na.

Further statistical analysis was performed to evaluate the absolute values of the differences of

In[NL;, g m?] between R-AP-107 and S-AP-107 to see if the differences were greater than zero within the
90% confidence interval uncertainty. The 90% confidence interval uncertainty for PCTs (Usges ci, pcr) Was
calculated using Equation 4.1:

2 2
U90% CIPCT = k - \/(SDi,pooled,R—AP—lw) + (SDi,pooled,S—AP—107) (4'1)

where: SD; pootea r-4p-107= pooled standard deviation of element i for In[NL;, g-m™] for R-AP-107
SD:i pooied,s-4p-107= pooled standard deviation of element i for In[NL;, g-m™] for S-AP-107
k =1.64485 = error multiplier for a 90% confidence interval

Figure 4.1b shows a plot of the absolute value of the differences of average In[NL;, g'm™] between R-AP-
107 and S-AP-107 for B and Na where the error bars represent Uge; 1 pcr. Since the error bars cross the
zero line for B and Na, the differences are not statistically significant (i.e., differences are within
measurement error).
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Figure 4.1. a) average In[NL;, g'm”] boron and sodium responses for S-AP-107 and R-AP-107.
Uncertainty is represented by SD; pooeq Values from Vienna et al. (2022). b) differences of S-AP-107 and
R-AP-107 average In(NL;, g-m?) boron and sodium responses respectively. Uncertainties are associated
with 90% confidence intervals (U cr per) as described in Equation 4.1.

Finally, an approximate z-statistic (Zpcr) was calculated for the differences between the R-AP-107 and S-
AP-107 In[NL;, g-m*] results for B and Na using SD; pootea Values via Equation 4.2:

[In[NL;]g—ap-107 — IN[NL;]5_ap—107]
Zper = . .
\/(SDi,pooled,R—AP—107) + (SDi,pooled,S—AP—107)

where: In [NLi]R—AP—107 =1In[NL,, g~m‘2] for R-AP-107
In[NL;]s_ap—107 = In[NL;, gm?] for S-AP-107
SD; pootea = uncertainty of In[NL;, g-m™] for R-AP-107

(4.2)
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SD; pootea = uncertainty of In[NL;, g-m?] for S-AP-107

Table 4.5 shows the Zpcr and P-values determined for the differences between the R-AP-107 and S-AP-
107 average In[NL;, g'-m™] results for boron and sodium. The p-values comparing the differences for
In[NR3, g'm™] and In[NRy,, g'm?] between R-AP-107 and S-AP-107 were all well above the commonly
used thresholds for significant differences of 0.05 or 0.10, suggesting the differences in In[NRp, g'm™ and
In[NRyq, g-m'z] between R-AP-107 and S-AP-107 are within measurement uncertainties.

Table 4.5. Zpcr and P-values determined for the differences between the R-AP-107 and S-AP-107
In[NL;, g'm?] results for boron and sodium.

Result Boron Sodium
Zpcr 0.9585 1.3873
P-value 0.3378 0.1654

All statistical comparisons employed for the PCT results indicate that the R-AP-107 and S-AP-107
responses are within experimental uncertainty for both boron and sodium.

4.2 Vapor Hydration Test
421 VHT Results

Table 4.6 presents pHzgr, evaporation observations, VHT corrosion rates (ryur, g m™> d'), propagated error
for ryur (arpmp), In[ryur, g m? d'], and propagated error for In[ryar] (Fin(ryyop) for individual R-AP-107
and S-AP-107 VHT experiments. The pHrr was not determined for three experiments because not enough
solution was present for a pHrr measurement. For the experiments that pHrr was measured, the pHgrr
values were <10 indicating that refluxing conditions were not present. The experiments with >50%
solution loss over the duration of the experiments are considered invalid per ASTM C1663-18. The
invalid experiments were not repeated due to the high cost and effort required to redo the tests especially
when other replicate tests were valid.

Including the tests that lost >50% solution, all the rates are within uncertainty and the ryur values range
from-1+3 gm?d'to4+7gm?d". All samples appeared unaltered during post-experiment analysis as
seen in Figure 3.2. Any changes in glass thickness before and after VHT experiments are attributed to
variances in thickness across the sample that were not captured with calipers before the experiments
rather than glass alteration. The thicknesses of the coupons were not uniform due to polishing
complications with samples mounted on the aluminum puck.

