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ABSTRACT

Theoretical models were developed in this study for

calculation of neutron transmission through heterogeneous

shielding materials. The calculated values of neutron trans-

mission through nine boral samples show a good agreement with

the experimental data obtained through a neutron spectrometer

at the Ford Nuclear Reactor of The University of Michigan.

Neutron transmission values were also calculated parametrically

for seventeen boral configurations, with different combinations

of 1%B loading, boron carbide grain size distribution, and

boral thickness.
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1. INTRODUCTION

The objective of this study was to develop an analytical

model for estimating spatial self-shielding and attenuation

in highly heterogeneous materials. In particular, the study

was aimed at boral and similar shielding materials which consist

of strongly absorbing chunks dispersed in a weakly scattering

matrix. In boral the chunks 6onsist of boron carbide.and the

surrounding medium is aluminum.

Calculated values of neutron transmission through boral

plates are compared with experimental values for boral samples

provided by Brooks and Perkins, Inc. The experimental neutron

transmission data were obtained at the Ford Nuclear Reactor

of The University of.Michigan using a.crystal spectrometer.

,; Using the theoretical model thus verified against the

experimental data, we have also performed parametric studies

on neutron transmission as a function of boral configuration.

Some of the basic concepts pertaining to the behavior

of neutron beams in heterogeneous purely absorbing materials

are discussed in Section 2. This is followed by a presentation

of the theory underlying the analytical models.used for the

calculation of neutron transmission and spatial self-shielding

in Section 3. In Section 4, we present a description of

the experimental setup and procedures used in measuring

neutron transmission through neutron spectroscopy. Comparison

of the experimental data with the calculated neutron transmission

for boral samples is presented in Section 5. This is

followed by the res~ults of parametric studies on boral
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configurations in Section 6. Finally, a summary and

conclusions are presented in Section 7.

2. BACKGROUND

Neutron transmission through heterogeneous materials

can be conceptually described by exponential attenuation in

much the same way as transmission through homogeneous materials.

The difficulty in the heterogeneous case arises in developing

an effective cross section which correctly describes the

non-uniform medium. The effects of self-shielding or

channeling must be incorporated into the model. Although used

iith. slightly different points of view, self-shielding-and

channeling describe essentially the same phenomenon.

2.1 Self-Shielding in 'Heterogeneous Media

Self-shielding, or more precisely spatial'self-shielding,

refers to the fact that there is a depression of neutron flux

in the interior of strongly absorbing particles. The atoms

at the center of such particles are shielded from a portion

of the neutron flux by atoms nearer the surface. This

results in a lower neutron reaction rate than that for

the case of a more homogeneous absorber distribution.

Consider a heterogeneous medium consisting of strongly

absorbing chunks of material type 1 imbedded in material

type 2. The classical concept of an effective absorption

cross section, Z eff' in such a medium involved a volume- and

flux-weighting. Thus,
Vmu

zeff= ZVM + 2;2V2t V2 t 21; 2 (1)

Vl i +V2T2 Vfw +1

-v2q,2
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where

k = absorption cross section of material k

Vk = volume fraction of material k

= spatially averaged flux in material k

Notice that calculation of Zef f requires only the flux

ratio, and not the absolute value of the average

flux within either material.

For a normally incident neutron beam the transmission,

T,can be defined as the ratio of the number of neutrons that

pass through a material to the number of neutrons that are

incident upon the material. The transmission can then be

calculated in terms of the effective cross section, 2effas

T~e~2efft (

where

t = the thickness of the heterogeneous medium.

2.2 Channeling in Heterogeneous Media

Channeling refers to the fact that some neutrons

incident upon a heterogeneous mixture will by chance be on

a path such that they will encounter a ratio of materials that

is substantially different from the average make-up of the mixture.

Again, consider a two-material case consisting of

chunks of material type 1 imbedded in material type 2. Neutrons

that pass through a total thickness,t,of heterogeneous material

will encounter various ratios of two homogeneous materials.

