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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 HNO3 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/cm2/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/cm2/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/cm2/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 H2 generation.1,2 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 H2 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)).3 ,4 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).  

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

(End Cap)

(Tube)

(A) (B)
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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)).5,6 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 

(A)

(A)

(B)

(B)
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this work, it was noted that certain areas of the End Caps were more difficult to dissolve.7 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.1,2 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, 

(B)(A)
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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)

1

2

3
5

4

F

C

D

E

(B)(A)

(A)

(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*

L Bundle End Cap

Straight section of lifting bail EC - C Cross section

Welded upper plate EC - D Longitudinal 
without weld

Sidewall EC - E Planar
Bent section of lifting bail EC - F Cross section

HFIR Carrier

Straight section of lifting bail HF-1 Longitudinal
Bent section of lifting bail HF-2 Cross section
Support bar for lifting bail HF-3 Longitudinal
Support band HF-4 Longitudinal
Sidewall HF-5 Planar

*Orientation 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 94) 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.8

Hardness measurements were performed on the Rockwell B and 15t (superficial) scales following the 
guidance in ASTM International test method E18-17.9 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 

Page 5
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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-μm 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. 10 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). 

2 2
2

2

D 1SA (cm ) = D  + 2
2 100RC

mm cmmm L mm
mm (1)

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).

2 2
2

2

D 1SA (cm ) = 
2 100

C
C

mm cm
mm (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.

Figure 2-4. Dimensions of elliptical end

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

2
2

2

D D 1SA (cm ) = 
2 2 100

C L
E

mm mm cm
mm (3)

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 (DM), and at 
x=L equal to the large diameter (DL) 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).

2D (mm) =x a x b x c (4) 

The surface area of the curved length (SACL) was calculated using the integral represented by equation 
(5).

2
2

2
0

1(cm ) =
100

L

CL x
cmSA D mm dx
mm (5) 

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

2 2
2 2 3 2

2 2
0

1 1(cm ) =
100 100 3 2

L

CL
cm cm a bSA a x b x c dx L L c L
mm mm  (6) 

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

2(cm ) =CE C E CLSA SA SA SA (7) 

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 (DD1,
DD2, DD3), and depths measured at the triangular or weld end (D1, D2, and D3) (Figure 2-5). 
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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 (SAPW) was calculated using equation (8).

2
2 1 3 1 2 32 4

1 2 3 4 1 1 22

1
(cm ) = 2 0.5

100 2 2 3PW

W W DD DD DDW Wcm
SA W W W W D DD W

mm  (8) 

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). 

Figure 2-6. Dimensions of rectangular slab

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

2
2

2

1
(cm ) = 2

100R

cm
SA L W W D L D

mm (9) 

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).

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).

2
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* 1 2 3 42

1
(cm ) = 2

100 2 2 3R

W W D D DW Wcm
SA W W W W

mm (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
--- --- (g) (mm) (mm) (cm2)
141 EC-C1 Bottom 4.218 12.36 12.67 7.44
149 HF-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

Exp. 
No.

Coupon 
ID Mass Length

Circular 
Diameter 

(DC) 

Middle 
Diameter

(DM) 

Large 
Elliptical 
Diameter 

(DL)

Parameters of Quadratic Fit of Dx

Surface 
Areaa b c 

--- --- (g) (mm) (mm) (mm) (mm) --- --- --- (cm2)
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 2.91E-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
--- --- (g) (mm) (mm) (mm) (cm2)
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 W1 W2 W3 W4 D1 D2 D3 DD1 DD2 DD3 Surface Area
--- --- (g) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (cm2)
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.

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 HNO3 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/cm2/min with 
a standard deviation of 7.04E-06 and an R2 equal to 0.994. 
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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/
cm2/min with a standard deviation of 7.00E-06 and an R2 equal to 0.995.
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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/cm2/min with a 
standard deviation of 7.14E-06 and an R2 equal to 0.994. 
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Figure 3-3. Experiment 151 – HFIR fuel outer carrier lifting bail support bar (HF-3) dissolution 
data
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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/cm2/min with a standard deviation of 4.78E-05 and an R2 equal to 0.811.  