In accordance with the WTP contract, the VHT corrosion rates (7yur) of LAW glasses subjected to >7-day

VHT shall be less than 50 g m? d”' (DOE 2000). All experiments recorded 7yur < 50 g m? d!' indicating
the results satisfy the contract requirement.
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Table 4.6. Individual pHxr, evaporation observations, VHT corrosion rates (ryur, g m? d™'), propagated
error for ryur (arpmp), In[7yur, g m? d'], and propagated error for In[ryzr] (Fin(ryyop)) for R-AP-107 and S-

AP-107. Not detected results are represented by “ND”. Not applicable results are represented by “NA”.

Did the experiment FVHT Orprop In[ryqr,

Sample ID pHrr  lose >50% solution?  (gm>d')  (g'm>d?) gm2d’] Oin(rprop)
R-AP-107-VHT-A ND yes 3 5 1.1 1.6
R-AP-107-VHT-B ND yes 4 0.5 2.6
R-AP-107-VHT-C 7 no 4 7 1.3 1.8
S-AP-107-VHT-A ND yes -1 3 NA NA
S-AP-107-VHT-B 7 no 3 -1.5 11.5
S-AP-107-VHT-C 7 no 3 8 1.2 2.5

Average In[ryur] (In[ryyr]), standard deviations for In[ry 7] (SDinjr,,.1)» and propagated error for In[ry 7]
(aln[rpm]) for R-AP-107 and S-AP-107 were calculated using all samples and using samples with <50%
evaporation loss. Results are shown in Table 4.7. No SDy,y,,,,,1 Was calculated for the R-AP-107 samples

with <50% evaporation loss as R-AP-107-VHT-c was the only R-AP-107 replicate that satisfied the
requirement.

Table 4.7. Average In[ryur, gm™-d] (In[ry,r]), standard deviations for In[ryr] (SDin[ryy71)> and propagated
error for In[ry 7] (51n[rpmp]) for R-AP-107 and S-AP-107 for all samples and samples with <50%

evaporation loss. Not applicable results are represented by “NA”.

Category Sample ID In[ryyr] SDiniryur Oin[rprop]
R-AP-107 1.0 0.4 1.2
All Samples
S-AP-107 -0.2* 1.9 5.9%
Samples with <50% R-AP-107 1.3 NA 1.8
evaporation loss S-AP-107 -0.2 1.9 5.9

*S-AP-107-VHT-A results are excluded since the individual values are “NA”

4.2.2 VHT Statistical Comparisons

When uncertainties were propagated from individual remaining thickness measurement uncertainties, all
individual ryxr values were within uncertainty. However, statistical analysis was still performed on the
VHT samples to evaluate whether the average In[ryzr gm™2-d™'] responses (In[ryyr]) of R-AP-107 and S-
AP-107 were within experimental uncertainty of each other when various approaches to calculating
uncertainties were employed.

Thus, statistical analysis comparisons were performed on In[r, ;] for all samples and samples with <50%
evaporation loss for R-AP-107 and S-AP-107. Uncertainties for In[r, 4] used in the statistical analyses
were determined using errors from multiple approaches including 1) SDyn 715 2) Tinlrprop)? and 3) a

pooled standard deviation for In(ryur, gm™d™") (SDvirtpooted). The n[ryurl, SDinfry 1> and Gy, . values

are provided in Table 4.7. The SDyur pootea is 0.9034 for the general non-rad LAW glass In(ryzr, gm™>d™)
results and includes uncertainties due to fabricating glasses, performing VHTSs, and sample analysis.
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Figure 4.2 shows the In[r, ;] responses for R-AP-107 and S-AP-107 determined for all samples and
samples with <50% evaporation loss where the error bars represent a) SDin [y, ;1> ) Tin[rprop)? and ¢)

SDyur pooted- The R-AP-107 and S-AP-107 In[ry 7] values are within uncertainty regardless of the error
method employed.

Further statistical analysis was performed to evaluate the absolute values of the differences of In[ry ;1]
between R-AP-107 and S-AP-107 to see if the differences were greater than zero within the 90%
confidence interval uncertainty for all samples and only the samples with <50% evaporation loss. The
90% confidence interval uncertainty for VHT (U c1, vur) was calculated using Equation 4.3:

2 2
Usow cryur = k- \/(uln(rVHT),R—AP—107) + (uln(rVHT),S—AP—107) (4.3)

where: Uln(ryyp),R—AP—107 = uncertainty of In[ry 7] for R-AP-107
Uln(ryyp),S—AP—107 = uncertainty of In[ry ] for S-AP-107
k = 1.64485 = error multiplier (z multiplier for a 90% confidence interval).