Some neutrons will see much more than an average number of

chunks and others will be largely channeled between the chunks.
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The common calculation of neutron transmission from

this approach is1

t=
T f 0 P (x) tC~(k) d x (3)

where

P(x) = the fraction of neutrons that encounter

a thickness,x,of material 1 (and therefore

a thicknesst-x,of material 2)

= transmission of neutrons whose path is

described by P(x)

Typically, for collimated neutron beams

17(x) = e~ ]Xe~-2 (t-x)

The distribution function P(x) will be derived in the

next section.

3. CALCULATIONAL METHODS

Three different models for calculation of neutron

transmission through heterogeneous media, accounting for

flux self-shielding, or channeling, will be discussed here.

Two contain generalizations which allow -them to.moael trans-

mission behavior under isotropic flux conditions but vary in

their; treatments of self-shielding and channeling. The third

model is explicitly derived for collimated neutron beams and

was developed to represent simple transmission experiments

more accurately.



3.1 Burrus' Method

A Model was developed by W. R. Burrus for calculating

the attenuation of collimated neutron beams through boral

plates. The model approaches the problem from a channeling

point of view. In this model, P(x), the required distribution

of neutrons as a function of thickness,x,of absorbing material,

as used in Eq. (3), is derived from geometric arguments.

The initial assumtions made in the derivation are:

i) a collimated monoenergetic incident neutron

beam.

ii) the heterogeneous material consists of purely

absorbing chunks imbedded in a zero cross

section medium.

iii) all chunks have the same constant thickness.

iv) all of the surfaces on the chunks are either

parallel or perpendicular to the neutron beam.

The dis'tribution,P(x),can thenbe represented by P ,wheren

n represents the number of chunks encountered, and can be

given by the binomial theorem as:

Pn = Vn ( V)N n c

where

N.
C = (N-n) ' n! (binomial coefficient)
n

N = - = thickness of the boral plate in units
A

of chunk thickness

t = thickness of the boral plate
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A = thickness of one absorbing chunk in the

direction of the beam

n = number of chunks encountered

V = volume fraction of chunks

- probability that a neutron will encounter a

chunk in passing through a thickness.A of the

boral plate.

The neutron transmission is then given as:

N
T = Pn n(6)

n=O. - Z~x) s no proimat-nSA
where Eq. (4) for .t(x) is now approximated as 'n e

Here,

= macroscopic absorption cross section of the

chunk material

nA = total thickness of the chunk material seen

by neutrons

Through the use of the binomial.-theorem, Eq. (6) can be

rewritten and rearranged to yield a more physically inter-

pretable result.

* Physically, the boral is viewed as a series of layers

of thickness, A , the same thickness as the chunks, and

stacked in the direction of neutron travel. Neutrons passing

through the layer will see a thickness,Arof either absorbing

material or non-interacting material. Thus,-we obtain

for.the transmission T:

T=[~e.~ -va .] (i

= [1-V(1-e V)] N7
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where

Ve = probability that a neutron will encounter

a chunk in a layer and still be transmitted.

(l-v) probability that a neutron will not encounter

a chunk in a layer

N - number of layers

The. basic model presented above can be generalized by

relaxing Assumption (iii) and permitting multiple chunk

sizes. For two chunk sizes, for example, the transmission T

is given by:

T=[Vie 11+(1 (V) [V) e 22 +1 V2 ] 1 .] (8)

where

V = volume fraction of large chunks

V = volume fraction of small chunks
.2

A = thickness of large chunks and associated layers

A2 = thickness of small chunks and associated layers

E1 = macroscopic cross section of large chunks

*2 . macroscopic cross section of small chunks

t = total boral thickness

Assumption (iv) can also be removed by defining an

average chunk thickness A and the concept of blackness . The

average thickness can be defined for particles with no con-

cavities as the mean chord.length2:

4V(9)
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where

V = volume of the chunk

S = surface area of the chunk

-ZA
The term (l-e ) in Eq. (7) represents the probability.

that a neutron incident upon a chunk is absorbed within that

chunk. This can be replaced by blackness F., thus utilizing

the average thickness and also dropping any requirements of

chunk orientation with respect to the neutron beam. The

blackness F is defined as the probability that a neutron

impinging on a region, e.g., a chunk, will be absorbed before

escaping from the region, and can be obtained as

F ET, PO, (10)

where

P0 = the average probability that a neutron

born uniformly and isotropically in the absorbing

chunk will escape from it.