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/cm2/min with a standard deviation of 8.85E-05 and an R2 equal to 0.881. 
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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/cm2/min with a standard deviation of 1.09E-05 and an R2 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.
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Figure 3-6. Experiment 143 – L-Bundle End Cap top plate with weld (EC-D) dissolution data

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/cm2/min with a standard deviation of 9.58E-05 and an R2 equal to 0.941.
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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/cm2/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/cm2/min) estimated from previous work1,2 (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.
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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/cm2/min with a standard deviation of 2.58E-05 and an R2 equal to 0.949.
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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/cm2/min with a standard deviation of 4.89E-06 and an R2 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. 
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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/cm2/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/cm2/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.1,2

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.1,2 Using the offgas data from a prior dissolution of an Al-1100 coupon 
(Experiment 97) in boiling 7 M HNO3 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 cm2 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.1 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/cm2/min with a standard deviation of 8.93E-04 and an 
R2 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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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/cm2/min
with a standard deviation of 2.78E-03 with an R2 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/cm2/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.2 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.

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,11 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 governing ASTM 
standards for Al-6061 and Al-6063 include B221-14 for extruded products,8 B209-14 for sheet and plate 
products (Al-6063 is not included in this standard),12 and B241/B241M-16 for seamless pipe.13 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 Mg2Si particles, similar to the Al-6063 coupon 
used in this testing. The amount and location of the Mg2Si particles, a prevalent intermetallic in Al-6061, 
are a function of the type and degree of thermal treatment applied to the product;14 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-6063.12,8 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/ 
Standard

Composition (wt. %)
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 60.15 For wrought Al
products, Rockwell B hardness can range between 91-28.16 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.17,18 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.19 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

Coupon Section*
Average Hardness** Grain 

Size∞

Second-Phase Particles

RB R15t Count (#) Area 
(μm2)

Area/Particle 
(μm2/#)

G L ND 80.1 ± 0.5 7 335 ± 44 462 ± 62 1.4 ± 0.1
EC – C C ND 56.2 ± 3.6 ND 822 ± 128 559 ± 55 0.7 ± 0.1

L 55.9 ± 0.4
EC – D L ND 57.1 ± 0.3 5.4 599 ± 39 568 ± 81 0.9 ± 0.1 
EC – E L ND 75.5 ± 0.3 3.3 92 ± 18 225 ± 28 2.5 ± 0.4
EC – F C 65.7 ± 4.5

L ND 59 ± 4.1 ND 832 ± 64 526 ± 58 0.6 ± 0.1

HF-1 L 56.5 ± 0.8 77.9 ± 0.3 ND 265 ± 44 493 ± 45 1.9 ± 0.2 
C 46.6 ± 3.5 75.8 ± 1.1

HF-2 L 52.3 ± 0.6 76.5 ± 0.2 4.9 422 ± 53 386 ± 111 0.9 ± 0.3
C 53.3 ± 2.6 78 ± 0.9

HF-3 L 52.8 ± 0.1 76.6 ± 0.1 2.7 163 ± 45 370 ± 49 2.3 ± 0.6
C 55.5 ± 1.9 78.7 ± 0.6

HF-4 L ND 65.9 ± 2.8 ND 380 ± 12 659 ± 101 1.7 ± 0.3
C 61.6 ± 2.6

HF-5 L ND 70.3 ± 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
∞ For only one person making the measurements, the relative accuracy of these measured values is within ± 0.1
× Grain Size per ASTM Standard Test Method E-11210

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 Al-6061, the primary intermetallic particles are Al3Fe (several variants exist including those with Si or 
one of the other minor constituents such as Cu and Cr) and Mg2Si. In the End Cap sidewall, which had the 
highest dissolution rate, the particles were mostly variants of Al3Fe, 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 Al3Fe and the darker particles are Mg2Si (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)

(A) (B)

(C) (D)

(E) (F)
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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.

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 Al3Fe 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 μm/# 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 μm2). An area/particle ratio was also calculated based on these values. The End Cap sidewall also 
had the highest area/particle ratio (2.5 μm2/particle) of all the measured components. These data indicate 

(A) (B)

(C)
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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 Al3Fe and its variants with few Mg2Si 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(μm2) Area/Particle (μm2/#)
113 #1 Center 105 ± 18 242.5 ± 29 2.4 ± 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 ± 0.2
113 #2 Edge 255.5 ± 119.5 650 ± 202 2.6 ± 0.4
0306 Center 72 ± 7.1 274 ± 23 3.8 ± 0.1
0306 Edge 70.5 ± 9.2 324 ± 78 4.6 ± 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., Al3Fe and Mg2Si) 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 μm2/#. 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 μm2, and an 
area/particle ratio of 2.3 μm2/#. 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 Mg2Si particles in the HFIR 
component. Attempts were made to isolate and count these particles separately from Al3Fe, 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 
μm2 for Al-1100 and 210 and 390 μm2 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 μm), 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,
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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 Al3Fe
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 of the 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.20 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 Cl- solution, the corrosion potential for Al measured -0.679 V (SCE) while Al3Fe and 
Mg2Si had corrosion potentials of -0.493 and -1.355 V (SCE), respectively.20 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 Al3Fe 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 NO3