The Usoe; cr, vur values were determined via Equation 4.3 using T1n[ryrop] and SDyur pootea Values as
uncertainties; however, a slight variant of Equation 4.3 was used when Uy, ¢ var was determined from
SDinry ) (-€., Usos; i, vur-sp) since the sample size was no longer considered large (i.e., t-statistic

conditions apply rather than approximate z-test conditions). Therefore, Equation 4.4 was used to
determine Uope; c1, vur-sp:

2 2
(SDln[TVHT],R—AP—107) (SDln[rVHT],S—AP—107) (4.4)
Usow, crvur-sp = k - » + q :

where: p = number of R-AP-107 tests

g = number of S-AP-107 tests

k=6.31375 = error multiplier (t multiplier based for a 90% confidence interval for these
tests).
Figure 4.3 shows a plot of the absolute value of the differences of In[r, 4] between R-AP-107 and S-AP-
107 for all samples and for samples with <50% evaporation loss where the error bars represent uogpo; crvur
determined from a) SDyy[,,.]5 D) Tlnfryrop)> and ¢) SDyrutpooted- Since the error bars cross the zero line for

all samples and samples with <50% evaporation loss in all cases (except when SDyyy,,,,,] Was used to
determine uopy; c1, yur-sp for samples with <50% evaporation loss as no SDyy ] Was calculated for R-
AP-107), the differences are not statistically significant (i.e., differences are within measurement error).

The various approaches to determine uncertainty highlight the major source of error within these VHTs.
Since SDyutpooted 18 determined from a large data set (i.e., 77 degrees of freedom), it is expected to have
the largest error as it is the most representative estimate of the true VHT error. However, SDyy [, for S-

AP-107 for both scenarios and 51n[rpmp] for all scenarios for R-AP-107 and S-AP-107 are larger (where
Tin[ryrop] is considerably larger) than SDyurpootea. The SDyy [, and Oln[ryrop] WETE calculated

specifically for the R-AP-107 and S-AP-107 samples and capture experimental uncertainties in the
thickness measurements derived from the modified polishing procedure and the thickness measurement
methods. The samples used to determine SDyurpooiea Were polished according to the polishing procedure
described in ASTM C1663-18, which does not lead to as extreme variation in thickness across the
coupons. Therefore, SDyrurpooied 1 NOt the most representative of total experimental uncertainty for these
particular samples.
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Figure 4.2. Average In[ryur, g-m*] responses (i.e.,
In[ryyr]) for S-AP-107 and R-AP-107 determined
for all samples and samples with <50%
evaporation loss where uncertainty is represented
by a) SDin[ryr]s D) Tin[ryrop] and ¢) SDyur pooled.

Figure 4.3. Differences of S-AP-107 and R-AP-
average In[ryur, g'm*] responses (i.e., In[ry7])
for all samples and samples with <50%
evaporation loss are shown where uncertainties
are associated with 90% confidence intervals
(Ugo% cl, VHT) determined from a) S Dln[TVHT]’ b)
T1n[ryprop]® and ¢) SDyur,pootea as described in

Equations 4.2 and 4.3.
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Finally, test statistics were calculated for the differences between the R-AP-107 and S-AP-107 In[ry 7]

results for all samples and samples with <50% evaporation loss using SDin[r, ;715 Eln[rpmp], and

SDyut poolea as uncertainties. When SDyy .1 Was used to represent errors, a t-statistic (Tyur) was
determined because the sample population was considered small. The equation for the t-statistic is given

by Equation 4.5:
T _ |ln[rVHT]R—AP—107 - ln[rVHT]S—AP—107|
VHT =
2 2
\/(SDln[rVHT],R—AP—107) + (SDln[rVHT],S—AP—107) (.5)
p q

where: p = number of R-AP-107 tests
q = number of S-AP-107 tests.
When Tin[ryrop] and SDyur,pootea Were used as uncertainties, an approximate z-statistic was calculated as

the sample population was considered large. The general z-statistic equation for VHT results (Zyzr) is
given in Equation 4.6:

|ln[rVHT]R—AP—107 - ln[rVHT]S—AP—107|

7 =
VHT . 2 (4.6)
(.uln(NLi),R—AP—lo7) + (.uln(NLi),S—AP—107)