The only energy-dependent term in Eq. (7) or (8) for the

neutron transmission is the absorption cross section. Therefore,

the monoenergetic requirement of Assumption (i) can be

relaxed by integrating an energy-dependent transmission

(calculated with an energy-dependent cross section) over a.

neutron energy distribution. Thus, we have:

E
T = Emax T (E) (E) dE, (1

min
where

T(E) energy-dependent transmission

Ate) = normalized neutron flux spectrum
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Similarly, it is possible to eliminate the further

restraints of Assumption (i) by integrating over an angular

distribution function and also accounting for the effective

increase in boral thickness that is seen by an obliquely

incident neutron

3.2 Wlalti's Method

This method approaches the heterogeneous problem from

the viewpoint of the self-shielding concept. It provides

a method of computing the average-flux ratio used in Eq. (1)

for calculation of the effective cross section Z eff. The

model used in this study is an adaptation of a method developed

to obtain the grain shielding factor for coated fuel particles

in high-temperature gas-cooled reactors (HTGRs). Applied

to boral the method makes some account of the scattering

properties of both the boron carbide chunks and the aluminum

matrix.

The calculation is done for a spherical unit cell

consisting of one highly-absorbing boron carbide chunk and

its associated aluminum covering. The assumptions required

to make this unit cell problem equivalent to a slab of boral

are (i) a proper amount of aluminum can be assigned to each

chunk, and (ii) the outer surface of the unit cell can be

described by a white boundary condition, i.e., the incoming

current of neutrons at the outer surface of the aluminum-matrix

is cosine distributed and equal in amount to the outgoing current.



. I -10-

Using collision probability methods, we can now set

up four neutron balance equations for the unit cell for each

energy group.3

Q VI +J =2IX IV\1  ÷ (12)

Q 2 x,2V-+2
J = J (1 - G1 ) +Q1 V P1

J = J (1 -G)+Q2 V2 P2

Here,

Vk = volume of region k

Ok = spatially averaged flux in region k

z k = removal cross section for region k

G = multiple-collision sticking probability. (blackness)
k for region k

P = multiple-collision escape probability for region k

Q =volumetric neutron source for region k, where
k .= 1 for boron carbide chunk, k = 2 for aluminum

and

J = partial current from region I-to region 2

J = partial current from region 2 to region 1

'V ... +.

. ~J~

Manipulating Eq. (12), one can solve for the flux ratio or the

grain self-shielding factor P(E) as:
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V1 Q1

r(E) = F1 V Q2 (G1 +G 2 -G 1 G2 -PIG2 ) +P 2 G1  (13)

V1  ?
L x,1J(G 1 +G2  PG1 G 2 -P2 GI) V2  Q2  P1G2

where

*tx, Ik9x,k = optical thickness of region k

Ik 4 Vk = mean chord length of region k ask -

defined in Eq. (9)

In addition to the assumptions previously mentioned,

it is further assumed that:

iii) all neutrons are.born in region 2 (no source in

the chunk and therefore Q1/Q2= 0).

iv) the effective volumetric source is spatially

constant and the neutron emission is isotropic.

v) the partial currents J. and J are cosine

distributed (isotropic flux at the interface).

Assumptions (iv) and (v) are sufficient to imply Sauer's

4
relation between sticking and escape probabilities:

Gk .txkPki . (14)

in much the same way Eq. (tO) connects the blackness,Fto

the escape probability,P0. Using equations (13) and.(14)

and assumption (iii), one can now express the spatially

averaged flux ratio, T(E), as a function of the collision

probabilities and known material and geometric constants.

