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EXECUTIVE SUMMARY

The H-Canyon facility is currently using the 6.1D dissolver for the dissolution of Material Test Reactor
(MTR) fuel and the 6.4D dissolver for the dissolution of High Flux Isotope Reactor (HFIR) fuel using
mercury-catalyzed HNO; dissolution flowsheets. The processing strategy for both dissolvers involves the
dissolution of multiple charges of fuel per batch. After the designated heating cycle, the dissolvers are
opened, and the charging wells are probed to determine if the MTR or HFIR fuel has dissolved. If
undissolved fuel fragments are beyond a certain height, the dissolver must be closed and heated for an
additional amount of time to dissolve the remaining material.

In recent MTR fuel dissolutions, “high probes” (i.e., excessive undissolved material) were frequently
observed, which resulted in extended dissolution times. The suspected cause of the high probes was the
incomplete dissolution of the L-Bundle End Cap, rather than the fuel or fuel bundles. The End Cap is
hypothesized to be binding in the insert well and not dropping into the acid as the L-Bundle and fuel
dissolve. Once the End Cap is dislodged by the probe and drops into the acid, the dissolution rate of the
End Cap appears to be significantly reduced compared to the dissolution rate of the fuel and other parts of
the L-Bundle. A similar issue has also been observed with the lifting bail on the HFIR fuel carriers. During
HFIR fuel dissolutions, the lifting bail on the outer carrier has resulted in high probes due to incomplete
dissolution. In one case, a partially dissolved bail was caught in one of the insert well holes which prevented
the probe from going to the bottom of the well.

To address these issues, the Savannah River National Laboratory was requested to evaluate the dissolution
behavior of the various components of the L-Bundle End Cap and the HFIR fuel outer carrier and correlate
the component’s metallurgical properties (i.e., grain size, hardness, etc.) with dissolution rate. An
understanding of this relationship between the dissolution rate and the metallurgical properties of the
materials may provide an approach to decrease fuel dissolution cycle times by changing the materials of
construction or specifications used to fabricate the L-Bundle and HFIR fuel carriers.

Laboratory-scale experiments were performed to measure the dissolution rate of L-Bundle End Caps and a
HFIR fuel outer carrier. Small coupons were cut from various components of the End Cap and the outer
carrier. In previous work, the dissolution of Al alloys containing a lower percentage of Al (e.g., Al-6061-T6)
proceeded at a slower rate than (commercially pure) Al-1100. The current work showed that the HFIR fuel
outer carrier components (sidewall, lifting bail, lifting bail support bar, and lifting bail support band)
fabricated from Al-6061 dissolved at a rate approximately two orders of magnitude slower
(-3.9E-04 g/cm?/min) than the Al-1100 alloy. The L-Bundle End Cap components (lifting bail and top plate)
fabricated from Al-6061 also dissolved at a rate approximately two orders of magnitude slower
(-3.4E-04 g/cm’/min) than Al-1100. However, the End Cap sidewall fabricated from Al-6063 dissolved at
a rate which was of the same order of magnitude (-3.9E-02 g/cm”*/min) as the Al-1100 alloy. An Al-6063
coupon had a similar dissolution rate to that of the End Cap sidewall and Al-1100.

The metallurgical analyses did not show any quantifiable dependence of the dissolution rate on the hardness
or grain size of the different components of the L-Bundle End Cap and the HFIR fuel outer carrier. An
investigation of the second-phase or intermetallic particles that are part of the Al alloy microstructures
showed that the L-Bundle End Cap sidewall had the least particles. This observation was not consistent
with observations for the Al-1100 and Al-6063 alloys which had a much higher particle count. The
deposition of Hg, which was the catalyst for dissolution, onto the surfaces of the components was also
investigated with the L-Bundle End Cap sidewall showing qualitatively the highest number of Hg particles.
The deposition of Hg onto Al-1100 and Al-6063 coupons did not show similar results.
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The results of this study show that higher dissolution rates are associated with Al alloys containing smaller
quantities of alloying elements. This result is consistent with previous observations; however, data from
this study extend this conclusion to include another major Al alloy, Al-6063, the material of construction
for the End Cap sidewall. Several hypotheses are suggested for the variable rates observed during the
dissolution of the End Cap and outer carrier components and Al alloy coupons, including changes to the
solution reduction/oxidation potential during dissolution and the changes in the intermetallic particle
characteristics as a function of Al alloy. Recommended testing for future studies includes electrochemical
measurements of changes in the solution potential as well as more thorough surface analysis of partially
dissolved coupons.

The results from this and previous studies demonstrate that Al alloys containing smaller amounts of alloying
elements (e.g., Fe, Mg, Si, etc.) dissolve at a faster rate. Therefore, one option recommended for potentially
increasing the dissolution rate of L-Bundle End Caps and HFIR fuel outer carrier components is
the fabrication of these items from an Al alloy with lower impurities and alloy element
concentrations. However, prior to selection of one of the Al alloys containing a higher percentage of
Al, an engineering evaluation must be performed to determine if the mechanical properties (e.g., yield
strength, tensile strength, elongation, etc.) are acceptable for fabrication of the End Cap and carriers.
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1.0 Introduction

The flowsheets currently used by the H-Canyon facility for the dissolution of Material Test Reactor (MTR)
and High Flux Isotope Reactor (HFIR) fuels were developed by the Savannah River National Laboratory
(SRNL) using an Al alloy (Al-1100) which provided a bounding estimate for H> generation." Other Al
alloys (Al-6061) and U-Al (30 wt % and 68.8 wt % U) alloys were also dissolved in laboratory experiments
to confirm that Al-1100 provided the bounding H gas generation rate. The observed dissolution rates of
the Al and U-Al alloys vary based on the alloy composition and potentially the metallurgical properties.
The Al-1100 alloy which contains the highest percentage of Al or the least amounts of alloying elements
and impurities, dissolves at the highest rate. The other alloys which contain lower concentrations of Al
(including the U-Al alloys) dissolve at much reduced rates. The slower dissolution rates may be correlated
to metallurgical factors, such as grain size, secondary-phase or intermetallic particle characteristics (e.g.,
composition, size, distribution, etc.), the types of metal forming processes (e.g., rolling, extrusion, etc.) or
the temper conditions (e.g., temperature, time, etc.).

Material Test Reactor fuels are stored in Al containers referred to as L-Bundles or Expanded Basin Storage
(EBS) Bundles which are also used to transport the fuel from the L-Area storage basin to H-Canyon for
reprocessing. L-Bundle carriers consist of a bottom Al tube and an End Cap that attaches to the tube using
bendable tabs, which are secured once the fuel is loaded (Figure 1-1 (A)).*-* Figure 1-1 (B) shows a
photograph of an L-Bundle carrier with MTR fuels being moved by crane using the lifting bail on the End
Cap. Figure 1-2 shows photographs of the bottom of an L-Bundle carrier and an End Cap. The MTR fuels
are fabricated as a flat or curved plate or other similarly formed fuel (a nested cylindrical configuration).

(End Cap)
PART B ‘
OPERATIONS TO \ /
BEND TAB AFTER - ey o LR : g Y
LOADING (TYP) : ol mﬂ‘ﬂsi‘é;'"::. 2
3 V. Al S Che
%tﬂii\' o SRS
™~ PART A
(Tube)

(A) ]

Figure 1-1. L-Bundle carrier for MTR fuels: (A) schematic of bundle and (B) view of carrier in
storage basin

Page 1



SRNL-STI-2019-00146
Revision 0

Figure 1-2. L-Bundle bottom (A) and End Cap (B) for MTR fuels

High Flux Isotope Reactor cores contain inner and outer fuel elements (Figure 1-3 (A)) which are positioned
on inner and outer carriers once the fuel is received at the L-Area storage basin (Figure 1-3 (B)).>° The
HFIR fuel cores are fabricated as concentric cylinders with the fuel plates located in the annulus between
the inner and outer cylinders. The HFIR fuel cores rest on their respective carriers and are moved using the
lifting bails.

Figure 1-3. Inner and outer HFIR fuel elements (A) and their associated carriers (B)

During the dissolution of a HFIR or MTR fuel batch, complete dissolution of fuel/bundle material is
assessed by probing the dissolver insert. When undissolved material is present, the probe will not travel all
the way to the bottom of the insert which results in a “high” probe. The cause of high probes during the
dissolution of MTR fuel is suspected to be that the L-Bundle End Cap is not dropping into the acid solution.
In addition, once the End Cap is dislodged by the probe and falls into the solution, the dissolution rate is
slower than other parts of the L-Bundle and fuel. This behavior is consistent with laboratory experiments
performed to evaluate the impact of purchase order labels on L-Bundles and L-Bundle End Caps. During
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this work, it was noted that certain areas of the End Caps were more difficult to dissolve.” A similar issue
has been observed with the lifting bail on the HFIR fuel carriers. During HFIR fuel dissolutions, the lifting
bail on the outer carrier has resulted in high probes due to incomplete dissolution. In one case, a partially
dissolved bail was caught in one of the insert well holes which prevented the probe from going to the bottom
of the well.

1.1 Objective

The objective of this study was to evaluate the relationship between the dissolution rate and metallurgical
properties of L-Bundle End Caps and HFIR fuel outer carriers. To examine how different alloys impact
dissolution rates, experiments were performed using samples from two End Caps, samples from an outer
carrier, and Al alloy corrosion coupons. The dissolution rates were measured in a nitric acid solution
containing a Hg catalyst using conditions consistent with the flowsheets used for MTR and HFIR fuel
dissolutions.'* The metallurgical properties of samples of the same materials were measured to assess
whether a correlation exists between the properties and dissolution rates. The metallurgical properties
measured include hardness, grain size, alloy composition, and intermetallic particle types, distribution, and
size. By developing an understanding of the relationship between the dissolution rate and the metallurgical
properties of the materials used to fabricate the End Cap and HFIR fuel outer carrier, the information may
provide an approach to decrease fuel dissolution cycle times by changing the materials of construction or
specifications used to fabricate the L-Bundle and HFIR fuel carriers.

2.0 Experimental Procedure

2.1 L-Bundle End Cap and HFIR Fuel Outer Carrier Test Coupons

Samples of an L-Bundle End Cap (Figure 2-1 (A)) and a HFIR fuel outer carrier (Figure 2-1 (B)) were
provided to SRNL by H-Canyon Engineering. Sample coupons of the End Cap and carrier were cut from
various locations by electrical discharge machining to minimize the impact on metallurgical properties of
the Al alloys. Several coupons of each type were cut since the dissolution testing and metallurgical
characterization occurred concurrently.

Figure 2-1. L-Bundle End Cap for MTR fuels (A) HFIR fuel outer carrier (B)

The cut locations and sample labeling for the L-Bundle End Cap coupon are shown in Figure 2-2. The End
Cap coupons were labeled C for the straight sections of the lifting bail, D for the top plate, E for the sidewall,
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and F for the curved section of the lifting bail (Figure 2-2 (A)). Other descriptors (i.e., 1, 2, etc.) were added
to identify the subsample from the various End Cap locations as shown in Figure 2-2 (B).

Figure 2-2. L-Bundle End Cap (A) and coupon cuts (B)

The HFIR fuel outer carrier coupon cut locations and labelling are shown in Figure 2-3. The sectioned
HFIR fuel outer carrier shown in Figure 2-3(A) identifies where coupons were removed. The HFIR fuel
outer carrier cut coupons ( Figure 2-3 (B)) were labeled 1 for the straight portion of the lifting bail, 2 for
the bent portion of the lifting bail, 3 for the straight horizontal support bar for the lifting bail, 4 for the Al
band around the top of the carrier to support the lifting bail, and 5 for the sidewall just below the Al band.

Figure 2-3. HFIR fuel outer carrier (A) and coupon cuts (B)
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A summary of the test coupons removed from the L-Bundle End Cap and HFIR fuel outer carrier is given
in Table 2-1. For each coupon, the identification (ID) and location information are provided. Additionally,
the orientation for the microstructural analysis is also given and discussed in further detail in the next section.

Table 2-1. Test Coupon Summary

Sample Location ID Orientation*

Straight section of lifting bail EC-C Cross section

EC-D Longitudinal

L Bundle End Cap Welded upper plate withgout weld
Sidewall EC-E Planar

Bent section of lifting bail EC-F Cross section

Straight section of lifting bail HF-1 Longitudinal

Bent section of lifting bail HF-2 Cross section

HFIR Carrier Support bar for lifting bail HF-3 Longitudinal

Support band HF-4 Longitudinal
Sidewall HF-5 Planar

*Qrientation was for microstructural analysis

2.2 Characterization of L-Bundle End Cap and HFIR Fuel Outer Carrier Test Coupons

Two sets of the L-Bundle End Cap and HFIR fuel outer carrier coupons were cut; one set was used for
dissolution rate determination and another set was used for metallurgical property analyses. The general
size and shape of the coupons were chosen to fit the experimental dissolution equipment described in
Section 2.3.

2.2.1 Metallurgical Characteristics of Coupons

The metallurgical characterization for the Al material used in each carrier’s components consisted of a
review of certified material test reports (CMTRs) obtained from vendors during procurements of L-Bundle
and HFIR fuel carriers, hardness measurements, and microstructural analysis including grain size
measurements and intermetallic particle analysis.

Compositional data provided by CMTRs from the procurement of L-Bundles (procured according to
procurement specification C-SPP-L-00024, dated 7/10/2012) and HFIR fuel carriers (dated 2017) are given
in Appendix A along with the ASTM specification for composition. From a review of these data, the
L-Bundle End Cap sidewall was found to be fabricated from Al-6063-T6 (The L-Bundle drawing (C-CS-
L-0962, Rev 9*) specifies either Al-6061 or Al-6063 may be used for fabrication). All the other components
of the L-Bundle carrier as well as all those of the HFIR carriers were fabricated from Al-6061 of various
tempers (T6, T651, and T6511). A review of the ASTM specification for Al-6061 and Al-6063 shows that
Al-6063 has lower concentrations of the major alloying elements and impurities including Si, Fe, and Mg,
the principal components of the intermetallic particles that form in these 6-xxx series Al alloys.®

Hardness measurements were performed on the Rockwell B and 15t (superficial) scales following the
guidance in ASTM International test method E18-17.° Hardness measurement involves an indent of a
specified sized object (i.e., sphere, pyramid, etc.) with a specified force. The size of the indent is measured
which corresponds to a hardness number. For the Rockwell B and 15t scales, a 1/16-in steel ball is
the indenter with a force of 100 kgf and 15 kgf, respectively. Hardness measurements were made on a
standard sample prior to measuring hardness of the coupons. The hardness value presented in this
report are an average of three measurements. The hardness measurements were made on the carrier
coupons without further surface preparation. Measurements were made on two orthogonal surfaces,
either cross section, which lies on a surface plane that cuts across the direction of deformation, (i.e. the
extrusion direction) or
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longitudinal, which lies on a surface plane that parallels the direction of deformation (see Appendix B for
description).

For microstructural analysis of the coupons, the coupons were mounted in an epoxy resin, ground through
a series of silicon carbide papers of decreasing grit size, and polished with 1-um diamond paste to produce
a flat, non-deformed surface. The orientations of the coupons (i.e. surface of examination) are given in
Table 2-1. Mounted coupons were examined both etched and unetched to measure the grain size and to
characterize the intermetallic particles, respectively. A Keller’s reagent (a mixture of distilled water, and
nitric, hydrochloric and hydrofluoric acids) was used as the etchant to highlight the grain boundaries. A
Keyence laser confocal microscope (LCM) and Keyence digital optical microscopy were used for these
examinations. The average grain size was determined using the guidelines of ASTM International test
method E112-13.'° Intermetallic particle count and sizing were determined using analysis software
associated with the LCM and micrographs of a coupon prepared surface.

Samples were selected to verify the Al alloy compositions using X-ray fluorescence (XRF) and the
intermetallic particle chemistry using a Scanning Electron Microscope (SEM) with Energy Dispersive
Spectroscopy (EDS).

In addition to the coupons from the L-Bundle End Cap and HFIR fuel outer carrier, a small plate that was
stamped Al-6061-T6 was also evaluated. This plate was used as a confirmed Al-6061-T6 material. Coupons
cut from this plate were given the designation “G”. A series of partial dissolution tests were performed in
which Al-1100, Al-6061, and Al-6063 coupons were used. These coupons were previously procured from
Metal Samples (Munford AL). The Al-1100 and Al-6061 coupons were 2-in x 1-in x 0.125-in and the
Al-6063 coupon was 2-in x 0.75-in x 0.125-in.

2.2.2 Surface Area and Mass of End Cap and Carrier Coupons

For the dissolution experiments the coupons were weighed and measured. No other pretreatment of the
coupons (i.e., sanding or washing) was performed for the dissolution experiments so the coupons would
represent the same condition as the initial source materials. Some of the coupons had uniform shapes and
others did not. Therefore, formulas for the surface area of the coupons varied. The L-Bundle End Cap
Coupon C (EC-C) and HFIR fuel outer carrier Coupons 1 and 3 (HF-1, HF-3) were treated as right cylinders
using the length (L) and middle (average) diameter (D) to calculate a surface area (SA) as shown in equation

(.

(1)

SA e (em®) = | z+D(mm)eL(mm) +2.7z.(D(mm)] lem®

2 100mm?*

The L-Bundle End Cap Coupon F (EC-F) and HFIR fuel outer carrier Coupon 2 (HF-2) were treated as
right cylinders with an elliptical end. For this shape the surface area was calculated as the sum of the area
for the circular end, the curved length, and the elliptical end. The surface area for the circular end (SAc) of
diameter (Dc) is given by equation (2).

SA. (om?) = ”{ D, (mm)J lem’

AIOOmmz 2)
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The elliptical end has a small diameter which is the same as the circular end diameter (Dc) and a large

diameter (DL) as shown in Figure 2-4.
Dc ‘\
NE >
A 4

Figure 2-4. Dimensions of elliptical end

The surface area for the elliptical end (SAk) is calculated by equation (3).

)

Saten) = LDl |

2 2 100mm?

The surface area of the curved length was approximated by fitting a quadratic equation over the length (L)
of the coupon. Using x to represent the distance along the length of the coupon, points on the curve were
defined at x=0 equal to the circular end diameter (Dc), at x=L/2 equal to the middle diameter (Dwm), and at
x=L equal to the large diameter (Dv) of the elliptical end. The three diameters were subsequently used to
define a quadratic equation for the diameter as a function of the coupon length (equation 4).

D_(mm) =aex’ + bex + ¢ (4)

The surface area of the curved length (SAcr) was calculated using the integral represented by equation

(5).

2
S4,, (cm’ )— °ﬂ°ID (mm )edx

100mm? &)

Substituting equation (4) into equation (5), the formula for the surface area of the curved length is shown
as equation (6).

2 L 2
SA, (cm®) —L ﬂoj(a-xz +bex + c)-dx = 1CL-;;-(EoLS + %oL2 + c-LJ

100mm? 0 100mm? 3 (6)

The total surface area for the cylinder with a circular and an elliptical end (SAck) is the sum of the surface
areas of the circular and elliptical ends and the surface area of the curve length (equation 7).