Hingryym),R—AP—107 — uncertainty of In[r, 7] for R-AP-107

Hingryym),S—AP—107 — uncertainty of In[r, 4] for S-AP-107

where:

Table 4.8 shows the test statistics (7yxur and Zyur) and P-values determined for the differences between the
R-AP-107 and S-AP-107 In[ry 7] results determined for all samples and samples with <50% evaporation
loss with uncertainties represented by SDin[r, ;11 Eln[rpmp], and SDyurpooted » re€Spectively. In every case
where they could be calculated, the P-values comparing the differences between R-AP-107 and S-AP-107
were all well above the commonly used thresholds for significant differences of 0.05 or 0.10, suggesting

the differences in In[ry 1] between R-AP-107 and S-AP-107 are within measurement uncertainties.

Table 4.8. Statistical tests (Tvur and-Zyxr) and P-values determined for the differences between the R-
AP-107 and S-AP-107 In[ry 7] results for all samples and samples <50% evaporation loss.

Uncertainty Source Result All Samples Samples <50% evaporation loss
SDinfryurl Tyur 0.8618 NA
P-value 0.5472 NA
51n[rpm,,] Zyur 0.1918 0.2430
P-value 0.8479 0.8080
SDVHT,poaled Zyur 0.9034 1.1759
P-value 0.3663 0.2396

All statistical comparisons employed for the VHT results indicate that the R-AP-107 and S-AP-107
responses are within experimental uncertainty regardless of the uncertainty calculation method or whether
all samples or samples with <50% evaporation loss were considered.
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5.0 Conclusions

PCT and VHT experiments were conducted on radioactive waste glass (R-AP-107) and non-radioactive
simulant glass (S-AP-107) to determine whether their PCT and VHT responses are significantly different.
The glasses were prepared identically and tested side by side to reduce experimental uncertainties caused
by differences in equipment and protocols.

The PCT results and statistical analyses of the results are presented in Section 3.1:

e The average NLp (g'm™) values and standard deviations were (0.51 = 0.09) g'm™? and (0.37
0.01) g'm™ for R-AP-107 and S-AP-107, respectively.

e The average NLy, values were (0.61 = 0.04) g'm™ and (0.42 + 0.01) g'm™ for R-AP-107 and S-
AP-107, respectively.

e Average NLz. was measured for R-AP-107 to be 0.58 g'-m™ which is consistent with the R-AP-
107 NLp and NLx, values.

In general, the slightly higher PCT responses for R-AP-107 were attributed to the 61 RPD higher
concentrations of Li,O in the R-AP-107 glass. However, statistical analyses (i.e., difference comparisons,
z-statistics, p-values) using previously determined pooled SD values (SD; pooied) indicated that the In[ VL]
values of R-AP-107 and S-AP-107 were within experimental error even with the glass compositional
differences.

The VHT results and statistical analyses of the results are presented in Section 4.2. The ryzr (grm™>-d™)
values ranged from -1 to 4 g-m™>-d”! and were all within uncertainty. No alteration was detected during
post experimental analysis. Statistical analyses (i.e., difference comparisons, t-statistics/z-statistics, p-
values) were performed using uncertainties determined from three approaches: 1) standard deviations of
the replicate tests, 2) errors propagated from the uncertainties associated with individual remaining
thickness measurements, and 3) a pooled SD value. The R-AP-107 and S-AP-107 In[ryxr] results were
within experimental uncertainty of each other regardless of which uncertainty approach was taken and
whether all six samples or only the three samples with <50% evaporation loss were considered. The
uncertainties derived from error propagation of individual thickness measurements were considerably
larger than the other uncertainties where the largest source of experimental error was identified to be from
thickness variations across the coupons that were not adequately captured by calipers. The thickness
variations were due to modifications of the polishing procedure for safety reasons.
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Appendix A — Glass Compositions for PCTs

Table A.1 Measured composition of ARM-1 from Ebert (2019).

Measured, oxide
mass fraction

Component ARM-1

ALO; 0.0559
B,03 0.113

BaO 0.0066
CaO 0.0224
CeO, 0.0151
Cs:0 0.0117
Li,O 0.0508
MoO; 0.0166
Na,O 0.0966
Nd,Os 0.0596
Si0; 0.465

SrO 0.0045
TiO, 0.0321
Zn0O 0.0146
710, 0.018

P>0s 0.0065
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Table A.2 Measured elemental weight fractions of R-AP-107, S-AP-107, and ARM-1 used for PCT

calculations (i.e., NC; and NL;).