The escape probability can be expressed by Sauer's

4
.augment method as follows:

P 1 (15)k .
1 + tx kt k( t-k PxkJ .
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where the subscripts t and x stand for total and removal cross

sections., respectively. The multiple-collision augments

1Hk can be described in terms of the first-flight augments
k

11kand an error term:

Hk :Hk (tk).+ Hk (UIkIxk)

where A Hk is the correction term to account for multiple

collisions. For self-shielding calculations in boral plates

AHk is very much smaller that H and can be neglected.

After some algebra, we then obtain an expression for the flux

ratio F(E), as:

1 + a/ [l H 1  t 1)+H 2 (Vt-t 2 )]

One final assumption must be introduced.

vi) the unit cell consists of a spherical region

(the chunk) surrounded by a spherical shell.

This.makes it possible to determine H from the concept of

blackness for a sphere and H2 from an expression involving the

3
numerical solution of two integrals. Although the integrals

are not well behaved in some ranges, expansion of several .

exponential terms allows computation of the integrals to

sufficient accuracy.

The energy-dependent average flux ratio, f(E) ,has been

developed for a specific geometry and volume of the unit cell.

.To describe a heterogeneous material consisting of several

chunk sizes it is necessary to calculate an average fNE)

that describes the average-flux ratio for the mixture. Since
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P(E) represents the ratio of spatially averaged flux ratios,

F'(E) can be computed by a volume weighting over all of the

chunks:
N

*1(E) =2 Fn(E)Vn, (17)
n..

V volume fraction for chunks with nthsize,

N = number of particle sizes

And, the effective'absorption cross section for a two material

heterogeneous mixture is given by Eq. (1) or by:.
V2

2) 1 + (E)Vj 2(1
I;(E +]()Vef I+ rp(E) VO (8

VI

3.3 Collimated-Beam Attenuation Model

Wle have developed a mathematical model which describes

the attenuation of neutrons normally incident upon a well-

.defined boral geometry based on a model derived for resonance

5integral calculations for HTGR fuel particles . This concept

is not as general as the two previously described, but it is

expected to adequately represent the conditions of neutron

transmission experiments with boral-plates.

The calculation does not explicitly require'computation

of either the neutron distribution.as a function of boron

carbide thickness or the grain spatial self-shielding factor.

The distribution function required for the channeling concept

is avoided by treating the boral as a collection of cells whose

individual effective cross sections, 2 ei can be volume

weighted'. Further use of the flux ratio in the self-shielding

approach is avoided by ignoring neutron scattering collisions
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and by defining the cell geometry in such a way that the

material along all neutron paths is known. The following

assumptions are made:

i) the boral can be represented by a collection of

two region cells, i.e., a boron carbide chunk

and surrounding aluminum.

ii) the boron carbide chunk is modeled as a sphere.

iii) the cell geometry is a right circular cylinder,

with the boron carbide located at the center.

iv) both cell regions are pure absorbers.

v) the cell is oriented such that the faces of the

cylinder are perpendicular to the incident

collimated neutron beam.

The transmitted neutron beam intensity for the unit cell

can then be written as:

JoutS Jin [(S 2) JH 2 Z2

+2 7i e-22 -t lu du] (I19)
0

where

J = transmitted neutron currentout

J. = incident neutron currentin

S = surface area of the face of the cylindrical

2
cell = ir 2

r = radius of spherical boron carbide chunk

r2 = radius of cylindrically shaped cell

El = absorption cross section of the chunk



I I 2 = absorption cross section of aluminum

u = closest distance of neutron path to the

center of the boron carbide sphere

t = thickness of boron carbide encountered in a

neutron path defined by u

H2  = height of cylindrical cell

H2-t thickness of aluminum encountered in a

neutron path defined by u

I J.in

t .......

J+. . -_

Eq. (19)
1.T f 1~ I tout

can then-be written as..