SA..(cm?) =SA. + SA, + SA,, -

The L-Bundle End Cap plate with a weld on one edge (EC-D) was treated like a quadrilateral slab with

widths measured along each edge (W1, W2, W3, and W4), depths measured at the rectangular end (DD,
DDz, DDs), and depths measured at the triangular or weld end (D1, D2, and Ds) (Figure 2-5).
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| ——

W, DD, DD, DD,

Figure 2-5. Dimensions of End Cap plate with a weld on one edge

The surface area for the End Cap plate with a weld (SArw) was calculated using equation (8).

o dem’ [ (W W\ (W AW, DD, + DD, + DD,
SAPW(Cm): 2 2. ° + » .(VVl+VVz+VV3+W3)+O'5.(Dl_DD1)'VVz 8)
100mm’ | 2 2 3 (

The L-Bundle End Cap sidewall (EC-E), the HFIR fuel outer carrier support band for the lifting bail (HF-4),
the HFIR fuel outer carrier sidewall near the support band (HF-5), and an Al-6063 coupon were treated as
rectangular slabs of average length L, average width W, and average depth D (Figure 2-6).

L D
W

Figure 2-6. Dimensions of rectangular slab

The surface area for a rectangular slab was calculated using equation (9).

2

1
L-[z-(L-W +WeD+ LeD)]

SA4, (cm’) = -
100mm

©)

As a comparison to the HFIR fuel outer carrier and L-Bundle End Cap coupons, a coupon was cut from a
stamped Al-6061-T6 plate (Coupon G). This coupon was rectangular but multiple depth measurements
were taken to try to capture any uneven dissolution along the largest faces (Figure 2-7).

W

2

2 3

Figure 2-7. Dimensions of rectangular slab with multiple depths

The surface area for the rectangular slab with multiple depths (SAr+) was calculated using equation (10).

.o lem’ W W, (W +W, D, +D, +D,
SA,.(cm”) = —| 2 . + (W +W, +W, +W,)
100mm 2 2 3

(10)
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The initial masses, dimensions, and surface areas of the coupons used in the experiments are provided in
Table 2-2 through Table 2-5.

Table 2-2. L-Bundle End Cap and HFIR Fuel Outer Carrier Cylindrical Coupon Characteristics

Exp. No. Coupon ID Mass Length Diameter Surface Area
— — (4] (mm) (mm) (em?)
141 EC-C1 Bottom 4.218 12.36 12.67 7.44
149 HEF-1 9.011 16.93 15.88 12.40
151 HF-3 12.422 16.16 19.08 15.40

Table 2-3. L-Bundle End Cap and HFIR Fuel Outer Carrier Cylindrical with Elliptical End
Coupon Characteristics

Large | Parameters of Quadratic Fit of Dx

Circular | Middle

Exp. |Coupon Mass [Length Diameter [Diameter| E!llptlcal Surface

No. ID (Dc) (Dw) Diameter a b c Area
(D)

— | — | (@ [mm)]| mm) [ mm) | (mm) — | (em)

142 | EC-F |4.618 | 12.36 | 12.68 12.77 16.40 4.63E-02 | -2.72E-01| 12.68 8.08

150 | HF-2 | 8.696 | 16.36| 15.71 15.72 16.12 291E-03 |-2.26E-02| 15.71 12.04

Table 2-4. Rectangular Shaped Coupon Characteristics

Exp. No. Coupon ID Mass L W D Surface Area
(® (mm) | (mm) | (mm) (cm?)
144 EC-E 1.434 18.72 18.85 1.58 8.24
152 HF-4 3.282 19.98 9.81 6.30 7.67
153 HF-5 0.847 20.19 9.92 1.61 4.97
154 Al-6061-007 7.481 50.74* 18.84 2.97 4.92
154 Al-6061-008 7.536 50.64* 18.87 2.98 4.93
154 Al-1100-101 7.299 50.73* 18.77 2.90 4.88
154 Al-1100-102 7.403 50.71%* 18.78 2.94 4.90
154 EC-E-0306 1.439 18.72 18.75 1.56 8.19
154 EC-E-113 1.409 18.79 18.53 1.57 8.14
155 Al-6063-015 2.298 16.00 19.03 2.89 8.11

*Full length but only 10 mm immersed into solution. Surface area is only for immersed section.

Table 2-5. L-Bundle End Cap Top Plate with Weld Coupon Characteristics

Exp. No. | Coupon ID Mass| Wi | W2 | W3 | Wy | D1 | D2 | D; | DD: | DD2 | DD3 | Surface Area
— - (g) [(mm)|(mm) (mm) (mm)| (mm) (mm) (mm) (mm)|(mm) (mm) (em?)
143 |[EC-D2 Right/6.189|18.41|18.69|18.44|18.69| 9.39 | 7.22 | 7.18 | 6.6 | 6.6 | 6.6 12.05
145 |Al-6061 G-2|3.524|11.41|18.22|11.41|18.17| 6.38 | 6.38 | 6.38 | - | - --- 7.93

2.3 Dissolving System

The vessel and offgas condenser used to perform the Al alloy dissolution experiments were fabricated from
borosilicate glass by the SRNL Glass Shop. The dissolving vessel was made from a 300-mL round-bottom
flask. Penetrations were added for a condenser, (internal) thermocouple, vessel purge, and a syringe pump
for Hg addition. The bottom of the flask was flattened slightly to facilitate heating and agitation using a hot
plate/stirrer with a magnetic stir bar. The solution temperature was controlled using an external
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thermocouple monitoring the hot plate. During dissolutions, the Al coupon was charged to the dissolver in
a glass basket suspended by a glass rod which was held in place by a compression fitting. The compression
fitting allowed adjustment of the basket height during dissolution. A photograph of the equipment is shown
in Figure 2-8.

Manometer
reservoir

Off-gas to Raman

Off-gas to
manometer

Condenser
Manometer

Dissolver
apparatus

Kettle containing
Tedlar bag (not
used for on-line
measurements)

Figure 2-8. Dissolver setup with online Raman offgas analyzer

2.4 Dissolution Experiments

To perform a dissolution experiment, the Al alloy sample was initially placed in the perforated glass basket
and suspended above the solution. The solution was heated to the desired temperature (e.g., boiling). Chilled
water (at 3 °C) was circulated through the condenser during the dissolution to remove water vapor from the
offgas stream. Once the solution reached the desired temperature, the basket containing the sample was
lowered until it was completely immersed. A timer was started to record the time the sample went into the
solution. At the desired interval, the basket was raised out of solution, the timer stopped, and the basket
removed from the dissolving vessel. The sample was then removed from the basket, rinsed, dried, and
weighed and the dimensions (e.g., length, width, and thickness) measured. The sample was then returned
to the basket and the basket lowered back into the solution. The timer was started again. This process was
repeated until sufficient data was acquired to accurately calculate the dissolution rate. The experiments used
150 mL of 7 M HNO; with 1.8 mL of'a 0.169 M Hg to achieve a target concentration of 0.002 M Hg.

A sequential partial dissolution of three types of coupons (Al-6061, Al-6063, and Al-1100) was also
conducted to assess Hg deposition during the dissolution process. The six coupons were dissolved in the
same solution sequentially so only one coupon was dissolved at a time. The initial composition of the
solution was the same as described above. The six coupons were pairs of Al-1100 and Al-6061 corrosion
coupons and the End Cap sidewall.

2.5 Quality Assurance

A Functional Classification of Safety Significant was applied to this work. Analytical measurement systems
with a General Service functional classification were used to collect data during evaluation of the
dissolution behavior of the L-Bundle End Caps, HFIR fuel outer carrier, and Al alloy corrosion coupons.
Chemical reagents used in experiments and sample preparation were purchased at levels 2 or 3. Standards
used for analytical measurements were traceable to NIST or equivalent per manual 1Q, 2-7 section 5.2.3.

To match the requested functional classification, this report received technical review by design verification.
Requirements for performing reviews of technical reports and the extent of review are established in manual
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E7, 2.60. SRNL documents the extent and type of review using the SRNL Technical Report Design
Checklist contained in WSRC-IM-2002-00011, Rev. 2.

3.0 Results and Discussion
3.1 Dissolution Rates of L-Bundle End Cap and HFIR Fuel Outer Carrier Coupons

The dissolution rates for the L-Bundle End Cap, HFIR fuel outer carrier and Al-6061-T6 plate coupons
were calculated from the slopes of linear fits of the mass to surface area ratio versus dissolution time data.
These data are discussed in this section for each of the materials and the various coupons sectioned from
the L-Bundle End Cap and HFIR fuel outer carrier. The data are grouped by the coupon shapes since
similarly shaped coupons of the same material are most likely exposed to the same metallurgical stresses
during fabrication. The plots of the mass to surface area ratio versus dissolution time are shown below,
while the tabularized data are given in Appendix C.

Dissolution data (Experiment 141) for the straight section of the L-Bundle End Cap lifting bail (EC-C) are
shown in Appendix C Table C-1. The mass to surface area ratio versus dissolution time data are linear as
shown in Figure 3-1. A linear fit of these data gives a slope or dissolution rate of -2.33E-04 g/cm*/min with
a standard deviation of 7.04E-06 and an R equal to 0.994.

0.8 -
s 0.6 -
—o—o— @ o
Z ° —e ¢ ° °
£
22 (04 -
g y = -2.33E-04x + 5.67E-01
= R? = 0.994
Siope = 7-04E-06
0.2 -
0.0 T T T T T T T
0 20 40 60 80 100 120 140
Time
(min)

Figure 3-1. Experiment 141 — End Cap lifting bail straight section (EC-C) dissolution data
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Dissolution data (Experiment 149) for the straight section of the HFIR fuel outer carrier lifting bail (HF-1)
are shown in Appendix C Table C-2. The mass to surface area ratio versus dissolution time data are
linear as shown in Figure 3-2. A linear fit of these data gives a slope or dissolution rate of -2.74E-04 g/
cm’/min with a standard deviation of 7.00E-06 and an R* equal to 0.995.

0.8 -
S0 o e e e o o
S 06
<
§~’§ y = -2.74E-04x + 7.27E-01
< 5 R? = 0.995
5 ED 04 1 Sslope = 7.00E-06
2
=
0.2 -
0.0 T T T T T T T
0 20 40 60 80 100 120 140
Time
(min)

Figure 3-2. Experiment 149 — HFIR fuel outer carrier lifting bail straight section (HF-1)
dissolution data
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Dissolution data (Experiment 151) for the HFIR fuel outer carrier lifting bail support bar (HF-3) are shown
in Appendix C Table C-3. The mass to surface area ratio versus dissolution time data are linear as shown
in Figure 3-3. A linear fit of these data gives a slope or dissolution rate of -2.48E-04 g/cm?*/min with a
standard deviation of 7.14E-06 and an R* equal to 0.994.

0.8 - ’_"0—0—0—._.__._.

0.6
y = -2.48E-04x + 8.06E-01
R? = 0.994
S, = 7.14E-06

slope

=
~
1

Mass/Surface Area
(g/em)

0.2 -
0-0 T T T T T T T
0 20 40 60 80 100 120 140
Time
(min)

Figure 3-3. Experiment 151 — HFIR fuel outer carrier lifting bail support bar (HF-3) dissolution
data

Page 13



SRNL-STI-2019-00146
Revision 0

Dissolution data (Experiment 142) for the bent section of the L-Bundle End Cap lifting bail (EC-F) are
shown in Appendix C Table C-4. The mass to surface area ratio versus dissolution time data are plotted in
Figure 3-4. The data show some scatter which could be attributed to the difficulty in measuring the
dimensions of the bent sample during the dissolution and accurately calculating the surface area. However,
the dissolution rate obtained from the regression line is acceptable for comparison with the dissolution rates
of other samples from the End Cap and HFIR fuel carrier. A linear fit of these data gives a slope or
dissolution rate of -2.97E-04 g/cm?*/min with a standard deviation of 4.78E-05 and an R* equal to 0.811.

0.8 4
S 06
S
£
5 2 0.4 -
4 y = 2.97E-04x + 5.67E-01
‘2" R? = 0.811
Syope = 4.78E-05
0.2 4
0-0 T T T T T T T T T
0 20 40 60 80 100 120 140 160 180
Time
(min)

Figure 3-4. Experiment 142 — L-Bundle End Cap lifting bail bent section (EC-F) dissolution data
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Dissolution data (Experiment 150) for the bent section of the HFIR fuel outer carrier lifting bail (HF-2) are
shown in Appendix C Table C-5. The mass to surface area ratio versus dissolution time data are plotted in
Figure 3-5. The data show some scatter which may again be attributed to the difficulty in measuring the
dimensions of the bent sample during the dissolution and accurately calculating the surface area. However,
the dissolution rate obtained from the regression line is acceptable for comparison with the dissolution rates
of other samples from the End Cap and HFIR fuel carrier. A linear fit of these data gives a slope or
dissolution rate of -6.80E-04 g/cm?*/min with a standard deviation of 8.85E-05 and an R* equal to 0.881.

0.8 -
[ J
[ ]
S 0.6
<
O ~
Q o y = -6.80E-04x + 7.17E-01
“g é R? = 0.881
& 30 0.4 - Sjope = 8.85E-05
2
=
0.2 -
0.0 T T T T T T T
0 20 40 60 80 100 120 140
Time
(min)

Figure 3-5. Experiment 150 — HFIR fuel outer carrier lifting bail bent section (HF-2) dissolution
data

Dissolution data (Experiment 143) for the welded top plate of the L-Bundle End Cap (EC-D) are shown in
Appendix C Table C-6. The mass to surface area ratio versus dissolution time data as shown in Figure 3-6
indicate a constant dissolution rate. A linear fit of these data gives a slope or dissolution rate
of -4.84E-04 g/cm?*/min with a standard deviation of 1.09E-05 and an R* equal to 0.996. The small section
of weld and the surrounding heat-affected zone does not appear to influence the dissolution rate of the
whole sample based on the consistent slope. The rate of change of the measured individual coupon depths
with no weld (D1, D2, D3) and depths with weld (DD1, DD2, DD3) over time are shown in Appendix C
Table C-7 and plotted in Figure 3-7. The figure shows the rate of change of each dimension during the
dissolution (calculated by linear regression) and two times the uncertainty (i.e., 2 standard deviations) which
is approximately equivalent to a 95% confidence interval. Comparison of the data for each measurement
shows that within measurement uncertainty, the rate of change between the weld locations and the non-
weld locations were statistically the same. The weld locations have less variability than the non-weld
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locations, but different experiments with more precise surface mapping would have to be performed to
identify any differences.

0.8 -
8 06 -
<
Sz W.\.
27
QB 0.4 -
% y= -4.84E-04x + 5.14E-01
= R? = 0.996
0.2 S.jope = 1.09E-05
0.0 T T T T T T T
0 20 40 60 80 100 120 140
Time
(min)

Figure 3-6. Experiment 143 — L-Bundle End Cap top plate with weld (EC-D) dissolution data
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Figure 3-7. Experiment 143 L-Bundle End Cap Top Plate with Weld — Depth Change Rates
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Dissolution data (Experiment 145) for the Al-6061-T6 plate (Coupon G) are shown in Appendix C
Table C-8. The mass to surface area ratio versus dissolution time data are plotted in Figure 3-8. The data
show some scatter which may be attributed to measuring the coupon dimensions during the dissolution.
Non-uniform variations in the multiple depth measurements taken along the largest faces may be
responsible for the small step changes observed in the mass to surface area ratios. However, the dissolution
rate obtained from the regression line is acceptable for comparison with the dissolution rates of the samples
from the End Cap and HFIR fuel carrier. A linear fit of these data gives a slope or dissolution rate
of -1.27E-03 g/cm*/min with a standard deviation of 9.58E-05 and an R equal to 0.941.

0.8 -
y = -1.27E-03x + 4.59E-01
R? = 0.941
S 0.6 Siope = 9-58E-05
E N
g
€
A 2 04 -
&
>
0.2 A
0.0 T T T T T T T T T
0 20 40 60 80 100 120 140 160 180
Time
(min)

Figure 3-8. Experiment 145 — Al-6061-T6 plate (Coupon G) dissolution data
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Dissolution data (Experiment 144) for the L-Bundle End Cap sidewall (EC-E) are shown in Appendix C
Table C-9. The mass to surface area ratio versus dissolution time data are plotted in Figure 3-9. The
dissolution rate was so fast after immersing the coupon in the nitric acid solution that it was not recovered
for additional measurements. A linear fit of the available data gives a slope or dissolution rate
of -3.87E-02 g/cm?*/min which is two orders of magnitude faster than the dissolution rates measured for the
End Cap and HFIR carrier coupons. The L-Bundle End Cap sidewall was fabricated from an Al-6063 alloy.
The higher dissolution rate observed for the coupon is more consistent with the dissolution rate of an
Al-1100 alloy (-6.41E-02 g/cm*/min) estimated from previous work'? (see Section 3.2). Since
the dissolution rate for the End Cap sidewall is much faster than the other components of the End Cap,
the sidewall could separate from the rest of the L-Bundle causing the remaining end cap material to
tilt, and get lodged in the charging well.

0.20

0.18 -

0.16 - Y = -3.87E-02x + 1.74E-01
RP=10

0.14 -
0.12
0.10 -
0.08 -
0.06
0.04
0.02 -
0.00 -+

-0.02 T T T T T
0 1 2 3 4 5

(g/em’)

Mass/Surface Area

Time
(min)

Figure 3-9. Experiment 144 — L-Bundle End Cap sidewall (EC-E) dissolution data
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Dissolution data (Experiment 152) for the HFIR fuel outer carrier lifting bail support band (HF-4) are shown
in Appendix C Table C-10. The mass to surface area ratio versus dissolution time data are plotted in
Figure 3-10. The break which occurs in the data between 10 and 20 minutes is not understood; although, it
may be an artifact of measuring the coupon dimension during dissolution. The initial dissolution rate is
bounded by two times the uncertainty in the second dissolution rate (an approximate 95% confidence
interval) and is not statistically different. A linear fit of the data beyond the break gives a slope or dissolution
rate of -2.49E-04 g/cm*/min with a standard deviation of 2.58E-05 and an R* equal to 0.949.

0.8 1
« y = -2.00E-04x + 4.28E-01 y = -2.49E-04x + 3.36E-01
L 0.6 R =1.0 R? = 0.949
< Sqiope = 2.58E-05
S
€ 5
= *—o
) B0 04
w
wv
< ._H—-._.—._.
=
0.2
00 T T T T T T
0 20 40 60 80 100 120
Time
(min)

Figure 3-10. Experiment 152 — HFIR fuel outer carrier lifting bail support band (HF-4) dissolution
data
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Dissolution data (Experiment 153) for the HFIR fuel outer carrier sidewall near the support band (HF-5)
are shown in Appendix C Table C-11. The mass to surface area ratio versus dissolution time data are plotted
in Figure 3-11 and show a constant dissolution rate. A linear fit of the data gives a slope or dissolution rate
of -4.75E-04 g/cm*/min with a standard deviation of 4.89E-06 and an R* equal to 0.999. The dissolution
rate for the outer carrier side wall is comparable to the other measured dissolution rates for coupons
removed from the HFIR fuel outer carrier associated with the lifting bail.