- reduction, H+ reduction, and Hg2+ reduction. 
The Mg2Si 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 Mg2Si particles on the surfaces of partially dissolved 
coupons supports the preferential dissolution hypothesis. 

In a process described by Rice11, 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 Al3Fe particles in the Al-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 Al3Fe 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 Al3Fe 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.21 Based on this observation, 
another hypothesis associated with the Al3Fe 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 Al3Fe 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.

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.

Fe-rich particle

Matrix dissolution

(A) (B)
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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.

Figure 3-20. SEM micrographs (backscattered (A) and secondary electron (B)) of the partially 
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 Mg2Si 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 

(A) (B)

(A) (B)
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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 Mg2Si 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
Mg2Si particles at the surface circumstantially supports the anodic nature of these particles. Additionally,
Mg2Si 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.
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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.

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.21 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. 

(A) (B) Subsurface dissolutionSubsurface dissolution
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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,1,2,21,22 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 Al3Fe. 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 Al3Fe. In both 
cases the occurrence of Mg2Si was intermittent. The components fabricated from Al-6061 have both Al3Fe
and Mg2Si 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 Al3Fe is cathodic to the Al matrix, while Mg2Si 
is anodic, so Mg2Si particles would dissolve preferentially, while Al3Fe would not.17 All the partially 
dissolved coupons that were examined showed a minimal number or no Mg2Si at the surface. The Al3Fe
particles were abundant on a partially dissolved surface. Cross-sectional analysis of these surfaces showed 
preferential dissolution of the Al matrix around these Al3Fe 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/cm2/min with a pooled 
standard deviation of 4.4E-05) than Al-1100 (-6.4E-02 g/cm2/min with a standard deviation of 
8.9E-04) and Al-6063 (-2.1E-02 g/cm2/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/cm2/min with a pooled standard deviation of 3.1E-05), except for the Al-6063 sidewall 
(-3.9E-02 g/cm2/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 studies1,2,21,22 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. O'Rourke, 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).



SRNL-STI-2019-00146
Revision 0

Page 39

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

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

5. 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).

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

7. 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).

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

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

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

11. 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).

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

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

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

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

16. 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 International, Conshohocken, PA (2012).

17. 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).

18. 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).

19. 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)>.

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

21. 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).

22. 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).



SR
N

L-
ST

I-2
01

9-
00

14
6

R
ev

isi
on

0

A
-1

A
pp

en
di

x
A

.
L

-B
un

dl
e 

an
d 

H
FI

R
 F

ue
l C

ar
ri

er
 C

om
po

ne
nt

sa
nd

A
l-6

06
1

an
d 

A
l-6

06
3

C
om

po
sit

io
ns

H
FI

R
 C

ar
ri

er
C

om
po

ne
nt

L
ot

 #
*

A
lP

ro
du

ct
Fo

rm
 a

nd
 T

em
pe

r
C

om
po

si
tio

n 
(w

t %
)

Si
Fe

C
u

M
n

M
g

Si
/M

g
C

r
Zn

O
ut

er
 B

ai
l

22
83

93
11

1.
25

"
Ex

tru
de

d 
R

od
, T

65
11

0.
67

0.
38

0.
26

0.
06

0.
9

0.
74

0.
06

0.
06

O
ut

er
 B

ai
l

22
85

05
50

5/
8"

 E
xt

ru
de

d 
R

od
 T

65
11

0.
75

0.
36

0.
31

0.
06

0.
85

0.
88

0.
05

0.
06

O
ut

er
 B

ai
l

22
95

21
44

5/
8"

 E
xt

ru
de

d 
R

od
 T

65
11

0.
73

0.
35

0.
22

0.
07

0.
87

0.
84

0.
05

0.
06

O
ut

er
 In

te
rio

r C
an

 
St

op
22

82
20

38
10

" 
Ex

tru
de

d 
Sc

h 
80

 S
ea

m
le

ss
 

Pi
pe

, T
6

0.
69

0.
25

0.
21

0.
04

0.
91

0.
76

0.
06

0.
02

O
ut

er
 C

an
 sh

el
l, 

ba
se

, b
as

e 
sk

irt
**

86
04

0A
4

0.
06

3"
 R

ol
le

d 
Sh

ee
t T

6
0.