J -2E2H2 2 2 1 -( +x)e xe = ou- 2 = -. S r +2er2 (20)TinL 5 L

. where.

. x=2r 1 (7'1 - 12)

An effective cross section can now be defined for

the cell as

Z~= In 1eff= In
R2_ T

(21)
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Also, the spatial self-shielding factor may be computed by

= V2 f eff 21 (22)

¢2 V1T Lz effJ

where

2
V2  3r 2 H2  -1

The effective cross section or equivalently the spatial.

self-shielding factor may now be volume weighted over the distri-

bution of cells that constitute a given boral sample. This

yields an average z.eff for the sample which is then readily

transformed to provide an'expression for the neutron beam

*transmission T for the boral plate.

Again, the 'absorption cross sections are the only Onergy-

dependent properties in the equations. Thus, using .' (E)

and Z 2(E) results in.T(E) for neutrons of energy.E, and

Eq. (11) can be used to obtain the energy-averaged transmission

factor T.

3.'4 .Cell Models

Two of the'previously-discussed'computational schemes,

i.e., Walti's and the collimated beam model, describe the

heterogeneous boral as a collection of two-region cells. This

representation requires known ratios of the aluminum volume to

the volume of boron carbide chunks of various sizes.' Three such

models'will be presented here. All are defined in terms'of

spherical geometry, where
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rl = the radius of boron carbide chunk.

r2 = the radius of total cell.

Model 1: Aluminum Volume Proportional to Chunk Volume

The computationally simplest model is to distribute

the aluminum volume in proportion to the volume of boron.

carbide particles of various sizes. This results in all of the

cells being geometrically similar, with each one displaying the

same volume fractions as the heterogeneous boral. In this

model, the ratio r /r2 is.the same for all boron carbide

particles.

Model 2: Constant Aluminum Volume

This model provides the same volume of aluminum to be

distributed around each chunk regardless of boron carbide chunk

3' 3
size. Hence, the quantity (r2  - r) is the same for all

boron carbide particles.

Model 3: Constant Aluminum Thickness

The aluminum is distributed in this model in such a way

that each boron carbide particle has. an equal thickness of

-aluminum coating. For multiple particle-size boral descriptions,

this model always provides a representation that is between

the previous two. Here the quantity r2 .- r1) is the same for
2 1

all particle sizes.

True boron particle distributions in boral plates are not

symmetrically perfect and none of the above three models yields

an exact physical description.. Calculational results are not,
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however, strongly affected by the choice of model, and all

three represent the same geometry in a one particle-size

description.

The geometry used.in beam type calculations involves

spherical boron carbide particles in cylindrical cells.

This description loses its physical significance as the

particle radius becomes larger than the cell radius. Because.

of this, the constant aluminum volume model (Model 2) and

constant aluminum thickness model (Model 3) are not capable

of describing all of the-multiple particle-size cases of

interest.

4. EXPERIMENTAL PROCEDURE

Neutron Transmission measurements were performed through

'boral samples with a single silicon-crystal neutron difiracto-

meter. The neutron diffractomreter is illustrated in Figure 1.

A six-inch diameter beamport channels neutrons to the

diffractometer. The beamport terminates at a heavy-water

tank located adjacent to the Ford Nuclear Reactor core.. The

heavy-water tank improves the.quality of the Maxwellian energy

distribution of neutrons in the thermal range. A collimator

in the beamport reduces the beam to 1--1/2 inches high by 1/2

inches wide.

The neutron beam exiting the collimator strikes the face

of a pure silicon crystal and is diffracted-in the direction of

*.the detector. The crystal plane utilized for this experiment

-was the (1,1,1) plane. The crystal was cut with the (1,1,1)
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Reactor
Core

Heavy Water
Tank

Beamport
6" Diameter
10' 6" Length

Primary Collimator .
1/2" x 1 1/4" Aperture .
28" Length

Pool Wall

Silicon
Crystal

Rotating Turret

* Secondary
Collimator

1 1/2" x 2" Apertu're
21 1/8"Length

Sample Location
1/2" Diameter
Aperture

Rotating Crystal
Table

Shielded BF3 Detector
2" Diameter
9" Length

Figure 1

Ford Nuclear Reactor

Neutron Diffractometer
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plane parallel to the crystal face, so-neutron diffraction

was obtained by "mirror reflection" off the face.