0.18
0.17 -
y = -4.75E-04x + 1.69E-01
R, = 0.999
s 0.16 1 Sijope = 4.89E-06
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O~ 0.15 A
%
= B
@ 2 0.14 |
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Time
(min)

Figure 3-11. Experiment 153 — HFIR fuel outer carrier sidewall near support band (HF-5)
dissolution data
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The dissolution rates for the End Cap and HFIR fuel outer carrier coupons fabricated from Al-6061 are
compared in Figure 3-12. Data from the dissolution of the coupon prepared from the Al-6061-T6 plate
(Coupon G) are also included. The dissolution rates of the End Cap and HFIR fuel outer carrier coupons
are quite similar but show a significant difference when compared to the dissolution rate of the Al-6061
coupon. The average dissolution rate of the End Cap and HFIR carrier coupons was -3.68E-04 g/cm?*/min
with a pooled standard deviation of 3.91E-05. Even at a 95% confidence level (i.e., approximately two
times the standard deviation), the average dissolution rate of the End Cap and HFIR coupons are statistically
different from the dissolution rate of the coupon cut from the Al-6061-T6 plate (-1.27E-03 g/cm?*/min). The
more rapid dissolution of the Al-6061-T6 plate compared to the End Cap and HFIR coupons is not
understood and was not pursued further in this study. However, the data does show that the components of
the L-Bundle End Cap and HFIR fuel outer carrier fabricated from Al-6061 alloy dissolve at approximately
the same rate using conditions representative of the MTR and HFIR fuel dissolution flowsheets.'?
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Figure 3-12. Dissolution data for the L-Bundle End Cap and HFIR fuel outer carrier coupons
fabricated from Al-6061
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3.2 Comparison of the End Cap Sidewall with the Dissolution of Other Al Alloys

Dissolution of Al-1100 has been used to define the dissolution flowsheets for MTR and HFIR fuels based
on flammable offgas generation.'” Using the offgas data from a prior dissolution of an Al-1100 coupon
(Experiment 97) in boiling 7 M HNOs with 0.002 M Hg as a point of comparison, the mass to surface area
ratio versus dissolution time data were calculated as shown in Appendix C Table C-12. For these
calculations, the surface area was assumed to be constant at 4.94 cm* based on a 10 mm immersion of a
40.90 mm (long) x 19.05 mm (wide) x 2.90 mm (thick) Al-1100 coupon.' The mass to surface area ratios
versus dissolution time data show that the dissolution rate was constant (Figure 3-13). A linear fit of the
data gives a slope or dissolution rate of -6.41E-02 g/cm?*/min with a standard deviation of 8.93E-04 and an
R? equal to 0.994. The dissolution rate of the L-Bundle End Cap sidewall (which was fabricated from
Al-6063) is about 2/3 the dissolution rate of Al-1100 or of the same order of magnitude compared to the
dissolution rates of the Al-6061 coupons from the End Cap and HFIR carrier, which are 2 orders of
magnitude less.
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slope
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Figure 3-13. Experiment 97 — Calculated Al-1100 coupon dissolution data from offgas generation
measurements

The dissolution of an Al-6063 alloy coupon was performed to obtain dissolution rate data for comparison
to the rate measured for the End Cap sidewall (EC-2) which was fabricated from Al-6063. The mass to
surface area ratio versus dissolution time data are shown in Appendix C Table C-13 and are plotted in
Figure 3-14. The data plotted in the figure were used to calculate a dissolution rate of -2.13E-02 g/cm?*/min
with a standard deviation of 2.78E-03 with an R* equal to 0.936. The dissolution data for the End Cap
sidewall (EC-2) were also plotted in Figure 3-14. The dissolution rate (-3.87E-02 g/cm*/min) of the End
Cap sidewall is statistically different than the dissolution rate measured for the Al-6063 coupon at an
approximate 95% confidence limit (i.e., two times the standard deviation); however, the dissolution rates
differ by less than a factor of two demonstrating that the Al-6063 coupons dissolve at similar rates.
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Both Al-6063 and Al-1100 alloys contain a higher percentage of Al than Al-6061 (see Appendix A). During
the development of the dissolution flowsheets for HFIR fuel, Al-1100 and Al-6061-T6 alloys were
evaluated to select a surrogate material which was bounding for offgas generation.” The results from the
dissolution studies demonstrated that the offgas generation rate for the Al-1100 alloy was bounding. More
rapid dissolution rates are also consistent with higher offgas generation rates which leads to the conclusion
that dissolution rate generally increases with the purity of the Al alloy. Therefore, the observation that the
End Cap sidewall (which was fabricated from an Al-6063 alloy) dissolved at a faster rate than the
components of the End Cap and HFIR fuel carrier fabricated from an Al-6061 alloy is consistent with the
previous flowsheet development for HFIR fuels.
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Figure 3-14. Experiment 155 — Al-6063 coupon dissolution data

3.3 Sequential Partial Dissolution of Al-1100, Al-6061. and L-Bundle End Cap Coupons

Partial dissolutions were conducted to examine the deposition of Hg onto the Al surfaces, especially the
relative quantity and the location of deposition, as this could affect the surface catalyzed dissolution rate.
These coupons were examined by a SEM and a digital microscope. The test coupons included Al-1100 and
Al-6061 corrosion coupons of the same thickness and L-Bundle End Cap sidewall coupons. All coupons
were partially dissolved sequentially in Experiment 154. The initial and final masses, dimensions, and
surface areas for the partially dissolved coupons are shown in Appendix C Table C-14. As shown by a
comparison of the initial and final masses and dimensions of the coupons, a portion of each coupon was
dissolved. Dissolution rates were not calculated since the initial solution condition (i.e., Al concentration)
for each coupon differed. Examination of the surfaces of the coupons are discussed in Section 3.4.

3.4 Metallurgical Analyses of L-Bundle End Cap and HFIR Fuel Outer Carrier Test Coupons

The composition, microstructure and material property differences for components of the L-Bundle and
HFIR fuel carriers are potential factors for the observed difference in dissolution rates. Initially, the scope
of this study included a characterization of grain size and hardness as parameters for establishing a link to
the dissolution rate variability. Other factors were identified during this study that may be contributing
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factors including the density, type, and dissolution rate of intermetallic particles as well as the material
composition (Al-6061 and Al-6063). Since the dissolution is a multi-step process, the variation in
component dissolution rate may be associated with one of these steps. The deposition of Hg on the Al
surface, which is hypothesized to be an electrochemical process,'' was assessed by looking for the presence
of Hg on partially dissolved test samples.

In Al alloys, the composition, fabrication process, and aging conditions affect the microstructure, which
impacts hardness, grain size, intermetallic particle formation, and mechanical and physical properties of the
material. Alloy compositions must meet specified requirements for composition in ASTM International
standards, which differ for the various material processes (i.e., extrusion or rolling). The govemning ASTM
standards for Al-6061 and Al-6063 include B221-14 for extruded products,® B209-14 for sheet and plate
products (Al-6063 is not included in this standard),'? and B241/B241M-16 for seamless pipe.'” Certified
material test reports for the L-Bundle assembly and the HFIR fuel outer carrier, which include the
compositional data for the specific material used in a carrier, are shown in Appendix A along with ASTM
B221 compositions. As stated earlier, the End Cap sidewall was fabricated from an extruded Al-6063 tube
and not Al-6061.

Aluminum-6061 and Al-6063 have slightly different ranges for the alloying elements as shown in Table 3-1
and Appendix A, which was also observed in the available CMTRs for the End Cap sidewall and the other
components of the fuel carriers. The End Cap sidewall had the lowest concentration of alloying and impurity
elements, especially Mg, Si, and Fe, which agrees with the lower concentration of these elements in Al-6063
alloys. The End Cap sidewall also had a smaller number of Mg:Si particles, similar to the Al-6063 coupon
used in this testing. The amount and location of the Mg:Si particles, a prevalent intermetallic in Al-6061,
are a function of the type and degree of thermal treatment applied to the product;'* although, this aspect
was not investigated during this study.

The compositions of several components were examined by XRF since CMTRs for the specific test
samples of the L-Bundle End Cap and the HFIR fuel outer carrier were not available. These data are
presented in Table 3-1 along with the ASTM B209 and B221 compositions for Al-6061 and
Al-6063."* The L-Bundle End Cap sidewall composition falls in line with the standard composition for
Al-6063, while the other components match well the standard composition for Al-6061, which correlates
with the measured dissolution rates during this study. Overall, Al-6063 appears to have lower elemental
concentrations (Si, Fe, Cu, Mn, Mg, Cr, and Zn) than Al-6061. The data uncertainty here is taken from
the Al-1100 standard used for the XRF measurements. Aluminum-1100 has lower concentrations of
non-aluminum elements like Si, Fe and Mg. The Al-1100 standard deviations for these elements were
0.005 (Si), 0.0185 (Fe), 0.0028 (Mg) and 0.0055 (Cu).

Table 3-1. Dissolution Test Coupon and ASTM Standard Compositions

Coupon/ Composition (wt. %)

Standard Si Fe Cu Mn Mg Cr Zn
6061-B209/B221 | 0.4-0.8 | <0.7 0.15-0.4 | <0.15 0.8-1.2 0.04-0.35 | <0.25
End cap F 0.65 0.31 0.29 0.058 0.87 0.07 0.029
HFIR 1 0.61 0.15 0.2 0.12 0.96 0.091 0.013
HFIR 5 0.73 0.51 0.19 0.13 0.94 0.16 0.066
6063-B209 0.2-0.6 | <0.35 <0.1 <0.1 0.45-0.9 | <0.1 <0.1
End cap E 0.39 0.15 0.051 0.011 0.5 0.018 0.005

A standard temper for Al-6061, which was used abundantly in these carriers, was T6. For the T6 temper,
Al is heated to ~ 950° F as a solution anneal, followed by a water quench and aging at ~350° F for up to 8
hours. The solution anneal dissolves the alloying elements into solid solutions and the quench holds these
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elements in solution. The aging conditions allow for a controlled formation of the intermetallic particles to
obtain the desired mechanical properties. The tempers for the materials used in the carriers were T6, T651
and T6511. The T651, which was used on the 0.25-in plate (Coupon G in this study), involves a 1-3%
stretching for removal of residual stresses so the product can maintain shape. The extruded components,
which were primarily used for the lifting bail, had a T6511 temper which indicates a straightening after the
aging process to maintain tolerances. The additional steps for stretching and straightening may affect the
microstructure and cold work of the material.

The metallurgical characterization of the coupons consisted of four measurements: hardness, grain size and
second-phase particle count and sizing. The hardness measurements were made on the coupons prior to
mounting. The other measurements were made on the mounted and prepared coupons. The hardness is a
measure of the physical metallurgy of the sample and is impacted by the alloy composition and material
processing. The grain size and second-phase particles characterize the microstructure and are also impacted
by the alloy composition and material processing. The intermetallic particle parameters, count and total
surface area of particles, are an average of four measurements, two from the center of the sample and two
from the edge of the mounted sample. Table 3-2 provides a summary of these measurements for each
coupon.

The first measurements made were for hardness. Two different indenters or scales were used: Rockwell B
(100 kgf, 1/16-in ball) and a superficial Rockwell 15t (15 kgf 1/16-in ball). Reliable Rockwell B
measurements could not be obtained on all components so superficial Rockwell 15t measurements were
made. The hardness results are presented in Table 3-2 for each component of the L-Bundle End Cap and
HFIR fuel outer carrier. A nominal value for Al-6061-T6 on the Rockwell B is 60."° For wrought Al
products, Rockwell B hardness can range between 91-28.'° The few Rockwell B measurements made on
three HFIR fuel outer carrier components were approximately 46-57, so they are within the typical range.

The Rockwell 15t measurements for the HFIR components ranged from approximately 62 to 79, while
those for the L-Bundle End Cap ranged from approximately 56 to 76. The stamped Al-6061-T6 plate had
an average hardness of 80.1, the highest of all components measured. These hardness values did not show
a correlation with the dissolution rates. The End Cap sidewall which had the highest dissolution rate had a
hardness value (75.5) in the upper end of the measured hardness values but not the highest (third highest
value). All the other L-Bundle End Cap and HFIR fuel outer carrier components had dissolution rates two
orders of magnitude slower with average superficial 15t hardness ranging between approximately 62 to 80.

The hardness variability depends in part on grain size, degree of cold work, and density of intermetallic
particles. These factors are impacted by the material processing and specific aging conditions for
strengthening the component.'”'® For example, the surface of a piece of metal will be slightly harder than
the interior due to cold work from the process method (i.e., rolling, machining, etc.). These factors may
have influenced the range measured in this study for the different components.

Grain size measurements were made on the mounted, polished and etched samples taken from the
components of the L-Bundle End Cap and HFIR fuel outer carrier. Due to the ease of oxide formation on
Al, the etching can be difficult."” The differences in the etched microstructure of various components can
be seen in Figure 3-15 after etching with a Keller’s reagent, which did not highlight the grain boundaries
for all the components. Different reagents were tried but without success. Etching of grain boundaries is
impacted by the specific heat treatments and fabrication processing of an Al component. The coupon ID’s
in Table 3-2 are shown in the caption for Figure 3-15. Grain sizes were measurable for micrographs shown
in Figure 3-15 (A), (D) and (F). For Figure 3-15 (B), the grains were insufficiently highlighted for the entire
sample to perform a measurement. The grain size measured for the L-Bundle End Cap components (3.3,
5.4) overlap the range for the HFIR fuel outer carrier components (2.7, 4.9), which does not explain the
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difference in dissolution rates. The End Cap sidewall with the highest dissolution rate had a grain size of
3.3 falling within the grain size range for the HFIR outer carrier components.

Table 3-2. Metallurgical Characteristics of Test Samples from L-Bundle End Cap and HFIR Fuel

Carrier
Average Hardness** . Second-Phase Particles
Coupon | Section* RB RIS graln C " Area Area/Particle
t izeoo ount (#) (,umz ) (um 2 )
G L ND 80.1 £0.5 7 335+ 44 462 +£ 62 14+0.1
EC-C C ND 562 +£3.6 ND 822+ 128 559 +£55 0.7 +0.1
L 559+04
EC-D L ND 57.1+£0.3 54 599 + 39 568 +81 09 +0.1
EC-E L ND 755+03 33 92 +£18 225428 25+04
EC-F C 65.7£4.5
L ND 59+4.1 ND 832 + 64 526 + 58 0.6 +£0.1

HF-1 L 565+£0.8 | 779+£03 | ND 265 +44 493 £45 1.9+£0.2
C 46.6£3.5 | 75.8+1.1

HF-2 L 523+£0.6 | 76.5£0.2 4.9 422 £53 386+ 111 0.9+0.3
C 533+£2.6 | 78£0.9

HF-3 L 52.8+0.1 | 76.6£0.1 2.7 163 £45 370 £ 49 23+0.6
C 555+£1.9 | 787 +£0.6

HF-4 L ND 659+2.8 | ND 380+12 | 659£101 1.7£0.3
C 61.6 2.6

HF-5 L ND 703+1.4 | ND 672+120 | 1066 + 81 1.6 £0.2

*Cross section of component (C), Longitudinal section of component (L)

** Average Rockwell hardness + Standard deviation

oo For only one person making the measurements, the relative accuracy of these measured values is within + 0.1
x Grain Size per ASTM Standard Test Method E-1121°

Once grain size and hardness were found to not correlate with the measured dissolution rates, the
intermetallic particle size, density and distribution were investigated because the End Cap sidewall
intermetallic particles were notably different than all the other components. The intermetallic particles were
observed in mounted and polished samples of the different components; etching was not required. Several
LCM micrographs are shown in Figure 3-16 for comparison of the different materials of construction of the
L-Bundle End Cap and HFIR fuel outer carrier components. The components include the outer carrier
lifting bail support bar, upper support ring, and sidewall and the L-Bundle bent section of lifting bail, upper
plate and sidewall. While the size of the particles at 500x appear similar, the density of particles was clearly
different with the End Cap sidewall showing the lowest density of particles.

In AI-6061, the primary intermetallic particles are Al:Fe (several variants exist including those with Si or
one of the other minor constituents such as Cu and Cr) and Mg.Si. In the End Cap sidewall, which had the
highest dissolution rate, the particles were mostly variants of AlsFe, while all the other End Cap and HFIR
fuel carrier components contained both types of particles. In Figure 3-16, the two particles are noted by the
difference in color and somewhat by shape. Although a little difficult to differentiate, the grayer and lighter
particles are AlsFe and the darker particles are Mg:Si (Arrows identify particles in Figure 3-16 (B) and (C)).
Since the LCM does not have chemical characterization capabilities, particles were chemically evaluated
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using SEM/EDS to identify elemental make up. A comparison of the LCM and SEM images were used to
identify likely compositions in the LCM images, which showed the particles with different gray coloring.

Figure 3-15. Etched microstructures of L-Bundle End Cap and HFIR fuel outer carrier components:
(A) HFIR lifting bail support rod (HF-3), 50x; (B) L-Bundle bent section of lifting bail (EC-F), 200x;
(C) HFIR support band (HF-4), 500x; (D) L-Bundle top plate (EC-D), 100x; (E) HFIR fuel outer
carrier sidewall (HF-5), 500x; and (F) End Cap sidewall (EC-E), 50x (etched with Keller’s reagent)
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The microstructure of the Al-1100, Al-6061, and Al-6063 coupons were also examined for the intermetallic
characterization. In Figure 3-17, the unetched LCM micrographs show similar characteristics to those
observed for the carrier components presented in Figure 3-16. The intermetallic particles show a generally
linear alignment as indicated by arrow direction, which is typical of the longitudinal view of rolled plates.

i

(A) (B)

S0
100pm

(©)

Figure 3-17. Unetched LCM micrographs (500x) of Al-1100 (A), Al-6063 (B) and Al-6063 (C)
coupons

A particle count was performed using representative digital LCM micrographs and a particle analysis
routine. Particle counts were made on two micrographs from the sample center and two from the edge. The
particles included both AlsFe and its variants as well as Mg2Si. In the particle analysis routine, the total
areas of the particles are also estimated. The results were presented in Table 3-3. Although the data are not
shown separated for the edge and center measurements, the edge counts in some cases were greater (0.1-
0.2 pm/# particles) for samples in which the edge was the outer surface of the formed part (i.e., an extruded
rod or rolled plate). One exception was the End Cap welded top plate where the edge and center counts
were similar. The HFIR and End Cap sidewalls, where samples were not taken from the edge of the rolled
sheets, the edge and center counts were similar. This difference between edge and center particle counts
may be an indication that the cold work and recrystallization that can occur near these outer surfaces may
impact the solubility of the alloy elements, such as Fe, Mg, and Si, causing a change in intermetallic
formation and density.

The End Cap sidewall (coupon EC-E) had the lowest particle count (<100) with the lowest total particle

area (225 pm?). An area/particle ratio was also calculated based on these values. The End Cap sidewall also
had the highest area/particle ratio (2.5 pm?particle) of all the measured components. These data indicate
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that the fast dissolving End Cap sidewall has the fewest, largest intermetallic particles. The intermetallic
particles in the End Cap sidewall appeared to be dominated by AlsFe and its variants with few Mg.Si as
based on a qualitative assessment of the microstructure.

Several different samples of the End Cap sidewall were examined including one from another L-Bundle
End Cap (the serial numbers (S/N) of the L Bundle End Caps examined during this investigation include
0306 and 113, although both were procured at the same time and probably from the same heat of material).
The individual data for all the End Cap coupons are shown in Table 3-3. In general, the End Cap sidewalls
had lower particle counts and higher area/particle values, although one sample had a large edge count
similar to the count averages for the other components shown in Table 3-2, indicating some significant
variability might exist in the particle distribution.