74
0.

46
0.

18
0.

09
4

1.
18

0.
63

0.
35

0.
02

O
ut

er
 B

ai
l m

ou
nt

22
94

52
58

0.
75

" 
Ex

tru
de

d 
R

od
, T

65
11

0.
74

0.
35

0.
23

0.
06

0.
85

0.
87

0.
06

0.
05

In
ne

r B
ai

l 
30

49
41

8
3/

8"
 E

xt
ru

de
d 

R
od

, T
65

11
In

ne
r I

nt
 C

an
 S

to
p

22
83

09
85

5"
 E

xt
ru

de
d 

Pi
pe

, T
65

11
0.

74
0.

46
0.

33
0.

11
0.

86
0.

86
0.

15
0.

08
In

ne
r B

as
e

53
56

64
0.

25
" 

ro
lle

d 
pl

at
e 

T6
51

0.
66

0.
4

0.
25

0.
05

0.
9

0.
73

0.
15

0.
04

*C
om

po
si

tio
ns

 o
bt

ai
ne

d 
fro

m
 c

er
tif

ie
d 

m
at

er
ia

l t
es

t r
ep

or
ts

 a
ss

oc
ia

te
d 

w
ith

 P
O

# 
50

88
72

16
.

**
Th

es
e 

co
m

po
ne

nt
s a

re
 re

fe
rr

ed
 to

 th
ro

ug
ho

ut
 th

e 
re

po
rt 

as
 si

de
w

al
l.

L
-B

un
dl

e 
A

ss
em

bl
y

C
om

po
ne

nt
L

ot
 #

A
lP

ro
du

ct
Fo

rm
 a

nd
 T

em
pe

r
C

om
po

si
tio

n 
(w

t %
)

Si
Fe

C
u

M
n

M
g

Si
/M

g
C

r
Zn

En
d 

ca
p 

si
de

w
al

l
21

22
93

84
5"

O
D

Ex
tru

de
d

Tu
be

, T
6,

0.
05

2”
 w

al
l

0.
46

0.
15

0.
03

0.
01

0.
53

0.
87

0.
01

0.
01

En
d 

ca
p 

to
p 

pl
at

e
70

04
47

51
0.

25
" R

ol
le

d 
Pl

at
e4

,T
65

1
0.

7
0.

3
0.

25
0.

08
1.

07
0.

65
0.

06
0.

01
En

d 
ca

p 
ba

ili
ng

 b
ar

20
86

26
95

0.
5"

 E
xt

ru
de

d 
R

od
 T

65
11

0.
73

0.
37

0.
33

0.
07

0.
92

0.
79

0.
08

0.
05

B
od

y 
ba

se
*

21
16

59
46

4.
25

" 
Ex

tru
de

d 
Tu

be
, T

65
11

.
0.

25
"

w
al

l
0.

67
0.

22
0.

24
0.

03
0.

93
0.

72
0.

05
0.

02

*P
ar

t n
ot

 te
st

ed
 d

ur
in

g 
th

is
 st

ud
y.



SR
N

L-
ST

I-2
01

9-
00

14
6

R
ev

isi
on

0

A
-2

A
ST

M
 

St
an

da
rd

8
A

llo
ys

C
om

po
si

tio
n 

(w
t %

)
Si

Fe
C

u
M

n
M

g
C

r
Zn

B
22

1-
14

*
A

l-6
06

1
0.

4-
0.

8
<0

.7
0.

15
-0

.4
<0

.1
5

0.
8-

1.
2

0.
04

-0
.3

5
<0

.2
5

A
l-6

06
3

0.
2-

0.
6

<0
.3

5
<0

.1
<0

.1
0.

45
-0

.9
<0

.1
<0

.1
*T

hi
s s

pe
ci

fic
at

io
n 

is
 fo

r e
xt

ru
de

d 
ba

r, 
ro

d,
w

ire
, a

nd
 tu

be
.  

O
th

er
 st

an
da

rd
s (

B
20

9-
14

,12
et

c.)
 c

ov
er

 d
iff

er
en

t p
ro

du
ct

 fo
rm

s (
sh

ee
t 

an
d 

pl
at

e)
.