S-AP-107 R-AP-107 ARM-1
Al 3.07E-02 3.14E-02 2.96E-02
B 3.00E-02 3.01E-02 3.51E-02
Ba 1.12E-04 3.77E-05 5.91E-03
Ca 2.56E-02 3.16E-02 1.60E-02
Cd 6.32E-06 4.75E-06 0.00E+00
Ce 0.00E+00 0.00E+00 1.23E-02
Cr 8.37E-04 8.85E-04 0.00E+00
Cs 0.00E+00 4.03E-06 1.10E-02
Co 7.03E-06 3.80E-06 0.00E+00
Cu 1.72E-05 1.81E-05 0.00E+00
Fe 4.17E-02 3.71E-02 0.00E+00
K 3.11E-03 3.10E-03 0.00E+00
La 5.75E-04 2.51E-06 0.00E+00
Pb 3.22E-05 5.01E-06 0.00E+00
Li 3.48E-03 6.52E-03 2.36E-02
Mg 8.68E-03 8.55E-03 0.00E+00
Mn 9.82E-05 8.77E-05 0.00E+00
Mo 2.05E-04 4.77E-05 1.11E-02
Na 1.25E-01 1.25E-01 7.17E-02
Nd 0.00E+00 0.00E+00 5.11E-02
Ni 3.23E-04 1.63E-04 0.00E+00
Si 2.15E-01 2.13E-01 2.17E-01
Sr 8.73E-05 3.65E-05 3.81E-03
Te 0.00E+00 2.24E-06 0.00E+00
Ti 8.86E-03 8.41E-03 1.92E-02
Zn 2.72E-02 2.84E-02 1.17E-02
Zr 2.03E-02 2.04E-02 1.33E-02
Cl 2.44E-03 0.00E+00 0.00E+00
F 1.42E-04 4.34E-04 0.00E+00
P 7.42E-04 6.28E-04 2.84E-03
S 1.69E-03 1.57E-03 0.00E+00
Sn 1.80E-05 2.43E-05 0.00E+00
Re 4.37E-06 0.00E+00 0.00E+00
0] 0.00E+00 0.00E+00 0.00E+00
W 1.96E-04 2.47E-04 0.00E+00
A% 6.01E-05 5.44E-05 0.00E+00
Y 4.15E-05 3.93E-05 0.00E+00
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Appendix B — VHT coupon dimensions

Table B.1 Initial glass dimension average measurements (w;, ;, d;; mm) before VHT experiments. Uncertainties are expressed as standard
deviations of the three measurements in each dimension.
Measurement R-AP-107-VHT-a  R-AP-107-VHT-b R-AP-107-VHT-c S-AP-107-VHT-a S-AP-107-VHT-b S-AP-107-VHT ¢

wi 9.11+0.03 9.47 +£0.03 9.73£0.02 8.80+0.06 8.95+£0.05 8.99 £ 0.06
l; 10.20 = 0.03 9.81 +£0.02 10.05 + 0.05 10.01 £ 0.04 9.42 +0.03 10.36 = 0.05
d 1.67+0.04 1.76 £ 0.04 1.75+£0.06 1.62 £0.05 1.71 £0.02 1.53+0.05

Table B.2 Remaining glass thickness measurements (d,, mm) after VHT experiments
Measurement R-AP-107-VHT-a  R-AP-107-VHT-b R-AP-107-VHT-c S-AP-107-VHT-a S-AP-107-VHT-b S-AP-107-VHT ¢

1 1.409 1.580 1.414 1.672 1.726 1.210
2 1.546 1.661 1.553 1.672 1.739 1.299
3 1.611 1.719 1.684 1.666 1.739 1.376
4 1.657 1.761 1.752 1.661 1.737 1.438
5 1.675 1.790 1.781 1.651 1.737 1.493
6 1.688 1.803 1.794 1.637 1.737 1.538
7 1.679 1.799 1.779 1.626 1.712 1.566
8 1.668 1.783 1.743 1.611 1.690 1.595
9 1.633 1.752 1.686 1.584 1.657 1.602
10 1.582 1.701 1.582 1.560 1.619 1.573
Average 1.61 1.73 1.7 1.63 1.71 1.5

SD 0.09 0.07 0.1 0.04 0.04 0.1