Table 3-3. Average Intermetallic Particle Parameters and Standard Deviations for L-Bundle End
Cap Sidewall Coupons

Sample (S/N, location) | Particle Count (#) | Total Particle Area(um?) | Area/Particle (um’/#)
113 #1 Center 105 + 18 242.5+29 24+0.7
113 #1 Edge 79.5 £0.7 206.5 + 14.8 2.6+0.2
113 #2 Center 92.5+7.8 346+ 51 3.7+£02
113 #2 Edge 255.5+119.5 650 £ 202 2.6+04
0306 Center 72+£7.1 274 £23 3.8+0.1
0306 Edge 70.5+9.2 324 +78 46+0.5

The particle count for the other components given in Table 3-2 ranged from 163 to 832 with both
intermetallic particles (i.e., AlsFe and Mg>Si) apparent in the micrographs. Some overlap existed due to the
high particle count for the edge of one End Cap sidewall sample. The area/particle ratios for these other
components ranged between 0.6 to 2.3 pum?#. The HFIR fuel outer carrier lifting bail support bar had values
closest to that of the End Cap sidewall samples with a count of 163, a total area of 370 um?’, and an
area/particle ratio of 2.3 pm?/#. This similarity can be seen visually by comparing Figure 3-16 (A) and (F).
The difference between these two components was the larger presence of Mg:Si particles in the HFIR
component. Attempts were made to isolate and count these particles separately from AlsFe, but sufficient
differentiation could not be made without including other features.

Particle analysis was also conducted on the Al-1100 and Al-6063 coupons, which had dissolution rates
similar to the L-Bundle End Cap sidewall. Particle counts and total area were approximately 350 and 460
um? for Al-1100 and 210 and 390 pm* for Al-6063. The Al-6063 particle values are slightly higher than
those for the sidewall samples as shown by a comparison with the data in Table 3-3. The Al-1100 particle
values are in line with the other components of the L-Bundle assembly, the HFIR fuel outer carrier and
Coupon G, which is an Al-6061-T6 coupon. Taken collectively, the intermetallic particle density as
indicated by a count from a 500x micrograph is only loosely correlated with the dissolution rate. Other
aspects such as intermetallic chemistry or properties may also be a contributing factor.

Mounted and polished samples of two of the carrier components and an Al-1100 coupon were analyzed
using the SEM/EDS for elemental characterization. The two components were the L-Bundle End Cap bent
section of lifting bail (in cross section orientation) and the HFIR fuel outer carrier straight section of lifting
bail (in longitudinal orientation). The identified particles for these Al-6061 components fell into four
elemental groupings: Al-Si, Al-Si-Mg, Al-Fe(Cu)-Si, and Mg-Si-Al. Since most particles were small
(<2 pm), the excitation volume for the analysis included the surrounding Al matrix. Only a few Mg-Si-Al
particles were identified. For the Al-1100 coupon, the primary elemental groupings were Al-Si, Al-Fe(Cu)-
Si, and Mg-Si. The measurements for the Al-1100 matrix did not show the presence of Si, but only Mg,

Page 30



SRNL-STI-2019-00146
Revision 0

which is not an alloying element for this alloy. The Al-6061 matrix measurements showed both Mg
and Si, which are alloying elements as shown by the data in Table 3-1 and Appendix A. For all the
samples, Cu was usually also found to be present in the Al-Fe-Si particles; Cu can be added in small
amounts for improved strength in these alloys. While the Al-6063 coupon was not examined in cross
section using the SEM, the intermetallic particles appear to be similar in shape to those of AlsFe
identified in the Al-6061 fabricated components.

The 2-D shape of the particles was found to be characteristic of the intermetallic particles. If the
intermetallic particles were sufficiently small, they tended to be circular in most cases. Many ofthe Al-Fe-Si
particles were light gray and angular, although the shapes were usually irregular. The Al-Si and Mg-Si-Al
particles were mostly black, irregular-shaped circular or ellipsoidal bodies. By shape characterization only
for the L-Bundle and HFIR fuel outer carrier components, neither the End Cap sidewall nor the Al-6063
coupon showed a large preponderance of Mg-Si-Al particles.

The type of particle could affect the dissolution of the material since different intermetallic particles have
different corrosion potentials from that of the Al matrix.”” This difference in corrosion potential would
impact the dissolution as well as the Hg deposition which is one of the steps in the dissolution process. In
neutral-pH 0.01 M CI solution, the corrosion potential for Al measured -0.679 V (SCE) while AlsFe and
Mg:Si had corrosion potentials of -0.493 and -1.355 V (SCE), respectively.” A saturated calomel electrode
(SCE) was the reference electrode used for making the potential measurements. Potential values depend in
part on the type of reference electrode used. The less negative potential for AlsFe indicates that these
particles would be a cathode (reduction reactions occur) in an electrochemical reaction with Al being the
anode (Al oxidation). Reduction reactions could include NOs™ reduction, H" reduction, and Hg*" reduction.
The Mg:Si particles with a more electronegative potential would be the anode with Al as the cathode (i.e.,
the particle would corrode preferentially). The lack of Mgz Si particles on the surfaces of partially dissolved
coupons supports the preferential dissolution hypothesis.

In a process described by Rice'', reduction of Hg on the Al may be necessary for the amalgam formation
with Al to occur, followed by amalgam dissolution in the acid. If the AlsFe particles in the AI-6061 alloy
are the site for Hg reduction instead of on the Al matrix itself, the amalgam formation with Al could be
hindered thereby slowing the dissolution process. The larger concentration of intermetallic particles in the
HFIR fuel outer carrier components and most of the L-Bundle End Cap components would support such a
hypothesis. For the End Cap sidewall with the faster dissolution rate, the low count for AlsFe particles could
lead to higher dissolution rates over the other components. However, most Hg deposits were found on
partially dissolved samples using the SEM at locations rich in Al with low concentrations of the other
alloying elements.

Another possibility, however, may be associated with the dissolution of the AlsFe particles or the Fe
concentration in the alloys. The addition of Fe ions to a dissolution solution was found to reduce the
dissolution rate of Al alloys, although the mechanism has not been determined.*' Based on this observation,
another hypothesis associated with the AlsFe particles is that their dissolution would increase locally the Fe
ion concentration potentially leading to local inhibition of the dissolution. The End Cap sidewall with fewer
overall particles would have a lower ionic Fe concentration and may not be impacted by this inhibition. The
other components with much lower dissolution rates may have sufficient AlsFe particles to be inhibited.
The presence of ionic Fe may also impact the solution potential altering the Hg deposition process.

To ascertain if the difference in dissolution rates was significantly impacted by the type and number of
intermetallic particles or if Fe dissolution/redeposition was playing a role, a series of partially dissolved
samples were produced (See Section 3.3). These samples along with a set of partially dissolved samples
from previous dissolution/offgas studies and the Al-6063 coupon were examined using the SEM/EDS. Of
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interest was the presence of electrodeposited Fe or Hg and the type of particles remaining on a dissolved
surface.

Numerous Fe-rich particles were found on the surfaces of the partially dissolved coupons. The cross-
sectional view of these coupons showed that many of these particles were acting as cathodes as indicated
by the apparent dissolution of the Al matrix around the particle. Figure 3-18 shows this dissolution for a
partially dissolved Al-1100 coupon and for a partially dissolved Al-6061 corrosion coupon. The Fe-rich
particles have an angular appearance. The surrounding areas did not appear to have a layer of Fe on the
surface as might be expected for an electrodeposit.

Fe-rich particle

o

Magnification: X2000.0

o
10pm

Figure 3-18. (A) SEM micrograph (9000x) of partially dissolved Al-1100 coupon, cross-sectional
view; and (B) Digital micrograph (2000X) of partially dissolved Al-6061 coupon, cross-sectional
view

During the SEM investigation of the surfaces of the partially dissolved samples, both Fe- and Hg-rich
particles were found to have a spherical appearance as shown by the SEM micrographs in Figure 3-19. Two
particles on each sample are highlighted by the dotted line circles indicating an Fe-rich particle and a Hg-
rich particle. (Note: other particles on the surface were found to contain either Fe or Hg and all particles
were not analyzed.) Since Hg was not part of the alloy composition, the similarity in shape of Fe- and Hg-
rich particles may indicate a similar route of deposition. The shape of an electrodeposited metal can have
numerous shapes depending on solution and surface, so shape alone is insufficient for characterization of
deposition. Circular shaped Fe-rich particles were found in the microstructure of the various components,
so a clear distinction cannot be made of their origin. No data were found in the literature on
electrodeposition of these metals from a nitric acid-based solution.
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D SRNL Wiy Ve i N RN SRINL G el o el i, 3
Figure 3-19. SEM micrographs showing the surface morphology of partially dissolved samples: (A)
L-Bundle lifting bail — straight section (692x); and (B) HFIR fuel outer carrier sidewall (341x)

The Hg-rich particles, however, would only appear from a deposition process. Mercury was found on all
the partially dissolved samples, but the End Cap sidewall coupon qualitatively appeared to have the most
Hg-rich particles. In some locations on this sample, small Hg-rich particles appeared to be depositing along
edges as shown by the SEM backscattered and secondary electron micrographs in Figure 3-20. The largest
circular particle in the image (circled), which also contains Hg, clearly appears to be a sphere.

dissolved End Cap sidewall (2270 x)

The Al-6063 coupon was not completely dissolved during the standard dissolution test similar to
components from either carrier. The SEM/EDS examination of this coupon showed a similar surface
morphology to that of the End Cap sidewall. Particles containing Al-Fe-Si were observed on the surface
similar to the other components; and Mg:Si particles were not found. Particles containing Fe, Cr and Ni
were found on the surface, but were not apparent in the cross-section view. If these particles are not sample
preparation contaminants and actually in the material, they would facilitate the dissolution of the Al matrix
depending on whether surface oxides provide a sufficient barrier to electron flow. This difference indicates
a possible surface contamination. Mercury was not found on the surface similar to some HFIR components.

An observed feature in the cross sections of the partially dissolved coupons was both an irregular surface

that might indicate a morphology in a planar view as shown in Figure 3-20. In Figure 3-21, note the
“hilliness” of the surface which may indicate selective dissolution of these areas. This hilliness was more
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prevalent for the End Cap sidewall and Al-6061 corrosion coupon samples. Three contributors might be:
1) the location of Fe-rich particles acting as cathodes causing localized dissolution to form a pit-like or
trough-like feature, 2) the location of Mg:Si particles acting as anodes and oxidizing to form a pit-like
feature, and 3) the preferential deposition of Hg at a high-energy feature (such as a strained area resulting
from cold work) or the edge of a pit-like feature resulting from one of the first two contributors. In
Figure 3-21 (D), numerous “hilltops” are capped by Fe-rich particles (gray particles at peaks of hilltops,
see arrows) which supports the hypothesis of the Fe-rich particles acting as cathodes. The complete lack of
Mg:Si particles at the surface circumstantially supports the anodic nature of these particles. Additionally,
Mg.Si particles were not noted on the surfaces of these partially dissolved samples during the SEM
investigation. The cross-section views of these samples were not examined in the SEM, so Hg-rich particles
were not specifically identified at the surfaces.

Page 34



G a38eg

(X 0007) uodnod uorso.L.10d (OII-IV (A4 ‘A) ‘pue suodnod Uorso.L.10d
19091V (d D) ‘1remapis de) pug (g V) :SSauUI[[Iy,, sddeLims guimoys sajdures paajossip Aqenaed a3y Jo sydergordrw uondds-ssoad [BIUSL[ J7-€ 2In3L]

-

wrlgy wrlgg
— —

000X vonesyubey 0/0002X toHeayuBe 000X vonesyuben

wrlg wrlgy
— —

0/0002X tonesyuBep 0/0002X tonesyuBep -~ 000X vonesyuben

(v)

0 UOISIADY
9%100-610C-1LS-"INYS



SRNL-STI-2019-00146
Revision 0

The second observed feature in the cross-section views for the End Cap sidewall and the Al-1100 corrosion
coupon was a subsurface dissolution that appeared to be removing layers of the Al matrix as shown by the
micrographs in Figure 3-22. This phenomenon was observed in greater number on the End Cap sidewall
coupon than the Al-1100 corrosion coupon and was not observed on the Al-6061 corrosion coupon. This
appearance is only in one plane of the cross section, so the apparent separated piece of the matrix may be
attached to the surface at another point not within this planar view. This type of dissolution, however, may
lead to a higher rate of dissolution if small layers of the Al matrix were removed from the surface at one
time. This removal would open fresh surface for the dissolution to progress without the atomistic removal
of metal. Aluminum alloys are susceptible to exfoliation or layer corrosion where corrosion occurs along
pathways, generally grain boundaries, parallel to the surface. Mercury may or may not play a role in this
process.

(A) Subsurface dissolution B) Subsurface dissolution

Magnification: X2000.0} Magnification: X2000.0}

Figure 3-22. Digital cross-section micrographs of the partially dissolved samples showing layer
removal of the Al matrix: (A) End Cap sidewall and; (B) Al-1100 corrosion coupon (2000 x)

3.5 Probable Contributors to H-Canyon Dissolution Rate Variability for L-Bundle and HFIR Carriers

Circumstantial evidence from the probing of H-Canyon dissolver insert wells to verify complete dissolution
of fuel suggests that certain components of the L-Bundle and the HFIR fuel outer carrier dissolved slower
than the remainder of the charge. Extended dissolution cycles for MTR fuels have been attributed to the
failure of the L-Bundle End Cap to drop into the acid solution and its slow dissolution rate once dislodged
from the well by the probe. Incomplete dissolution of an outer carrier lifting bail was also observed when
the HFIR fuel insert was inspected by camera. The observations from this study and previous SRNL studies
on the dissolution of Al alloys have identified several factors which are likely contributing to the slow
dissolution of the End Cap and carrier components.

A consistent observation from these studies has been that increasing the elemental concentrations of Al
alloy constituents (e.g., Fe) is associated with a decrease in the alloy dissolution rate. In prior dissolution
studies, when Fe, Ni, Cr, and Mn were present in the nitric acid solution, the Al alloy dissolution rate slowed
down or even stopped.”' To overcome the impact of the impurities on dissolution, the Hg concentration had
to be increased from 0.002 M to 0.012 M for specified concentrations of the impurities. The specific
factors/mechanism of the reduction in rate is not completely understood; however, a working hypothesis is
that the Reduction/Oxidation (Redox) chemistry of the solution at the alloy surface changes with the
addition of Redox active species (such as Fe). As the material dissolves, the local concentration of the alloy
constituents increases near the surface of the metal. This Redox change appears to alter the electrochemical
deposition of Hg on the surface of the alloy thereby reducing (or even stopping) the dissolution process.
Without sufficient Hg on the surface, the amalgamation and subsequent dissolution of Al is minimized.
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Other factors impacting the dissolution rate (e.g., formation of an oxide barrier to dissolution on the surface
of the metal) may become dominant as this occurs.

In this and in previous studies,**""** variations in the dissolution rates of different Al alloys were observed.
Both Al-1100 and Al-6063, including the L-Bundle End Cap sidewall, had similar dissolution rates that
were much greater than measured for Al-6061. Both Al-1100 and Al-6063 have smaller alloying additions
than Al-6061, as shown by the data in Appendix A, indicating that a purer Al alloy has a faster dissolution
rate. The specific mechanism coming into play cannot be defined by the available data, but potential
hypotheses include the dissolution of more pure Al results in a smaller effect on the Redox chemistry at the
alloy surface (as discussed above) and the effects of the intermetallic particle distribution, type, and/or size
in less pure alloys has a deleterious effect on the Hg amalgamation, a key step in the Al dissolution process.

The intermetallic particles that formed in the different alloys or more specifically their relative quantity was
found to be different for the different alloys. During this study, the End Cap side wall, with the greatest
dissolution rate of the carrier components, had far fewer intermetallic particles that were primarily variants
of AlsFe. These particles also tended to have a greater area per particle. While the Al-6063 coupon was less
studied, the particles, although greater in number than those found in the End Cap sidewall, were far smaller
(or the total surface of the intermetallic particles was smaller) and appeared to be principally AlsFe. In both
cases the occurrence of Mg»Si was intermittent. The components fabricated from Al-6061 have both AlsFe
and Mg»Si present as well as what appears to be Si, or more specifically Al-Si.

The difference in the electrochemical behavior of these intermetallic particles may also be a factor but was
not investigated in this study. Literature data has shown that AlsFe is cathodic to the Al matrix, while Mg.Si
is anodic, so Mg:Si particles would dissolve preferentially, while AlsFe would not.'” All the partially
dissolved coupons that were examined showed a minimal number or no Mg:Si at the surface. The AlsFe
particles were abundant on a partially dissolved surface. Cross-sectional analysis of these surfaces showed
preferential dissolution of the Al matrix around these AlsFe particles.

While the data from this study continues to support the hypotheses of the variation of dissolution rate with
increasing solution impurities, the impact on the dissolution mechanism has not been specifically
investigated. Some key additional studies in this area would include:

1. Electrochemical studies of the solution Redox chemistry as a function of solution impurities
resulting from dissolution.

2. Additional surface analysis from partial dissolutions to understand the preferred locations of Hg
deposition.

4.0 Conclusions

The SRNL evaluated the dissolution behavior of the various components of the L-Bundle End Cap and the
HFIR fuel outer carrier as well as representative coupons of Al-1100, Al-6061, and Al-6063 to understand
the difference in dissolution rates which appears to exist in the H-Canyon dissolvers. Metallurgical
properties of these components, including hardness, grain size and intermetallic particle characteristics,
were analyzed to correlate with their dissolution rates.

Coupons were cut from two L-Bundle End Caps and a HFIR fuel outer carrier. The coupons were removed
from various components of the End Cap and carrier. For the HFIR fuel outer carrier, the components
fabricated from Al-6061, including the sidewall, lifting bail, lifting bail support bar, and lifting bail support
band, dissolved about two orders of magnitude slower (-3.9E-04 g/cm*min with a pooled
standard deviation of 4.4E-05) than Al-1100 (-6.4E-02 g/cm?min with a standard deviation of
8.9E-04) and Al-6063 (-2.1E-02 g/cm*/min with a standard deviation of 2.8E-03). The dissolution rates
of the components from
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the L-Bundle End Cap fabricated from Al-6061 were similar to the HFIR fuel outer carrier
(-3.4E-04 g/cm’/min with a pooled standard deviation of 3.1E-05), except for the Al-6063 sidewall
(-3.9E-02 g/cm’/min) which dissolved at the same rate as an Al-6063 coupon and at the same order of
magnitude as Al-1100.

Hardness and grain size measurements of the various components did not show any correlation to the
component dissolution rate. As part of the microstructural evaluation of these components, the second-
phase or intermetallic particles that form during metal processing showed a slight correlation to the
dissolution rate. The L-Bundle End Cap sidewall had the lowest counts of these particles while also having
the highest dissolution rate. This correlation did not hold for the Al-1100 coupon that was previously
dissolved and had a much higher particle count.

The deposition of Hg onto the surfaces of the components was also investigated using partially dissolved
coupons. The L-Bundle End Cap sidewall showed qualitatively the highest number of Hg particles with Hg
identified on intermetallic particles as well as at edges. The intermetallic particles and Hg deposition on the
Al-1100 and Al-6063 coupons did not show similar results, although this result may be associated with the
limited total surface area examined. An additional factor, although not fully quantified, is the degree of cold
work a component has experienced. Since the End Cap sidewall was the thinnest component, the degree of
cold work may affect Hg deposition on the metal surface so as to increase the dissolution rate.