SRNL-STI-2019-00146 
Revision 0

A-3



SRNL-STI-2019-00146 
Revision 0

A-4



SRNL-STI-2019-00146 
Revision 0

A-5



SRNL-STI-2019-00146 
Revision 0

A-6



SRNL-STI-2019-00146 
Revision 0

A-7



SRNL-STI-2019-00146 
Revision 0

A-8



SRNL-STI-2019-00146 
Revision 0

A-9



SRNL-STI-2019-00146 
Revision 0

A-10



SRNL-STI-2019-00146 
Revision 0

A-11



SRNL-STI-2019-00146 
Revision 0

A-12



SRNL-STI-2019-00146 
Revision 0

A-13



SRNL-STI-2019-00146 
Revision 0

A-14



SRNL-STI-2019-00146 
Revision 0

A-15



SRNL-STI-2019-00146 
Revision 0

A-16



SRNL-STI-2019-00146 
Revision 0

A-17



SRNL-STI-2019-00146 
Revision 0

A-18



SRNL-STI-2019-00146 
Revision 0

A-19



SRNL-STI-2019-00146 
Revision 0

A-20



SR
N

L-
ST

I-
20

19
-0

01
46

 
R

ev
is

io
n 

0

A
-2

1



SR
N

L-
ST

I-
20

19
-0

01
46

 
R

ev
is

io
n 

0

A
-2

2



SR
N

L-
ST

I-
20

19
-0

01
46

 
R

ev
is

io
n 

0

A
-2

3



SR
N

L-
ST

I-
20

19
-0

01
46

 
R

ev
is

io
n 

0

A
-2

4



SR
N

L-
ST

I-
20

19
-0

01
46

 
R

ev
is

io
n 

0

A
-2

5



SRNL-STI-2019-00146 
Revision 0

A-26



SR
N

L-
ST

I-
20

19
-0

01
46

 
R

ev
is

io
n 

0

A
-2

7



SR
N

L-
ST

I-
20

19
-0

01
46

 
R

ev
is

io
n 

0

A
-2

8



SR
N

L-
ST

I-
20

19
-0

01
46

 
R

ev
is

io
n 

0

A
-2

9



SR
N

L-
ST

I-
20

19
-0

01
46

 
R

ev
is

io
n 

0

A
-3

0



SR
N

L-
ST

I-
20

19
-0

01
46

 
R

ev
is

io
n 

0

A
-3

1



SRNL-STI-2019-00146
Revision 0

B-1

Appendix B. Orientation Planes of Coupon Shapes
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Appendix C. Experimental Dissolution Data

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) (g) (M) (mm) (mm) (cm2) (g/cm2)

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) (g) (M) (mm) (mm) (cm2) (g/cm2)

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) (g) (M) (mm) (mm) (cm2) (g/cm2)

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

Dissolution
Time Mass Dissolved

Al Length
Circular 
Diameter

(DC)

Middle 
Diameter

(DM)

Large 
Elliptical 
Diameter

(DL)

Parameters of Quadratic Fit
of Dx

Surface 
Area
(SA)

Mass/SA
a b c

(min) (g) (M) (mm) (mm) (mm) (mm) --- --- --- (cm2) (g/cm2)
0 4.618 0.00 12.36 12.68 12.77 16.40 0.0463 -0.2718 12.68 8.08 0.571

10.50 4.551 0.02 12.36 12.43 12.79 16.47 0.0435 -0.2104 12.43 8.00 0.569
25.50 4.461 0.04 12.30 12.46 12.74 16.02 0.0397 -0.1984 12.46 7.90 0.564
41.00 4.370 0.06 12.34 12.66 12.79 16.14 0.0423 -0.2399 12.66 8.03 0.544
62.75 4.244 0.09 12.26 12.67 12.74 15.79 0.0397 -0.2316 12.67 7.93 0.535
77.75 4.158 0.11 12.17 12.54 12.68 15.55 0.0369 -0.2013 12.54 7.79 0.534
93.25 4.080 0.13 12.19 12.41 12.47 15.60 0.0413 -0.242 12.41 7.70 0.530

108.25 4.002 0.15 11.95 12.30 12.33 15.33 0.0416 -0.2435 12.30 7.48 0.535
124.25 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
153.92 3.760 0.21 11.60 12.33 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

Dissolution
Time Mass Dissolved

Al Length
Circular 
Diameter

(DC)

Middle 
Diameter

(DM)

Large 
Elliptical 
Diameter

(DL)