The results of this study show that higher dissolution rates are associated with Al alloys containing smaller
quantities of alloying elements. These results are consistent with those observed previously but have been
extended to include another major Al alloy, Al-6063, the material of construction for the End Cap sidewall.
Several hypotheses were suggested for the variable dissolution rate during dissolution of the End Cap and
carrier components and Al alloy coupons, including changes to the solution Redox chemistry and the
changes in the intermetallic particle characteristics as a function of Al alloy. Recommended testing for
future studies includes electrochemical testing for investigating changes to the solution Redox chemistry as
well as more thorough surface analysis of partially dissolved coupons.

5.0 Recommendations

The results from this study and previous studies'**'** have demonstrated that Al alloys containing smaller
amounts of alloying elements (e.g., Fe, Mg, Si, etc.) dissolve at a faster rate. Therefore, one option
recommended for potentially increasing the dissolution rate of L-Bundle End Caps and HFIR fuel carrier
components is the fabrication of these items from an Al alloy with less impurities. Measured dissolution
rates for Al-1100 and Al-6063 were two orders of magnitude greater than the dissolution rate measured for
Al-6061. Aluminum-6061 was used for the fabrication of most of the End Cap and carrier components,
excluding the End Cap side wall which was fabricated from Al-6063. However, prior to selection of one of
the Al alloys containing a higher percentage of Al, an engineering evaluation must be performed to
determine if the mechanical properties (e.g., yield strength, tensile strength, elongation. etc.) are acceptable
for fabrication of the End Cap and carriers.

6.0 References

1. W. E. Daniel, T. S. Rudisill, and P. E. O’Rourke, Dissolution of Material Test Reactor Fuel in an H-
Canyon Dissolver, SRNL-STI-2016-00725, Rev 1, Savannah River National Laboratory, Aiken, SC
(June 2018).

2. W. E. Daniel, T. S. Rudisill, P. E. ORourke, and N. S. Karay, Dissolution Flowsheet for High Flux
Isotope Reactor Fuel, SRNL-STI-2016-00485, Rev. 1, Savannah River National Laboratory, Aiken,
SC, (December 2017).

Page 38



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

SRNL-STI-2019-00146
Revision 0

R. T. Hahn, Bundling Tube for Building 105-L Disassembly Area, C-SPP-L-00002, Rev. 2, Savannah
River Site, Aiken, SC (1996).

Expanded Basin Storage (EBS) Bundle, Engineering Drawing, C-CS-L-0962, Rev. 9, Savannah River
Site, Aiken, SC (2012).

G. M. Adamson, Jr., Fabrication Procedures for the Initial High Flux Isotope Reactor Fuel Elements,
ORNL-4342, Oak Ridge National Laboratory, Oak Ridge, TN (February 1969).

K. Karanth, Procurement Specification for HFIR Fuel Carriers, C-SPP-L-00026, Rev. 2, Savannah
River Site (2017).

R. A. Pierce and W. E. Daniel, Impact of L-Bundle Labels on H-Canyon Fuel Processing, SRNL-TR-
2017-00086, Savannah River National Laboratory, Aiken, SC (March 2017).

ASTM International B221-14, Standard Specification for Aluminum and Aluminum-Alloy Extruded
Bars, Rods, Wire, Profiles, and Tubes, ASTM International, West Conshohoken, PA (2014).

ASTM Intemational E18-17, Standard Test Method for Rockwell Hardness of Metallic Materials,
ASTM International, West Conshohocken, PA (2017)

ASTM International E112-13, Standard Test Methods for Determining Average Grain Size, ASTM
International, West Conshohocken, PA (2013).

R. W. Rice and D. V. Sarode, Mercury-Catalyzed Dissolution of Aluminum in Nitric Acid, Ind Eng
Chem Res, Vol 40, pp 1872-1878 (2001).

ASTM B209-14, Standard Specification for Aluminum and Aluminum-Alloy Sheet and Plate, ASTM
International, West Conshohocken, PA (2014).

ASTM B241/B241M-16, Standard Specification for Aluminum and Aluminum-Alloy Seamless Pipe
and Seamless Extruded Tube, ASTM International, West Conshohocken, PA (2016).

K. R. van Horn, Aluminum: Volume 1 Properties, Physical Metallurgy and Phase Diagrams, American
Society of Metals, Metals Park, OH (1967).

ASM  Aerospace Specification Metals Inc., accessed February 15, 2019,
<asm.matweb.com/search/SpecificMaterial.asp?bassnum=ma6061t6>.

ASTM International E140-12B, Standard Hardness Conversion Tables for Metals Relationship Among
Brinell Hardness, Vickers Hardness, Rockwell Hardness, Superficial Hardness, Knoop Hardness, and
Scleroscope Hardness, ASTM Intemational, Conshohocken, PA (2012).

A. M. Hassan, O. M. Bataineh, and K. M. Abed, The effect of time and temperature on the precipitation
behavior and hardness of Al-4wt%Cu alloy using design of experiments, J] Mater Process Tech, Vol
204, pp 343-349 (2008).

S. Tabibian, E. Charkaluk, A. Constantinescu, G. Guillemot, and F. Szmytka. Influence of process-
induced microstructure on hardness of two Al-Si Alloys, Materials Science & Engineering A, Vol 646,
pp 190-200 (2015).

G. Vander Voort, Metallography and Microstructure of Aluminum and  Alloy,
<https://vacaero.com/information-resources/metallography-with-george-vander-voort/1217-
metallography-and-microstructure-of-aluminum-and-alloys.html (2012)>.

N. Birbilis and R. G. Bucheit, Electrochemical Characteristics of Intermetallic Phases in Aluminum
Alloys, J Electrochem Soc, Vol 152, pp B140-B151 (2005).

P. M. Almond, W. E. Daniel, and T. S. Rudisill, Flowsheet Modifications for the Use of AFS-2 Column
Waste in Used Nuclear Fuel Dissolutions, SRNL-STI- 2014-00045, Savannah River National
Laboratory, Aiken, SC (2014).

P. M. Almond, W. E. Daniel, and T. S. Rudisill, Flowsheet Modifications for Sodium Reactor
Experiment and Denmark Reactor-3 Used Nuclear Fuel Processing, SRNL-STI-2014-00228,
Savannah River National Laboratory, Aiken, SC (June 21014).

Page 39



"Apnys sy} SuLmp pajsa) 10U Me .,

00 SO0 Lo €6°0 €00 ¥T0 (44 L9°0 lE%u5C0 9¥6S911¢ aseq Apog
"T1S9L 9qn], papnixy STy *
S0'0 80°0 6L0 60 L00 €€'0 LEO €L'0 [T1S9.L POy pepaiixy ,S°0 | $697980C Teq Surfreq des pug
100 900 §9°0 LO'1 80°0 §T0 €0 L0 1S9L ‘v1e[d P3IIOY wSTO | 1SLYYO0L oyerd doy deo puyg
100 10°0 L80 €570 10°0 €00 SI'o 90 Qa7 ¢ %% 2500 ¥8¢6¢CCIT [[emapts deo pug
9L PqnL popnnxy dO «§ )
uz D 3IN/1S SN U nj gL | IS Rdun |, pue wiog 4107 juduodwo)
(% M) uopisodwo) pnpoid v Ajquassy a[pung-|
‘[[emopIs se 110da1 oy} INOYSNOIY} 03 PA1IOJoI A1e SHUSUOdUIOD IS 4 4
"91ZL880S #0Od m pajeroosse syiodol 159} [elIjew PaljIiIed woly paureiqo suonisodwo)).,,
700 S0 €L°0 60 S0°0 §T0 70 99°0 1591 2yed peyjor 670 7996¢€¢ osed Jouu]
800 SI'o 980 980 1o €e0 90 L0 11691 ‘odid papnnxg ,§ | $860€8TT doyg ue) juy Jouu|
[1S9L ‘POY PapnIXy ,8/€ | 8I¥6¥0€ [feq Jouu]
S0°0 90°0 L80 ¢80 900 €20 Se0 L0 [1S9L ‘POY POpPNIXY ,SL'0 | 8STSY6TT junow ieq 1mQ
. . . . . . . . 20U < DATTO . #xHDIS 3seq “aseq
00 Se0 £€9°0 811 ¥60°0 81°0 90 L0 91 399§ Pa[10Y w€90°0 | V01098 71y B 10900
. . . . . . . . 9L 2did doig
00 900 9L°0 160 700 120 S0 690 SSO[WIRAS 8 YOS POPIIXT 01 8€0TT8TT ue’) JOLAIU] 1IN0
900 SO0 780 L80 L00 (440 Seo0 €L°0 [TS9L POY Popnlxy ,8/S | #¥1CS6CT [fed JoInQ
900 S0°0 88°0 ¢80 900 1€0 9¢°0 SLO 11691 POy popnnxy ,8/S | 0SS0S8CT [req IomQ
900 90°0 L0 60 900 90 8¢0 L9°0 [1S9L ‘PO papniXd ,ST'T | 11€6£8CT [red 1OIMQ
uz 10 SIN/1S SN Ay n) X | 1S Jodun I, pue uLIoq 4107 yuauoduro))
(% M) uopisodwo) pnpolid v * JLLE) YIAH
suopisoduwo)) €909-[v pue 1909-Iv put sjuduodwo)) 1111e) [ong AIAH pue ojpung-1 v xipudddy
() UOISIADY

9%100-610C-ILS"INYUS




‘(o1e1d pue
1094s) suLiof 1onpoid JUSIJIP 19400 (0 ;4 [-607H) SPIBPURIS IOYI() 9qN] PUB “OIIM ‘POI “Ieq PIPNIXS 10J ST UONRIYIAdS SIY T,
10> 10> 6'0-St'0 10> 10> SE0> 9'0-C0 €909V YI-1226
ST 0> SE€0+0°0 '1-8°0 S1'0> ¥°0-S1°0 L'0> 8°0-%'0 19091V *
uz 20 SN Ny n) X | 1S ssory (PIEPUE)S
(% Im) uonisodwo)) LSV

(0 UOISIADY

9%100-610C-ILS"INYUS




SRNL-STI-2019-00146
Revision 0

Appendix A. End Cap and HFIR Aluminum Material Certified Material Test Report

sapa:!

SALES OK

R #
LINE #: %

COMPLETEDRY._FFU

Sapa Industrial Extrusions
1550 KIRBY LANE

SPANISH FORK, UT
84660-1349

Sapa Extrusions Inc., # Subsidiary of Sapa AB

Invoice To Customer

ALASKAN COPPR & BRASS COMPANIES INC
3223 6TH AVENUE SOUTH

SEATTLE, WA - 98134
Ship To Customer

ALASKAN COPPFER & RRASS COMPANIES INC

27402 72ND AVE 8.

KENT, WA - 98032-7366

1l Slnluuml
E e hereby centify that, unless atherwise indicated, the mnwml cuvemd by this repon has been mnmlfnluved inspected,and
ed in accordance with, and has been found to mee, the ib

nyspecifications fonming o part of the description and that samples mp«semnﬂve of the material met the composition andhad
e mechanical praperties shown on the face of this certification. Also, noic that mercury is not a normal contominantin
luminum alloys and neither it nor any of its compounds are used {n the manufacture of our product. This cenificationis not to

lértified Inspection Report

06-14-2017 114021

Cert Number Poge /
SAPA2673812 Page  10f2
Sales Order Number Customer PIO * Cenl Creatios Dale Cent Print Date
Line No.
1101242573 1014262245 12-JUN-17 | 12-JUN-17
Quunlity Shipped Dale Shipped tem Deserlption —— Fpecification BT
ACC-U- ASTMB22°REV 14
Fxiruded ACC-U-ROD
555 LB 12-JUN-17 AMS-QQ-A-200/8 REV A
1.250 DIA +/- 004 ASMESB22| REV 00
SECT 555343
M ftem No. UNS#A96061 REV
144.000 IN LN
FINMAMILL SAEJ4S4 REV
841689 G03967457 A WIF 1443 F3Cs 125 | Meets 6061-T6SIIH, 6061-T6511 REV
Delivery 1d Htem No, Rev W/ |6061T6SIIH
Marking CONTINUOUS;
4905489 -
CustamerPart No.
135392
I.-.umu 1. [y a.-.n

L:oumnlmmmmrmummwmmms have mex the limits as shown on

et gt sy Wi 8

d herein,

nd Title

T

Steven Tanner 12-JUN-17
n:prmlucal in pumul form without pnor written nppmvnl of our Quality Assurance Dept. Quality Control Manager
Quontities per Lot / Puckuges o Vi
Welght
Package Number Lot Number Quantity uoM
Gross Net
G14-PKG1932904 22839311 32 PCS $61 554
G14-PKG1932904 22839311 - - - -
Composition Limits
- i Fe [ Mn Mg Cr Za
Alloy
Min Max Min Max Min Max Min Max Min Max Mia Max Mla Max
|~ 608l 0.40 080 = 0.70 0.15 0.40 = 0.15 0.80 120 004 J 0.35 - J 025

PO. Hof871.
Lo

A-3




“sapa:

Sapa Indusinal Exirusions

SRNL-STI-2019-00146
Revision 0

Certified Inspection Report v CertNumber

ot

Page /
'Pnge 2of1 &

1550 KIRBY LANE SAPA2673812
=2 Mus X ! Cert Creatlna Nate | Cert Print Dat:
SPANISH FORK, UT Sales Order Number S, Cu.tomer P'O 4
B4660-1349 | 11012425T1 ) 4s 1014262747 12-JUN-17 12-JUN-1T
m " Dihers Boch " Others Towsl |
Allay
Min [ Min Max " Min Max
6061 013 005 - | 015
Caompasithon Resulis
Teal [ Cast s " Fe “Cu VD / Mg Cr /" “Zn y T FOihers Bx»"ﬁ"umT«-q ]
517060109 o V| o | 0% ¥ oo & ow 006 ¥ 006 ¥| o0z 7 - B
Heol / Cast 51 Fe Cu Mn Mg Cr | Zn | T Oihers Each | Others Towl |
SI7060202 | 070§ 03 030 0,03 092 oes | oos | om - - i
Mechanleal Property - Test Limits
AT Teat T, TS -1 TYS-L EL4D-Long
[ [T Kt | PCT
ol Tesd res

I zt‘mp:r Lot Number / Pol Tests
Tés1M 2D B

Cert Notes

/AII mill Anlsh alloys

4

MIN Volue MAX Volue
451 4“3

|I’ndu¢|l manufoctured with a T&S11 temper alse meet TS Lemper requirements.
[Vield sirength has been determined by the 0.2% offset method
comply with Direciive 200 13KV (Ral 1S 2) with the excepliun of 6261 ullay

d ot Sapa

PQ.5OR-72b

Lwe 3

in uccordunce with EN 10204 Tnspection Certificate Type 3.1
iNLeited In the USA or Quulifying Countries (as defined in Defense Feders! Acquisiion Regulntion Supplenient (DFFARS) Seetion 2258721

v WManstacured in e Unied Ststes
I

ianufactured in the Unlied States

MIN Yaloe MAX Valus MIN Value MAX Volue
410 416 155 . 160

ABW TECHNOLOGIES. INC
VIEWED BY-Q.C.

BY"
DATE

RUIEWED "TO ASTmM Raa\-o¥

T ol TG

A4



Sapa Inchusrinl Extrusions
155U KIRLY LANE

SRNL-STI-2019-00146

Revision 0

5 ik
SPANISH FORK, UT T Line No.
BaBD- 1449 HIUI291314 12
Supam Extrusions Inc., o Subsisliary of Sapa All
Tvabes T Cast Quunitliy Shipped Thate Shipped
ALASKAN COPPER & HRASS COMPANIES INC s m GOCT 17
1223 6TI1 AVENUEE SOUTH
- n. Trem Nu
: I
SEATTLE, WA - 08134 K71130 ! GuIveT433
St To Customser Uadivery I liem Nu, Rev
ALASKAN CUPPIH & BIRASS COMPANIES INC
937
72402 73N AVE S, i
4 Custonieriaiil Mo,
KENT, WA - OBULL 1466 1A

irm.ium. Specificutluin, Revhions sud Kycepilans

JUMPOSITION NUTE: The vulues for ‘Others Lach amd ‘Others Total® have med the limits ox shown on

der is Al

Certified Inspection Report

| Custamer PO

[In'n cenified repon.

]l.q,-l Hlalwrmenl

‘e herehy cenily that, unless oiberwise imlicated, e materiol coveres by s repon lus been wanulaciued, spected und

1 I0145515-32

-04-2017 117025
I Cert Number Page
SAPAZT4I940 Page tof2
Cert Creallon Dose Cert Pelnd Dule
| sz 02.0CT-17
| Toem Descripiian S pecication
ACCALING. ASTMBZ21 REV 14
Extruded ACC U ROD AMS-QQ.A- 2008 RIV A
Vi {OBIZNIA 8420 ASMESR221 RIEV 09
SECT 55118 ek
LH000 IN LN e
HIN A-MILL 3

Wil 361 1F S CS 63

/ie.wmmu
| larking CONTINUOUS,
|

1
|
|
Tested in acourduics el has Been found o mee, e applicable reyuiements descobial lerein, nchiding l
img:p:ll‘u o Deiniing 2 gt of the dhesevnpeion and thot snnples sepreseniative of e materal mes the congosaition andhad |
! e mechanical prapenies showin it the fave of this cenification. Alsi, mine thait purcnry is von o tomal conamingntin | .
lummiouin alhoys ond neither it nod any ol ity s die usal in the of v produci. 1his cemificationis nol 10 Steven Tannei
repruducet o partial fusns witho proe sentien spproval ol ous Qualiy Assurance Dpt | Quulity Munages
Qunnihbe per Lot / Fackoges
Pachuge Number Lul Number Quantily oM .
Gress I Net
14 PRG 1974534 22952144 o My 55 | s
Cosmpagition 1hulls
5 Fe Cu | Mn Mg | Cr
Allay | |
atln Ml Mia Max Win M | i s Mia Max | Ml Mux
| |
6061 0.40 080 o wis han 013 080 120 i 0o 0.35

PO SBIL-72b

L \Ne K

A-5

Meets 6U61-T6S 111, 60G1 1651 1 113V

/ R-0CT-17

Mia



SRNL-STI-2019-00146
Revision 0

Certified Inspection Report / Cert tnuuber Page i

Supu Inthastral Uxirusions
sapa. s amwse | 20
= ) Sules s der Number Customer MO Cert Creullua Dute Cert Prind Dute |
SIPANISH FORK, UT Line Na. |
BA660-1339 WLV AE] h ¥ 011581542 02-0CT-17 02-0CT-17 |
T Oibers Bueh Qiliers Total
Alluy o B )
TMin I Mus Min Max Wl Max
Y “"—_" "I s [T s 015

/ A o Al wls / /

Hlegt / sy mn Oiihgrs Tulal ]
|. o} St R —— = ) Al
| 027 007 “OAT nos 06 un

simozs | Tom
“Viewt / Cut s T [ wm Mg [+ I T r """ﬁ'_" “Oihers Fnch | Oihere Tutal |
| srao9240 17 T BT TR Y 054 aps | TGS Wi ==
Alechanical Foogeny « Tea Elniy
'l‘:il'l'"\1 TS L TWE- 1. FL AN oy,
TON K&t [T [T
- BolT o
Test Tempar W ol Tats MIN Vslue MAX Valug MIN Value NA‘X'hhl MIN Value MAX Valye
1680 ] i el ,/' R M T T 15 =i
Cert Noles

Products imanfuchral with o V8311 emper slaa nteet T8 tengier reuirenents,

Vil shecigih has e determvined by the 0.2% ofsel mthod
1) Rt ewsions cunply swhiy Diveetive 200 S/t (6118 2) with the exception of 8262 ulluy

Aol Finishy silbuys protluced ut Sapa )
I sevmdonce with BN 10204 Tnsgrectbn Certlfionie Type X1

Melied in tha US A ur Qualifying Cientrles (us deflngl io Defense Foleral Aoquisbibvn Hegilaion Sopplenent (TFARS) Sectlon 125871
Muifucturcd bn the Unlted Sisres 7"

lﬁ‘mu-hduld wi the Tniled Stutes

ABW TECHNOLOGIES, INC

T-0 R4-7H0 REVIEWED BY Q.C.
Loe § oy & K Kaum

DATE. . 02°2-) -8

RuieoD TD ASTM B-o=- 01

T LOb\ TOHS))

A-6



SRNL-STI-2019-00146
Revision 0

t::/-.