Parameters of Quadratic Fit 
of Dx Surface

Area Mass/SA
a b c

(min) (g) (M) (mm) (mm) (mm) (mm) --- --- --- (cm2) (g/cm2)
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 6.668 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 6.579 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 6.491 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 6.403 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
W1 W2 W3 W4 D1 D2 D3 DD1 DD2 DD3

Surface 
Area Mass/SA

(min) (g) (M) (mm) (mm)(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (cm2) (g/cm2)
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 18.4 18.69 9.09 7.29 6.98 6.54 6.52 6.52 11.92 0.509
26.00 5.913 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 5.453 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 0.471

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 5.92 5.8 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 
(mm/min)

Depth 
Change 

Variability 
(2* )

(mm/min)

Low 
Depth 

Change 
(mm/min)

High 
Depth 

Change 
(mm/min)

D1 -0.00749 0.00260 -0.01009 -0.00489
DD1 -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-
solution 

Time
Mass

Dis-
solved

Al
W1 W2 W3 W4 D1 D2 D3

Surface 
Area Mass/SA

(min) (g) (M) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (cm2) (g/cm2)
0 3.524 0.00 11.41 18.22 11.41 18.17 6.38 6.38 6.38 7.93 0.444

11.00 3.458 0.02 11.31 18.11 11.31 18.23 6.35 6.35 6.35 7.85 0.440
28.50 3.340 0.05 11.26 17.98 11.25 18.09 6.25 6.25 6.25 7.72 0.433
43.50 3.238 0.07 11.18 17.84 11.16 17.98 6.19 6.19 6.19 7.60 0.426
58.50 3.138 0.10 11.09 17.74 11.09 17.88 6.12 6.12 6.12 7.49 0.419
70.50 2.030 0.37 9.58 15.85 9.66 15.78 5.4 5.59 5.17 5.78 0.351
77.50 2.009 0.37 9.61 15.78 9.64 16.07 5.59 5.61 5.24 5.87 0.342
88.00 1.967 0.38 9.5 15.72 9.44 16.04 4.9 5.55 5.43 5.69 0.346

104.50 1.561 0.48 8.84 15.25 8.85 14.94 4.93 5.23 5.03 5.09 0.306
119.50 1.519 0.50 8.85 14.99 8.86 15.23 4.60 5.19 4.82 5.01 0.303
134.50 1.469 0.51 8.78 14.68 8.69 15.05 5.00 5.10 4.77 4.94 0.298
149.50 1.009 0.62 6.96 13.59 7.56 13.78 4.31 4.58 4.17 3.81 0.265
164.50 0.976 0.63 7.41 13.09 7.33 13.73 4.31 4.50 4.26 3.79 0.258

Table C-9.  Experiment 144 L-Bundle End Cap Sidewall (EC-E) Dissolution Data

Dissolution 
Time Mass Dissolved Al L W D Surface Area Mass/SA

(min) (g) (M) (mm) (mm) (mm) (cm2) (g/cm2)
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

Dissolution 
Time Mass Dissolved Al L W D Surface Area Mass/SA

(min) (g) (M) (mm) (mm) (mm) (cm2) (g/cm2)
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 5.48 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

Dissolution 
Time Mass Dissolved Al L W D Surface Area Mass/SA

(min) (g) (M) (mm) (mm) (mm) (cm2) (g/cm2)
0 0.847 0.00 20.19 9.92 1.61 4.97 0.170

3.00 0.832 0.00 20.14 9.91 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

Dissolution 
Time Mass Dissolved Al Mass/SA

(min) (g) (M) (g/cm2)
2.28 5.94 0.04 1.20
2.47 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
3.42 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 5.23 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
4.93 4.97 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 0.43 0.93
6.45 4.55 0.45 0.92
6.63 4.49 0.46 0.91
6.83 4.42 0.48 0.89
7.02 4.37 0.50 0.88
7.22 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) (g) (M) (mm) (mm) (mm) (cm2) (g/cm2)

0 2.298 0.00 16.00 19.03 2.89 8.11 0.283
1 1.703 0.15 15.20 18.20 2.72 7.35 0.232
2 1.396 0.22 14.70 17.73 2.61 6.91 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 15.25 1.62 4.45 0.110
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Table C-14.  Experiment 154 Partial Dissolution Data

Coupon Dissolution 
Time Mass Dissolved Al L W D Surface Area

--- (min) (g) (M) (mm) (mm) (mm) (cm2)
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.
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