) =
ﬁl&‘i'{fm LOPPER & BRASS (DMPMIT

DBY,_FFU

wu=2b-elb1 114390

o St Indusril Exiusions Certified Inspection Report Cert Number [Poae
p a 1550 KIRBY LANE SAPA26E109% Page lof2
. Humber ustomer | (Cent Creation Dute "Cert Print Dol
SPANISH FORK, UT o Line No. c "
B4660-1349 1101249260 48 | 1014305248 | 28JUN-17 25-JUN-17
Sapa Exirusions Inc.. 8 Subsidiary of Supa AB
Tvolkcs Te Cltaiiie Quantity Shipped Dute Shipped Tiem MI.I-LI ?dnn ml 2 e
ALASKAN COPPER & BRASS COMPANILS INC 559 LB 25-JUN-17 /ﬁﬂ ACC-U-ROD | 142.0Q.A-2008 REV A
3223 6TH AVENUE SOUTH 10.625 DIA +/-.003 ASMESB221 REV 09
Y . Ttem No. SECT 555316 UNSHA96061 REV
144,000 IN LN SAEM4S REV
- FIN M-MILL
SEATTLE, WA - 981M 845301 | G03967433 WIF 361 £5 €S .63 Meets 6061-TES11H, 6061-T&S1 1 REV
Delivery Id Item No. Rev 6061T6S1 IH
Ship To Cuxlomer
ALASKAN COPPER & RRASS COMPANIES INC P MeELABCORTINUOUS;
27402 72ND AVE 5. - =
- CustomerPari No.
KENT, WA - 98032-7366 P50 |
Applicable Specifi Revisions and E

COMPOSITION NOTE. The values for "Others Each® and "Others Tolal' bave met the limits as shawn on
this centified §

P repor, i is /

Legal Statement Sigrture And Titls

‘e hereby centify that, unless atherwise inclicated, the material covered by this report Ilas been |Mnur|cmml inspected.and
Tested in accordance with, and has been found 1o meet, the applicabl J henein,
anyspecifications forming a pan of the description and that samples mprunume of the materisl met the wmpoullon wndhad

the mechanical properties shown on the fece of this cenification. Also, note thar mercury is not @ nonnal contaminantin

aluminum alloys and neither i nor any of s compounds are uscd in the manufacture of our product. This cenificationis now g Steven Tanner 23-JUN-17
be reproduced in parial form without paor written approvil of our Quality Assurance Dept Quality Control Monager
_ Quandiiios per Lue/ Fackagen
| Weight
! Puckage Number Lot Number Quantity oM
[ | Grou Net
| GI4-PKG1938796 22850350 | ks | s [T
8i Fe Cu i Mn 4 | W | o |  zm '_l
Min Max Min Mas i M ] in e Mis Miax il Wax | Mis [ v 1
040 | 030 | - 0,70 01s 0.40 = | 015 I 0.80 T2 | oos 035 i - _| 025 |




Snpa Industrial Extrusions
sa pa : 1550 KIRBY LANE

SPANISH FORK. UT

B4660-1348
T
Allay
Min Max
6061 s

Campesition Resulis

|nm.'c.nf' s / P 7
siweigs | s Y ::-’;'/"

Mechanienl 'ropery - Test Limity

Tesl Typa
uon
¥of Test
Test Temper Lot Number 0 of Teans
TEs1Nn :zuoy 4
Cert Noles

SRNL-STI-2019-00146

Certified Inspection Report

Cert Numlser

SAPAT6E1995

Sules Order Number Customer PO Cent Crealion Dode
Line No.
1101249260 L1 1014705248 25-JUN-17
Others Ench Others Total
Min Mux Min Mnx
o5 1T | 015§

Y / Others Each | Others Total

st TYS-L
KS1 K51 PCT

MIN Value MAX Value BN Value MAX Value MIN Value MAX Volue
L ik I 483 428 440 150 19.0

Products monulsctured with 8 TE31 | iemper alse meet T8 temper requirements.
Yield sirenglh hat heen determined by the 0.2% olfset method

All mill finish alloys p

»tSapal B
In d with EN 10204 1

comply with Directive 201 1AS/EL (HoliS 2) with the exception of 6262 ulluy

pection Certificute Type 3.1

cled in the USA or Qualifying Countrles (os defined in Defense Federal Acquisition Regulotion Supplement (DFARS) Seetion 125.872-1)

lenufactured In the Unlted Siotes
Manufectured in the United Siates

0. H&E- 2
Live k&’

| ABW TECHNOLO&EE, gsuc
VIEWED BY Q.C._
EW-&.&UQ KU
| DATE \O- Dl \ 7T
RUNEWDED TO ASTM H2-P8
e Pk\<T(

A-8

Revision 0

Pags -
Page 2af2

Cert Print Date

25 JUN-1T



SRNL-STI-2019-00146
Revision 0

+6-08-2017 113818 v
. \
Sapa foulastriel Katssions Certified Inspection Report | et Nmaber Page
a pa ® S POTINVILL I S TREET SAPA2666TIY Page Tuf2
| Hates Oerler Namber Cusher M) Cert Creatlon fate Cert Primt Pute
Lul-.\.\sum. PA Vs No.
179290187 | 11217795 3 101413123 3 MAY-1? ILMAY-17
Supua Exiustons bic, o Subsidiory of Sapa Al
. Quuntiy Shipped Thute Shipgrat | escripilun ki
Tavulee 1o § wdvmer ielinded Semnles Pipe :.:lrmur REV 16
ALASKAN CORFLR & BRASS COMPANIES INGC anvs o IMAY 17 ITDIAY ASMESU241 REV U1
1220 6T AVENLIE SOUFT1 SCATHILAT Y ASTMIUS REV 1)
: . Tew M f?f'«'ﬂ'u" "'N ASTMI2Z2 MLV 14
. o Frer— w2282 F3 08 1075 | AMSUQA-ZIVEREY A
SEATTLE, WA - UKI M ; 06116
Ship Ta Cuntinmer Dellyery 1t e Mus. Rev |M||rtiu; CONTINUOUS;
ALASKAN COPI'ER & BRASS COMPANIES INC i .
402 TIND AVE S
CustomerPar Mo
KENT. WA - 4801327366 il
pricubo Speriicnl i

JOMPOSITION NOTE: The values for Utliers Ench’ wad Otdiers Total ave ma the limits as showi oo
Ihis centiied jom repont, 1 fer s Adumi

agal Sralement Blgnaters Awl Thle
[We herehy centity that, niless ithenwise tndicated, the waierial cumul b,- this rejuint Iw Imn mnmfu.umat inspected,and

estedl in wecontunce with, sl has been foaml o iweet, the spplh J berusin, i MA “ A
puyspocifications foonmning u e of the descopion and tha samples nep mmuﬂm wl the material met the compusition andhud

phic wcclumcal prupeitics shuwn on the fuce of s ﬁ:ﬁllh.‘ulhln_ Also, nute that mercury s not o soril comaminantin
P alloys and wcither it ooe any ol s Is ore usetl in the fi of our product, ‘This cernficationis et u | Mike Haminer MH-MAY-17
e reproduced tn praunl foeun withuut prase waitien apprwal of sur Quulity Assurunce Depl

Uresson Plam Mangger

Quanililes per 1w/ Pocknges

Welght t
Puckage Nuiabier Lut Numiber Quantity nom

Gras Ket
12 PRO9I2HTS 22822008 2 s 8 0
612 PKGI992877 22822008 2 oS w08 290
G12-PKO299288) 22872078 2 res 898 90

012 PKG299288 1 nE1008 s :
612 PKG2992882 AN 2 #S #R | 800
1 €112 PKO209287 22822038 3 [T B | s

o Vonguesltizg s

f0 59'@-79%
Lae 2




SRNL-STI-2019-00146
Revision 0

apa° S Inhosiniial gy rusiony e]'tiﬁl{d [I’lS])BCtiOl’l RE[JD]"[ tZert Number Page

SYPOITIESVILLE STRERT SAPAZAMATIY Page 2ul2
S Subes Oreder Nnmher | Custuner Py Cert Crentlon Hute Cort Print Dule
CHESSUNA, I'A Ll M.
1 192 T 1217798 1 IFIRIES A MAY 17 3 MAY 17
s ¥o Co Mu Mg Cr In
Allay
Min Mux hiln Maux Min Mux Mlin Mux Min Max Wlin | Mux Min | Max
G061 040 0 8 am 01s L] nis 080 120 I 0 | 0.3 | I 0
Ti Oibiers Each Others Tanal
Allay
Min L1t Mlia L3I Min Mlas
(] (AR [ 1 0n1s

Comupuislihin Messilts

Thent [ Cunt 5 Fe u Ma My Or / Kn/ T Others Hach  Dihers T otal
3007111 .60 [ELE 0 0 091 pos  om o2 -

Mechunlond Property - Test | lits

Test Ty, -1 | TVE-1 EL A0 g
S (0] Ks1 ] rer
- Bof Ty !
Lol Numiber ol Tesls MIN Vitee | MAX Value MIN Vulue MAX Valng MIN Value MAX Vulue
18120, 1 HS s a2 FTE 147 14

Cerl Nutes
ristlucts e lng bivred with o TaS 1) iempee uls oest Th tomper ropolreaamiy,

VIl steengih T besan determdued by e 2% offsce msiual

ATl Maddals wlags prushoced ul S idustelal baiensions comply with Diceetive 200 08SEU Onels 2 whih e coeepaion of §202 ulluy

In accirlance whth EM 103 foapecting e ifone §ype 30

/ Atetied i the 1A ar " Qualily g Coosiiries” (o defloul b Vefease Federe) Acguisiibon Regalution Supplement (00 A NN Scetbon 125.871.1)
Itumnfuctneed fn the Dt Stutes

PO- 5'9%8:7&{0 ABW TECHNEOI;OBG\EE% gqc
Lwae L w K o

BY'ﬁ G
DATE R
QayiERED — AsTm BT -0\

Akl
P o6\ e

...r(p

A-10



"~ with the terms of the confirmation of order.

Alcoa Europe /
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it POERZRT 11614
s
Siablimento di Fusina ALCOA
Via dell’ Elettronica 31
30176 Malcontenta
Loc. Fusina (Venezia)
Italla
Tel.: 30 041 2017111 INSPECTION CERTIFICATE
Fax 39 041 2017250
EN 10204 3.1
Ordernumber Alcoa 154834003
Date 8/03/16
Certificate number W1l6100108
Shipment doc.ref. 002840
1
T
e
Your order nr |Your oy Your jﬁpnr Quantity Your Art nr
CHARLE 7800-I 6061 Té6 38735 Pounds
Global specification
ALU SHEET 6061 T6 ASTM B209 AMS Mill finish
Dimensions T*W*L 0.0630 x 48.00 x 144.00 Inches
Remarks
Chemical composition 6061
Others
Cast no %Si ¥Fe $Cu $Mn Mg ¥Cr N1 %¥2Zn %TL %¥Bach Total
86040C2 TXP2A |0.68 0.43 0.18 0.069 1.02 0.11 0.0068 0.025 0.017
86040C4 P3A [0.6 0. 37/{1.20 n.os?/o.s'? 0.12 /0.0063 0.020 0.022
/ssoqom X’Xxpu 0.74/ 0.46¥" 0.18+ 0.09471.28 ¥ 0.16 ¥ 0.0070 0.011/0.013/
Limit Min. [0.4 0.15 0.80 0.040 /
Max. |o0.80 0.70 ©0.40 0.15 1.20 0.35 0.25\/ 0.15 u.oso/ 0.15
Mechanical properties
Coil nr: Rm Rp0.2 RS0
Pallet KSI KSI ¥
TKP2A 47 41 14
TXP2A 47 41 14
TXP2A 46 41 13
TXP2A 47 42 13 = = //.-)
i e < ER & BRASS COMPANY
TXP2A 47 41 13 “'_&sn"(o C,{g.“
TXP2A 46 41 13
TXP2A 46 41 14 TO
[PO#. P
TXP2A 46 41 14 -
S - 'SALES ORDER #2091
0968844 LINE #:
Dotz JOMPLETEDBY: _ITH
0969357
TXP3A 48 42 13
I TXP3A 47 42 13
TXP3A 48 42 13
TXP3A 47 42 14
TXP3A 48 42 13
TXP3A 48 42 14

0. 5% w4721
Lwe )2 24

Alcoa Trasformazion] sr — mmmnmm th Missari, 2 - Societd a soclo unico

dirazj dis di Alcoa Inc.

Capitale sociale € 5.000.000 interamenis versalo - C.F., P.IVA e Regiskro imprasa Milano n* 02640570821 ~ R.EAC.QLAA.M!!HM“&!

We hereby certify, that the material dacribedabovehasbeenlubedandempliu

A-11
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Alcoa Europe

Stabllimento di Fusina

Via dell’ Eleltronica 31

30176 Malcontenta

Loc. Fusina (Venezia)

Iall

Tel'fas 041 2817111 INSPECTION CERTIFICATE

Fax: 38 041 2917250

s/ /ALCDA

EN 10204 3.1

Ordernumber Alcoa 154834003
Date 8/03/16
Certificate number W16100108
Shipment doc.ref. 002840
Mill finish
Mechanical properties
Coil nr: Rm Rp0.2 AS0
Pallet KSI KSI ¥
TXP3A 48 42 13
TXP3A 48 42 13
TXP3A 48 42 14
TXP3A 48 42 13
0968936
0969357
0969358
0969359 l/ / /
TxPaAL ag w0 13
TXP4A 46 40 13
TXP4A 46 40 13
TXP4A 46 40 13
TXP4A 46 40 14
TXP4A 46 40 14
TXP4A 46 40 13
TXP4A 46 40 14
TXP4A 46 40 14
TXP4A 46 40 13
0968929
0968931
0968937
Min. 42 as 10
Max. ,///

MATERIAL MELTED AND MANUFACTURED IN ITALY ¥
PRODUCT PRODUCED TO THE REQUIRMENT OF AMS 4027 REV N AND
ASTM B209 ALSO MEET THE REQUIRMENTS OF AMS-QQ-A-250_11

ORIGINAL REVISION DATED 1997-08-01
Approved by
Roberto Signori

Test Laboratory Supervisor

00. AIH-2ub
L,;W, o3 J "‘ ABW TECHNOLOGIES, INC

VIEWE Y.Q.C.
BY

DATE. _3._33 ~\3

Alcoa Trasformazioni srl - Seds legale: 20122 Milano — Plazza Gluseppe Misscri, 2 — Socletd a soclo uni dirazi di Alcoa Inc.
Capilale socisle € 5.000.000 inleramonts versato - C.F., FN&!WWMI‘I’MW'I R.EA.C.CLMWlmn'im133

We hereby certify, that the material described above has been tested and complies
with the terms of the confirmation of order.

A-12



___._.,@__’_7@
SKAM COPPER & BRASS COMPARY
oroos L [ Mamirim,

PO#:
SALES ORDER #
LINE #:_&X

COMPLETEDBY:

<o [1000-]
FFU

Sapa Industrial Exinumions

SRNL-STI-2019-00146

09-26-2017 116575

Revision 0

1550 KIRDBY LANL

/sapa:

Supa lxirusions loc., o Subsidiory of Sapa Al

Tnveles To Crsiamer
ALASKAN COPPER & BRASS COMPANIES INC
3223 6TH AVENLE SOUTH

SPAMISIFORK, LY
4660 1349

SEATTLE, WA -98134

Stilp To Cuslomer
ALASKAN COPPER & HRASS COMPANIES INC
MO TIND AVE S,

KENT, WA - 98032 7388

Hlatement

Certified Inspection Report || conNumbr Pugs
SAPA2116129 tage  lof3
Sale Order Nuber Custumer PIO Cert Creatlun Dute ert Priat Dute
Ling No.
1101287394 21 1014522721 28EP 17 087
Quunily Shipped Dute Shipped e i (
ACC-U-LIN :
: ASTMD221 KEV 14
1061 Li 2385P-17 featruded ACC-U-RUD |y g 00 A-200/8 REV A
0.750 DIA 4/ 00} ASMESHZ2I IV 00
un. Them Mu. SECT 535324 UNSHASG061 RV
008NN SAEHSA HEV
0 103967437 FIN M-MILL Meets 60611651 111, 6061-T6511 REV
] WA 520 155.CS 73 g Sl
Delivery 10 lhen Ni. Rev / 061155111
Marking CONTINUOUS;
4936211
Uuslomerl'srt Na
115368
i et e A Ry ety et
COMIPOSITION NOTE: The vidves for ‘Others Each’ and ‘Others Total’ huve met the luuits as shown on
lis cenilied reporl R ler is Al
Signuture And This

‘¢ hurehy centily th, unless otherwise imlicated, the mpterial covered hr ihits repon b been menulictared, inspecied and
ested in scconbunce with, und has been fuand 1o meet, the Jeseribal hergin, includl
benyspocificotions fomiing o pan of the descripson snd thay m:mla mpm..mmmullm. minternal met the composition widhad
e mechunical propenies shown on the face of this cenification. Also, note that mencury ts mut o nonnal contgminantn
Whuininum alloys wnd neaber it nor oiy of its compountds wie used in the manufeciure of sur prodea. This certilicmionis not w
be reproduced in panial Form without poos wiiien approval of our Qualiny Assumince Deg,

Quunties per .ot/ Pucknges

Puckogs Number lLat Number Quantity [T
(14-PKG1966048 22925640 1 PCS
G4 PKGI970337 22945258 1] PCS
Campasition Limits
a | Fo [ Ma
Allay i RS, ST
Max Mia Max Min Max Mia Max
6061 0.40 080 BEE 015 040 0.15

T

o

Sieven Tanoer 051017
Qualiy Manager
Welght
Groms L
556 | 550
s17 | sn
Mg cr a
T Min Max " Min Moz Min Max
0.8n 1.20 0o 035 - 0.2%



1550 KIRUY LANE

apa:

Sule Meder Numlscr
SPANISH FORK, UL 1 e Mo,
B4660 1349 1287494
m Divers Each (Hhers Townl
Alley
Min Mux Min Murx Min Max
061 nis nns nis
Cumposltion Resubls
[ Weal/ Casi_ 5 ¥e / Cu / Ma / we ] e /| wm ]
517042807 a4 b3s .23 0.06 (114 0.06 nns
Weat / Cas) Fe Tu T My Cr ‘ Zn %
S17000110 ni2 0.1 ons 088 n0a i ooy
Ment § Cust Fe Co Mn hlyg Cr | n
517091203 035 on 0.08 a7 oor ons
Mechanical Property - Tes Lindi
Test urs- . TYS- L.
uo kst L1
Wof Tea
Teal Tempr Wol Tals | MIN Value MAX Yalue MIN Yalus MAX Yalus
| TSt 1025640 7 an 02 il d6b
£ Tes{ ns. 1 V.1,
T 7 o Kt K51
B ol Teal -
Tes| Temper |# Lol Number ¥ ol Tosts MIN Value MAX VYajue MIN Vanlue MAX Value
l Tes1IN 115250 5 48 48 B 4L} il
Cert Nues
Froducts wanulaciuret with s T6511 temper also meet 16 lemper reulremenis.
[Wietd sirengils lius bown determbied by the U.2% offsel meihod

PO. 50 /16
Lwe Y

Supa lodusieinl latiusions

A-14

Certified Inspection Report

Lustauner 1

21 Wi45227.21

n //l Uthirs Each | Otlers Total
002

T Others Eneli | Uftiers Toinl
“002 - .
T Dihers Euch | Others Toml
002 .
EL df-lung
rer
MIN Yalne MAX V¥alue
o s
L A0 Lung
mr
MIN Vulus MAX Valae

150 i7 e

SRNL-STI-2019-00146

Cert Nuaber

SAPA2TIAIZY

Cert Cremilan Dute

!
| 2.5E0-17

Revision 0

Pago
Page 2ol

et Peing Dnte

25T



SRNL-STI-2019-00146
Revision 0

Som Indusinnl Entnusiom Certified Inspection Report / Cert Numbier {Page
sa p a : IRERIMLY. Lo SAPA2TI6IY Page  deld i

Sules Order Numler Custwner 110 Cert Creutlon D Cert Pring Huie
SUANISILFORK. UT

i
i
|

Idne N,
Btnil | 349 102739 u n45227-1 23856010 238k

V/JAl il Balah wllngs peoduced at Sapa 1 Extrush

ply whih Birective 201 S (Rol1S 23 with the sxcepilon of 6262 wllay

i whih BN U2 1 Certifcute Type L1

Multel In ihe USA or Quallfpbg Countrle s deflned i Uefunan Federul Acgulsiinn Regulatiun Suppleusnt (DFARS) Scoliun 215.472-1)
/htnnnﬁd-l‘l in the Unlied Siaten

‘/i&unuhﬂn«ﬂ in the Unliel Siutes

| ABW TECHNOLOGIES, INC
| REVIEWED BY QC.

BY K&M’\
pATE .10 - b-\"7

Ravizwi® T ASTM B-2a2i- 08
TP Lot

V0. 5o%¥RB- =23
Love H

A-15



v/

SRNL-STI-2019-00146
Revision 0

m&ﬁ copps'rég BRASS c’t;a?auv
NEblen DI

s v_mulw'
PO# "Lmﬁf‘h
SALES ORDE !

¥R, .
LINE #: /
COMPLETED 8Y._FFU N

Certificate of Mechanical Properties

sapa:

Customer: ALASKAN COPPER & BRASS-RENT Test Date: 5/20/2017
Description: 3/8 IN ROD l/ Cust Purchase Order #: 10142010
Profile: 000321 CastNum: 5334 Production Order #: 1176505
Customer Part Number: 135334 Sales Order: SO-352417
-
PT/LT Number; 3049418 / Test Number: 170520145539
Alloy/Temper: 6061-T6511 l/
Actual / Min Max
Tensile 446 kpsi 38.00 N/A  kpsi
Yield 41.3 kpsi 35.00 N/A  kpsi
. Elongation 18.0 % / 10.0 N/IA %

_ Note: Elongation Method Used Available on Request
Sapa Pxtrusions. certifies Aluminum Exdrusions are produced and tested in accordance
with"’ASTM-B221-14 and ASTM-B557-15 and meet or exceed minimum requirements

ABW TECHNO[I).OBG\I(E(S). gxc /
R -V'EWE N Manufactured in the U.S.A.
BY ¥am i
pate \Q-2-\-1 i S e /

Dean Brito

/Sjiﬂﬂﬁb T AS™M B3\ -03 Quality Manager

l/ All alloys and cast numbers have been inspected and found to be within Aluminum Association Chemical Composition Limits
(Composition in percent by weight maximum unless shown as a range)

Other Elements

Alloy Silicon Iron Copper Manganese Magnesium Chromium Zinc Titanium  Each Total
6005A 5-.9 .35 3 5 4-.7 3 2 A .05 A5
6061 4-8 By 15- .4 15 8-12 .04-35 .25 .15 .05 .15
6063 2-6 .35 A A 45-.9 A A b .05 15
6082 7-13 .5 A 4-10 6-12 .25 2 A .05 .15
6351 7-13 5 a 4-8 4-.8 .2 2 05 A5
7075 .40 5 1.2-20 .30 21-29 .18-.28 51-6.41 .20 .05 A5
2024 5 5 38-49 30-80 12-18 .10 .25 15 .05 .15

Po. g3-7a1b Live 57

Address: 7933 NE 21st Avenue, P.O. Box 11263, Portland, OR 97211 USA
Telephone: §03-802-3000 Toll Free: 800-547-0790 Fax: 503-802-3052

Website: www.sapagroup.com/us/profiles DOCUMENT NO.: TLF-0103-A-2
A-16



SRNL-STI-2019-00146

Revision 0
ALZSHAM COPPER & BRASS COMPANY
TO: 4 “ 1C
PO#:
SALES OBDER #:
LINE #:
COMPLETEDBY:_FFU
o So0 Industrial Lniusions Certified Inspection Report Cert Number Page
sapa o FHKIROY LANG SAPA26648Y8 Page  1of2
AT N, Sales Order Number e Customer PIO Cert Cevation Date Cert Prina Date
84660-1349 noissss @ | oemse | 22MAYn | 2-MAY-17
Sapa Extrusions Inc , n Subsidinry of Sapa AD 1N B - P
N = b - e e
¥ SKAN Dowbt . ACC-U-LINE ASTMB221 ZEV 14
A ER & BRASS COMPANIES INC m LD 2MAY-17 Extruded ACC-U-ROD | 5 0 A-2008 REV A
3223 6TH AVENUE SOUTI e —— _15.000DIA +/-017 ASMESU221 REV 09
@ P fiem No. SECT S0306 UNSUA96061 REV
141000 INLN SAE}454 REV
= FIN M-MILL
ST WA ek amnn GO3303804 y Tk | cgs |Mocts 6081-TESLIN, 6061-T€S11 REV
Delivery Id Item Na. Rev 606 1/TES 1 IH
Ship To Cusiomer 2 .
ALASKAN COPPER & BRASS COMPANIES INC s [ Markeg CONTINUOLS;
27402 TIND AVE S, &
i CustomerPan Na.
KENT, WA - 98032-7166 s
omicbic Spediicaion, Koviions and Facepi =
POSITION NOTT: The values for ‘Others Esch’ and ‘Others Total’ have met the limils as shown on
it contfied inspect RN
egul Stalement Signature And Tiile

Wi hereby cerify that, unless otherwise indicoted, the malerial covered by (his report has been manufeciured, inspected and
ested in mnluw:mlharu}h:uhwﬂmnﬂlulllﬂ. the herein, includi

anyspecifications forming a pan of the description ind thal samples represenitative of the materisl mﬂsmnim andhod
the mechanical propenics shown on the face of this cenification. Alsu, note thal mercury is nat 8 normal contaminantin
uluminum alloys and neither it nor any of its compounds are used in the monufacture of our product. This certificationis not 1o s'"ﬂ‘ Tanner 21-MAY-17
e neproduced in panial form without prioe writien approvel of our Qualily Assurance Depi. Quality Conirol Manager

Quantiiles per Lot / Packnges

Pockage Number Lot Number Quantity uom
G14-PKG 1926836 22830985 / 4 PCS I 119 il I'!

Camposiiion Limita
8 Fo Cu Ma Mg Cr
Min Maz Min Min Max Min Mux Min Mux Min lux |
6061 0.40 0.80 0is 0.40 - [NF] 0.80 1.20 0.04 035 025 |

A-17




SRNL-STI-2019-00146
Revision 0

Sapn Indusirial Extrusions Certified Inspection Report l/ Cert Rumber Page
sapa: 1550 KIRUY [.ANE APAai Pge  2ufa
i Sebes Order Number Customer MO Cerl Creution Dol Cerl Prini Date
SPANISH FORK, UT Ling Ne.
H4660-1349 1101236455 ] 10142235 47 2-MAY-17 21-MAY-17
T Oihers Euch Others Total
Alloy
Min Max Min Blux Min Mo

4}51 als 0.05 - 0.15

Compusition Heults

| Thewt / Cost Si / Ve Cu M Mg Tl Others Ench  Othiers Total
snmms] 0.74 ] 0.46 X 033 .'/ o 086 003 - -
Hent | Cart £l Fe Cu hin Mz T Oftiers Bauch ~ Others Total
S17081407 ‘ 0.4 } oAy ' 029 0i2 0.90 om -
Mechunbal Property - Test Limits
UTS- 1. TYS L EL #D-Lang
K8t KSI PeT
ol Test - - ™
Test Temper [ Lot Number | Bol Tas MIN Value MAX Vahie MIN Value l MAX Value MIN Valus MAX Value
/mml LIRS qr’ 1 58 A 58 504 504 16.0 I/F 16,0

Cert Notes
I*reducts manufsctured with o TES11 temper ulvo meet T6 Lemper requirements.

¥leld strength has been determined hy the 0.2 % offsct method

Vﬂ!! bl Rinlsh wlioys produced ot Supsa Dadusteisl Extrusions comply with Directive 201 U6SAEU (Hol)5 2) with (he excepUon of 626 slloy
In accordonce with EN 10204 Inspectiun Certificote Type 31

M ehted in the USA or Qualifylng Countrics (ss ibefined In Defense Federal Acquisiion Regulntion Supplement (DFARS) Section 225.872-1)
o IManutucured in the Uniled States

/Mwuf-aum In the Unlted States
i

' ES, INC

R0 Togg b I T
L‘“IM' Q" g:;re \O-2xlb-L7

QED O ASTM B-ID —RB

% Wl-T

A-18
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Revision 0
UT-06-2017 041330
CERTIFIED INSPECTION REPORT Arconic DAVENPORT WORKS 4879 State Street Bettendorf, 1A 52722
Ve barsby Carty Pl i maiens coverd by v casfcats hes oen apocisd W, £0d et bosn found > mest 00 Ship From: RIVERDALE, IA.
v g ey formng 8 part of o daecripton and Tt samplos 3100033 L] .
1ep esartatve o v materfsl met -z snd had the op S1owm on v lece of tha theet Ship Date B.L No Invoice No, Arconic No.
:;.“mumm.nm'“ m ‘hm"'?& 2016-12-23 ‘11509‘] 00000 1000872679=9 DP—??‘?’-’_
o ednes on tvs 3 8 felomy undet sppicable ke P.O. No./Govt Contract No. Customer Arconic Item
/ B 03137417 Lo#: 2 ALASKAN COPPER & B GO41015464R17
wg Undel Sl
Terrance Thom
Page 1 of 2

Ship To: ALASKAN COPPER & BRASS COMPANIES, INC. Item Description

2440 SE RAYMOND ST ~0.25 IN TK (+.015 -0.000) X 72.5 IN W (+.375 =

PORTLAND 97202 OR 0.000) X 144.5 IN LN (+.5 -0.0) CAT D 145223 (W) A/T 6061~
T651 TYPE 200 WROUGHT TOOLING PLATE MILL
PINISH. AMS4027 REV N ANSIR]5.2 REV 2013 EXC_MRK ASME-SB-
209 REV 15 EXC_MRK ASTMB209 REV 14 v
((MARKED) ) KRAFT PAPER INTERLEAVED
HAX GROSS SKID WGT: 4500 LB QUAN TOL +/=-
25 1 CQR D145223 REV 54 CUST REQ 16-12-
19 +#o» W/E 16-12-24 #u¢

Num Package Ticket Lot Weight Quantity uoM Inspector Clock Numbers
1 16021 535662 1584 6 PC 47163 47002
2 316021 535663 1584 6 FC 47163 47002
3 Ji6021 535664 794 3 FC 47163 47002
3962 15

Rotes for CQRy D145223.54
PRODUCT PRODUCED TO THE REQUIREMENTS OF AMS4027 REV N ALSO MEET THE REQUIREMENTS OF AMS-QQ-A-250_11 ORIGINAL REVISIO N DATED
1997-08-01.

CQR: D145223.54 -Specification Limits
uTs TYS EL4D

Tmpr Dir KSI RSI PCT
T651 Long Tranav. Hax
Hin 42,0 35.0 10

Other Other

Chemical Composition SI PFPE CU HMN MG CR Each Total Aluminum
Max 0.8 0.7 0.40 0.15 1.2 0,35 0 25 0 15 0.05 0.15
Alloy 6061 Min 0.40 0.15 0.8 0.04 REMAIN

RO.5o%R-2AL
I,d;\LQ _7

LINE #: _7 ——
COMPLETED 3V FEY

A-19
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Revision 0
CERTIFIED INSPECTION REPORT & AI'OOI“O DAVENPORT WORKS 4879 State Street Bettendorf, I1A 52722

Wo hareby cartly il e by 98 Trapoctsd wit, end Ay bean ound o ol Ship From: RIVERDALE, IA.

e *nmn-ﬁ_ﬂi;—mm:nuudﬁm 0033 9 Mﬂﬂ_
':-’Nm. .hﬂ‘.‘:#huhm wn:hmm h-:nuhm 2016-12-23 'IEG“ 0963 00000 1000872679-9 DP=72679-9
p s P.O. No/Govi Contact No_ Custoaer Azseals Item

03137417 Ln#r 2 ALASKAN COPPER & B GO41015464R17
R, Ulal LR
Rob Woodsl

CQRs D145223.54 -3pecification Limits (conmt.)

Lot: 535662 - Mechanical, Physical, mtluoguphy. auntue‘ ter Results
Ho=-> UTs L4D
Tapr Dir Test KSI “I PCT
T651 Long Transv. 2 48.5 40.7 17.5
48.6 40.9 17.3
Cast Humber Chemical - OES SI FE v M MG CR ZH T Other Bach Other Total
88122011 Actuals 0.66 0.4 0.25 0.05 0.9 0.15 0.04 0.02 < 0,05 < 0.15
Lot 5)566) - Iiechanical., Physical, Hanlloguphy. w-::‘u?ur Results
UTs
Dir !Q!!: RSI KSI PCT
T651 Long Transv. 2 47.8 39.8 17.6
47.6 )9.? /u.? /
Cast Wumber  Chemieal - OES ST /B /S / w8/ 11/ Other Bach Other Tosel
H8122011 Actuals 0.66" 0.4Y 0.25" 0.05 0 9 0.15 0.04 0.02 < 0.05 < 0.15
Lot: 535664 / - Mechanical, Phy-lca!., Metallography, aunntmtu: Rasults
Ho-> '.I'!
Tmpr  Dir Test /
T651 Long Transv. 2 “.l 40. I'I 7

Cast Number Chemical - OBS

Tervencas Them
-7 SETTE S
Page 2 of 2

48.2 ID.Z 17.6

-3¢ PE CU Lo MG CR N TI Other Each Other Total

0.66 0.4 0.25 0.05 0.9 0.15 0.04 0.02 < 0.05 < 0.15

/nuzon Actuals
This material was melted in the United States or a Qualifying Country [REF DPARS 225.872.1(a)); it was manufactured in the United States

PO.5oRR-7UG
LANQ. 7

ABW TECHNOLOGIES, nm_'_—ﬂ

| _
! REVI&WED BY Q.C

A-20
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SRNL-STI-2019-00146

[ l ' Revision 0
; -
NAILEITY D 12151 e
CERTIFICATE Ne: | crwEEDsmciane  (WITIEEGD )
OF ANALYSIS Date:  9/2712011 130 9001/2008 No, 10/4-2011 | .... .E":ﬁﬁ.
s 3 ; " po
CUSTOMER : TW METALS E
G | o, £ ;
OF DELIVERY : 8011
TRUCKICONTAINER : TGHU 4075659 SDEC15 201 B
€351 7651 ALUMINUM PLATES T
ACCEPTE

MATERIAL : ALUMINUM PLATES _
ALLOY : 8ot HEMPER: T651"
OMMENSIONS (mm) 70034751 - .  0.25°X48.6°%X98.6" i

BCCOROING TO X .;Asm B209; AMS 4027N; ANSIH36.2 j ASME 5B209
MECHANICAL PROPERTIES 1 MPa = 1 Nimm2 = 0.145 ksi = 0,102 kgfimm2
1 Ibs = 0.4536 kg uTs Y718 Elong. %|Hardness*
ksl ksl E0mm | HB
min, mat. fmin.  max. min, min.
Specified values:| 43 35 10
LOT | BATCH GASE  INET WEIGHTEs ,. Measured values:
i e - o
oI .| 441365:111367; AR 5 2
S11970090 111379711377 | 21.124.711 483 5§l 20
111359;111357; '
111361;111363

CHEMICAL COMPOSITION %
BATCH | Si Fe | Cu Mn | Mg | Cr NI Zn Ti Ga v al
511070890 | 67 | 030 | o2 | 9%& | ¥V |.wwss’ | e | Dove-[ramer-lr emnzironis | rem,

. ' ReM
REM

g Min. | us 0.16 08 | oo4 REM.
@imax [ 08 | 07 | o4 |oas | 12 | 035 | aos | 025 | 045 | 008 ] 008
e

Remarks: Oihor- Each-Max.: 0.05 | OtlhersTotal-Maw: 0.15

. UC; 85015002 Z .

REMARKS: ‘Melted and manufactured in Romania

ACCORDING TO: ASTM B2t O ;AMS D27TH:2008; ANSI HIS 22090

* Typical vakus, fot lnfarmadnn enly,
W8ty tearedy eoutly Bhat e matertad dotalied hovaon lins been groducad and festod acenadog o the requireinsis of 010 1okivant spaclfication snd/of
tider. Keep In dry condlans, wiliou! larges lemperahunas vardatious. The dillsrencas betwatn melal snd oig wwusd be nizxdm 11 dogrees C.
Fisa wa carty hal the matersl raspects HG 1022 and dncs nal endanger e, hosdth, job 1wzurly [ handied propedy) have no negsive inpact
on the eaviminent.
Accarding 1o EN 10204:2004 3.1

rA0L DEPT. ALRO S.A. Hou 118, Phoast] Streat +{40) 0249 435 117; 024B 432056 slro@ulraro . Q
230048-5(atina-ROMANIA 249 441 48T; 0249 415902 wwwlrosre c&\ﬁ
cod M/PO-0511ev.2/2011 A
. R NS~ORANGEBURBL. ... o - %
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Appendix B. Orientation Planes of Coupon Shapes
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Appendix C. Experimental Dissolution Data

Revision 0

Table C-1. Experiment 141 End Cap Lifting Bail Straight Section (EC-C) Dissolution Data

Dissolution Time | Mass Dissolved Al Length Mid Diameter |Surface Area Mass/SA
(min) (4] (1)) (mm) (mm) (em?) (g/cm’)
0 4.218 0.00 12.36 12.67 7.44 0.567
10.00 4.166 0.01 12.31 12.63 7.39 0.564
25.00 4.095 0.03 12.26 12.56 7.32 0.560
41.00 4.024 0.05 12.15 12.49 7.22 0.558
52.00 3.974 0.06 12.09 12.46 7.17 0.554
75.50 3.878 0.08 11.99 12.35 7.05 0.550
94.50 3.798 0.10 11.93 12.31 6.99 0.543
111.00 3.733 0.12 11.81 12.24 6.89 0.541
129.00 3.663 0.14 11.72 12.18 6.81 0.537

Table C-2. Experiment 149 HFIR Fuel Outer Carrier Lifting Bail Straight Section (HF-1)

Dissolution Data
Dissolution Time | Mass Dissolved Al Length Mid Diameter |Surface Area Mass/SA

(min) ® (1)) (mm) (mm) (em?) (g/cm’)

0 9.011 0.00 16.93 15.88 12.40 0.726
10.50 8.923 0.02 16.86 15.83 12.32 0.724
25.50 8.793 0.05 16.76 15.76 12.20 0.721
40.50 8.673 0.08 16.72 15.71 12.13 0.715
55.50 8.539 0.12 16.60 15.65 12.01 0.711
70.50 8.421 0.15 16.56 15.59 11.93 0.706
86.50 8.292 0.18 16.44 15.52 11.80 0.703
101.50 8.165 0.21 16.36 15.44 11.68 0.699
116.50 8.045 0.24 16.28 15.38 11.58 0.695

Table C-3. Experiment 151 HFIR Fuel Outer Carrier Lifting Bail Support Bar (HF-3) Dissolution

Data
Dissolution Time Mass Dissolved Al Length Mid Diameter |Surface Area Mass/SA

(min) (2 ™M) (mm) (mm) (cm?) (g/cm?)

0 12.422 0.00 16.16 19.08 15.40 0.807
10.00 12.315 0.03 16.12 19.04 15.34 0.803
25.00 12.173 0.06 16.05 18.99 15.24 0.799
40.00 12.038 0.09 15.97 18.93 15.13 0.796
55.00 11.904 0.13 15.90 18.88 15.03 0.792
70.00 11.771 0.16 15.87 18.83 14.95 0.787
85.00 11.648 0.19 15.78 18.77 14.84 0.785
100.00 11.516 0.22 15.69 18.73 14.74 0.781
115.00 11.390 0.25 15.61 18.67 14.63 0.778

C-1
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Table C-4. Experiment 142 L-Bundle End Cap Lifting Bail Bent Section (EC-F) Dissolution Data

Large [Parameters of Quadratic Fit

. . . Circular| Middle A Surface
Dlss?lutlon Mass DlssmvedLengthDiameterDiameterE!llptlcal of Dx Area [Mass/SA
Time Al Diameter
Dc) (Dm) (Dv) a b c (SA)
(min) | (® | M |(mm)| (mm) | (mm) | (mm) = — — | (em?) | (g/em?)

0 4.618 0.00 |12.36| 12.68 | 12.77 | 1640 | 0.0463 |-0.2718] 12.68 | 8.08 | 0.571

10.50 14.551) 0.02 [1236| 1243 | 12.79 | 1647 | 0.0435 |-0.2104] 12.43 | 8.00 | 0.569

2550 4461 0.04 [1230| 1246 | 12.74 | 16.02 | 0.0397 |-0.1984| 1246 | 7.90 | 0.564

41.00 4370 0.06 [12.34| 12.66 | 12.79 | 16.14 | 0.0423 |-0.2399| 12.66 | 8.03 | 0.544

62.75 14.244) 0.09 [12.26| 12.67 | 12.74 | 15.79 | 0.0397 |-0.2316| 12.67 | 7.93 | 0.535

7775 14.158 0.1 [12.17| 12.54 | 12.68 | 15.55 | 0.0369 |-0.2013] 12.54 | 7.79 | 0.534

9325 14.080, 0.13 [12.19| 1241 | 1247 | 15.60 | 0.0413 |-0.242| 12.41 | 7.70 | 0.530

108.25 4.002] 0.15 |11.95] 1230 | 1233 | 1533 | 0.0416 |-0.2435| 12.30 | 7.48 | 0.535

12425 3.920, 0.17 |11.95] 12.18 | 12.16 | 15.32 | 0.0445 |-0.2695| 12.18 | 7.39 | 0.530

139.08 3.840, 0.19 |11.86] 12.09 | 12.04 | 14.69 | 0.0384 |-0.2361] 12.09 | 7.20 | 0.534

15392 3.760, 0.21 |11.60] 1233 | 11.95 | 15.08 | 0.0522 |-0.3681] 12.33 | 7.22 | 0.521

Table C-5. Experiment 150 HFIR Fuel Outer Carrier Lifting Bail Bent Section (HF-2) Dissolution

Data
‘ ‘ ‘ Circular| Middle L.arge Parameters of Quadratic Fit
Dissolution Dissolved . . Elliptical of D« Surface
. Mass LengthDiameterDiameter] . Mass/SA
Time Al (Dc) (D) Diameter] a b Area
C M (DL) Cc
(min) | (g | M) |(mm)| (mm) | (mm) | (mm) - - — | (em?) | (g/em’)

0 8.696| 0.00 |16.36| 15.71 15.72 16.12 |2.91E-03|-2.26E-02|1.57E+01] 12.04 | 0.722
10.00 |8.606] 0.02 |16.29 | 15.75 15.70 16.39 |5.58E-03|-5.16E-02|1.58E+01] 12.07 | 0.713
25.00 |8.489| 0.05 |16.30| 15.78 15.78 16.32 |4.07E-03|-3.31E-02|1.58E+01] 12.11 | 0.701
40.00 [8.367| 0.08 |16.20 | 15.58 15.50 16.22 |6.10E-03|-5.93E-02|1.56E+01 11.85 | 0.706
60.00 |6.813] 0.46 |14.94| 14.83 14.82 14.86 |4.48E-04|-4.69E-03|1.48E+01| 10.42 | 0.654
70.00 ]6.753| 0.48 | 14.86 | 14.70 14.68 14.76 |9.06E-04-9.42E-03|1.47E+01| 10.26 | 0.658
85.00 16.668] 0.50 | 14.85| 14.68 14.61 14.79 |2.27E-03|-2.63E-02|1.47E+01] 10.23 | 0.652
100.00 16.579| 0.52 | 14.68 | 14.68 14.54 14.71 |2.88E-03|-4.02E-02|1.47E+01| 10.12 | 0.650
115.00 16.491| 0.54 | 14.64| 14.60 14.64 14.50 |-1.68E-03| 1.78E-02 [1.46E+01] 10.06 | 0.645
130.00 16.403] 0.57 |14.61 | 14.58 14.55 14.57 |4.69E-04|-7.53E-03]1.46E+01 10.02 | 0.639
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Table C-6. Experiment 143 L-Bundle End Cap Top Plate with Weld (EC-D) Dissolution Data

Diss-
olution
Time

Mass

Diss-
olved
Al

Wi

W2

Wi

Wiy

D1

D

Ds

DD: | DD:

DDs

Surface
Area

Mass/SA

(min)

(g

M)

(mm) (mm)|(mm)

(mm)

(mm)

(mm)

(mm)

(mm)

(mm)

(mm)

(cm®)

(g/cm?)

0

6.189

0.00

18.41

18.69

18.44

18.69

9.39

7.22

7.18

6.60 | 6.60

6.60

12.05

0.514

11.00

6.068

0.03

18.32

18.63

184

18.69

9.09

7.29

6.98

6.54 | 6.52

6.52

11.92

0.509

26.00

5913

0.07

18.25

18.53

18.33

18.57

9.17

7.16

6.91

6.44 | 6.44

6.45

11.79

0.502

41.00

5.759

0.11

18.16

18.46

18.23

18.45

9.06

7.14

6.88

6.35 | 6.35

6.35

11.62

0.496

56.50

5.602

0.14

18.09

18.43

18.17

18.57

8.77

7.06

6.72

6.29 | 6.29

6.29

11.54

0.485

71.50

5453

0.18

18.03

18.39

18.04

18.39

8.48

7.03

6.28

6.21 | 6.21

6.21

11.37

0.480

87.00

5.300

0.22

17.94

18.22

18.06

18.29

8.76

7.04

6.24

6.13 | 6.14

6.13

11.26

0471

102.00

5.154

0.26

17.9

18.1

17.95

18.15

8.67

6.94

6.03

6.06 | 6.06

6.07

11.11

0.464

117.50

5.007

0.29

17.81

18.04

17.85

18.04

8.37

6.69

5.98

592 | 58

6.03

10.90

0.459

Table C-7. Experiment 143 L-Bundle End Cap Top Plate with Weld: Depth Change Rates

Depth .
Depth Change Low High
LS Depth Depth
Depth | Change | Variability
(mm/min) (2%c) Change Change
. (mm/min) | (mm/min)
(mm/min)
D1 -0.00749 | 0.00260 | -0.01009 | -0.00489
DDI1 | -0.00549 | 0.000318 | -0.00581 | -0.00517
D2 | -0.00395 | 0.001278 | -0.00523 | -0.00267
DD2 | -0.00594 | 0.00092 | -0.00686 | -0.00502
D3 -0.00703 | 0.00262 | -0.00965 | -0.00441
DD3 | -0.00492 | 0.000346 | -0.00527 | -0.00457
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Table C-8. Experiment 145 Al-6061-T6 Plate (G-2) Dissolution Data
Dis- Dis- Surface
solution | Mass | solved Wi W2 W3 W4 D D2 Ds Mass/SA|
Time Al Area
(min) (® (M) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (cm?) | (g/cm?)
0 3524 | 0.00 | 1141|1822 1141 |18.17| 638 | 638 | 638 | 7.93 | 0444
11.00 | 3458 | 0.02 | 1131 | 18.11 | 1131|1823 | 635 | 635 | 635 | 7.85 | 0440
2850 | 3340 | 0.05 | 1126|1798 | 11.25|18.09| 6.25 | 625 | 625 | 7.72 | 0433
4350 | 3238 | 0.07 | 11.18]17.84 |11.16 | 1798 | 6.19 | 6.19 | 6.19 | 7.60 | 0426
5850 | 3.138 | 0.10 | 11.09 |17.74 | 11.09 | 17.88| 6.12 | 6.12 | 6.12 | 749 | 0419
70.50 | 2.030 | 0.37 9.58 | 1585 | 9.66 | 1578 | 54 5.59 | 5.17 | 5.78 | 0.351
77.50 | 2.009 | 0.37 9.61 | 1578 | 9.64 | 16.07 | 5.59 | 561 | 524 | 587 | 0.342
88.00 | 1.967 | 0.38 95 | 1572 944 | 16.04| 4.9 5.55 | 543 | 5.69 | 0.346
104.50 | 1.561 0.48 8.84 | 1525 | 885 | 1494 | 493 | 523 | 503 | 5.09 | 0.306
119.50 | 1.519 | 0.50 8.85 | 1499 | 886 | 1523 | 460 | 5.19 | 482 | 5.01 | 0.303
13450 | 1469 | 0.51 8.78 | 14.68 | 8.69 | 15.05| 5.00 | 5.10 | 4.77 | 494 | 0.298
149.50 | 1.009 | 0.62 6.96 | 13.59 | 756 | 13.78 | 431 | 458 | 417 | 3.81 | 0.265
164.50 | 0.976 | 0.63 741 | 13.09 | 733 | 13.73 | 431 | 450 | 426 | 3.79 | 0.258
Table C-9. Experiment 144 L-Bundle End Cap Sidewall (EC-E) Dissolution Data
Dls,i,(;::zmn Mass |Dissolved Al L \W4 D Surface Area Mass/SA
(min) (2 (1)) (mm) | (mm) | (mm) (em?) (g/cm?)
0 1.434 0.00 18.72 | 18.85 | 1.58 8.24 0.174
4.50 0 0.35 18.72 | 18.85 | 1.58 8.24 0

Table C-10. Experiment 152 HFIR Fuel Outer Carrier Lifting Bail Support Band (HF-4)
Dissolution Data

Dls;(;111111210n Mass  [Dissolved Al L \%% D Surface Area Mass/SA
(min) (2 ™M) (mm) | (mm) | (mm) (cm?) (g/cm?)
0 3.282 0.00 19.98 9.81 6.30 7.67 0.428
10.00 3.230 0.01 19.93 9.75 6.24 7.59 0.426
20.00 2.029 0.31 18.66 8.18 5.74 6.13 0.331
30.00 1.991 0.32 18.65 8.13 5.69 6.08 0.327
45.00 1.935 0.33 18.59 8.01 5.65 5.98 0.323
60.00 1.884 0.35 18.35 7.89 5.56 5.81 0.324
75.00 1.833 0.36 18.36 7.87 5.51 5.78 0.317
90.00 1.786 0.37 18.35 7.82 548 5.73 0.311
105.00 1.739 0.38 18.33 7.68 5.36 5.60 0.310
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Table C-11. Experiment 153 HFIR Fuel Outer Carrier Sidewall Near Support Band (HF-5)
Dissolution Data

Dls;(;ll:zlon Mass  [Dissolved Al L \%% D Surface Area Mass/SA
(min) (2 ™M) (mm) | (mm) | (mm) (cm?) (g/cm?)
0 0.847 0.00 20.19 9.92 1.61 4.97 0.170
3.00 0.832 0.00 20.14 991 1.59 4.94 0.168
8.00 0.811 0.01 20.06 9.87 1.58 4.90 0.165
14.00 0.792 0.01 20.05 9.84 1.54 4.87 0.163
24.00 0.756 0.02 20.03 9.77 1.49 4.80 0.157
40.00 0.706 0.03 19.90 9.67 1.42 4.69 0.151
55.00 0.656 0.05 19.79 9.58 1.35 4.58 0.143
70.00 0.611 0.06 19.69 9.49 1.29 4.49 0.136
85.00 0.564 0.07 19.61 9.39 1.21 4.38 0.129
100.00 0.522 0.08 19.54 9.31 1.14 4.30 0.122
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Table C-12. Experiment 97 — Al-1100 Dissolution Data Calculated from Offgas Generation

Measurements
DlSS(?lllthll Mass Dissolved Al | Mass/SA

Time

(min) @ ™) (g/em?)
2.28 5.94 0.04 1.20
247 5.87 0.06 1.19
2.67 5.79 0.08 1.17
2.85 5.72 0.10 1.16
3.03 5.62 0.13 1.14
3.23 5.53 0.16 1.12
342 5.46 0.18 1.10
3.60 5.40 0.20 1.09
3.80 5.34 0.21 1.08
3.98 5.29 0.23 1.07
4.17 523 0.25 1.06
4.37 5.16 0.26 1.04
4.55 5.10 0.28 1.03
4.73 5.03 0.30 1.02
493 497 0.32 1.01
5.12 4.92 0.34 0.99
5.32 4.84 0.36 0.98
5.50 4.78 0.38 0.97
5.68 4.73 0.39 0.96
5.88 4.69 0.41 0.95
6.07 4.64 0.42 0.94
6.27 4.59 043 0.93
6.45 4.55 0.45 0.92
6.63 4.49 0.46 091
6.83 4.42 0.48 0.89
7.02 4.37 0.50 0.88
722 4.32 0.51 0.87
7.40 4.26 0.53 0.86
7.60 4.20 0.55 0.85
7.78 4.16 0.56 0.84
7.98 4.10 0.58 0.83

Table C-13. Experiment 155 Al-6063 Coupon Dissolution Data

Dissolution Time Mass | Dissolved Al L w D Surface Area (SA) Mass/SA

(min) (2 M) (mm) | (mm) | (mm) (em?) (g/cm?)

0 2.298 0.00 16.00 | 19.03 | 2.89 8.11 0.283

1 1.703 0.15 15.20 | 1820 | 2.72 7.35 0.232

2 1.396 0.22 14.70 | 17.73 | 2.61 691 0.202

3.5 1.007 0.31 13.88 | 16.85| 2.2 6.03 0.167

5.5 0.801 0.37 13.16 | 16.35 | 2.08 5.53 0.145

7.50 0.488 0.44 11.71 1525 | 1.62 445 0.110
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Table C-14. Experiment 154 Partial Dissolution Data
Coupon Dis;(::llzion Mass Dissolved Al L w D Surface Area

- (min) (® ™) (mm) | (mm) | (mm) (em?)
Al-6061-007 0 7.481 0.00 50.74%* 18.84 2.97 4.92
Al-6061-007 5 6.325 0.29 49.47* 18.18 2.64 4.65
Al-6061-008 0 7.536 0.29 50.64%* 18.87 2.98 4.93
Al-6061-008 7 6.761 0.48 49.82% 18.60 2.74 4.78
Al-1100-101 0 7.299 0.48 50.73* 18.77 2.90 4.88
Al-1100-101 5 6.432 0.69 50.42% 18.40 2.63 4.69
Al-1100-102 0 7.403 0.69 50.71%* 18.78 2.94 4.90
Al-1100-102 5.17 6.427 0.93 50.20%* 18.50 2.63 4.71
EC-E-0306 0 1.439 0.93 18.72 18.75 1.56 8.19
EC-E-0306 2 1.243 0.98 18.66 18.68 1.48 8.07
EC-E-113 0 1.409 0.98 18.79 18.53 1.57 8.14
EC-E-113 2 1.278 1.01 18.31 18.68 1.52 7.97

*Full length but only 10 mm immersed into solution. Surface area is only for immersed section.

C-7



Distribution:

alex.cozzi@sml.doe.gov
kristine.zeigler@srnl.doe.gov
josesph.manna@sml.doe.gov
samuel.fink@srnl.doe.gov
bruce.wiersma@srml.doe.gov
john.mickalonis@sml.doe.gov
gene.daniel@sml.doe.gov
tracy.rudisill@srnl.doe.gov
jonathan.duffey@sml.doe.gov
marissa.reigel@sml.doe.gov
thomas.shehee@sml.doe.gov
john.scogin@srnl.doe.gov
robert.pierce@srnl.doe.gov
eddie.kyser@sml.doe.gov
nicholas.karay@srnl.doe.gov
harris.eldridge@srnl.doe.gov
gregg.morgan@sml.doe.gov
kenneth.burrows(@srs.gov
timothy .tice@srs.gov
steven.brown(@srs.gov
brett.clinton@srs.gov
james.therrell@srs.gov
kenneth.burrows(@srs.gov
bill.clifton@srs.gov
tara.smith@srl.doe.gov
matthew.brantley(@srs.gov
hayley.williams@srs.gov
sara.shirley@srs.gov
jaclyn.fitzpatrick@srs.gov
nina.smith@srs.gov
kevin.usher@srs.gov
richard.bums(@srs.gov

Records Administration (EDWS)



	_SRNS contract no. and disclaimer
	SRNL-STI-2019-00146