The range of usable neutron energies for the experiment

was 0.03 eV to approximately 0.1 eV. The energy range

corresponds to Bragg diffraction angles of approximately

15 degrees to 8 degrees. Measurements at lower energies

produced significant higher order energy interference. The

small Bragg angles at higher energies resulted in interference

from the incident beam and problems with energy resolution.

Diffracted neutrons pass through a 1/2-inch diameter

aperture in a cadmium plate located at the end of the secondary

collimator and.then to the detector. Boral samples were

placed over the aperture to measure neutron transmission.

Background measurements were obtained by placing a--.

cadmium plate over the 1/2-inch diameter aperture. In general,

background was approximately three percent of the trans-

mitted neutron signal.

5. CALCULATED AND EXPERIMENTAL RESULTS

Figures 2 through 10 are plots of neutron transmission

versus neutron energy for nine boral samples described in

Table 1. Each figure compares.neutron transmission based

on a homogeneous model and a theoretical collimated beam

model with (1, 1, 1) plane experimental points over the energy

range 0.03 to 0.10 eV.

The homogeneous model curves were obtained-by assuming

that the sample boron-10 loadings were homogeneous and that
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Table 1

Boral Sample Characteristics

Sample
Description

Core
Thickness

(in)

T1

T2

T3

Gl

.031

.085

.148

.085

.085

.085

.085

.085

.085

Boron Carbide
Particle Size

(Mesh No./%)

60/9.74
80/31.42
110/19.95
145/30.50
300/8.39
60/9.78
80/31.09
110/20.62
145/31.52
270/6.99
60/9.78
80/31.09
110/20.62
145/31.52
270/6.93
50/0.52
65/24.12
75/53.73
*325/21.63
90/0.52
110/35.51
325/63.97
110/20.07
145/29.38
185/36.49
325/14.06
*.60/11.42
80/32.99
110/18.47
145/28.69
250/8.43
60/8.53
80/28.40
110/20.60
145/33.68
250/8.77
60/7.77
80/24.85
110/18.07
145/35.17
270/14.14

. 01001

.00996

.01016

.01034

.01045

.01020

.01042

.01974

.02903

.39557

.14347

.08406

.14895

.15053

.14693

.15010

.28435

.41817

Boron
Loading

(gml 0B/cm2 )

* Volume
Fraction

(%)

G2

G3

B1

B2

B3
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boron-10 is a 1/v absorber in the thermal energy range.

The collimated beam model curves are based upon the techniques

of Section 3.3. Collimated beam calculations account for

heterogeneities in the primary characteristics of the samples:

core thickness, boron carbide particle size, and boron-10'

loading.

Table 2 provides correlations between boron carbide

particle size in terms of Tyler screen mesh number and particle

radius in cm.

The dashed collimated beam curves on Figures 2 through'

10 represent neutron transmission at the nominal boron

loadings in Table 1. The solid lines which forni .a band on

either side of the dashed curves represent neutron transmission

.values for boron loadings of.+ 1.5% from the nominal value.

General agreement between the collimated beam calculations

and experimental data for neutron transmission is quite good.

Differences can be attributed to a combination of calculation-

al and experimental errors. Calculated neutron transmission

values are extremely sensitive to boron loading, moderately

sensitive to particle size, and least sensitive to core

thickness.

For example, in Figure 4, the experimental neutron

*transmission values are consistently 6% higher than the model

values.. Such variation could be caused directly by a 6%

experimental counting error or by a 5% lower boron loading

nomnal.0116 o .097gm10 2from the nominal .01016 to .0097 gm B/cm . In order to

produce an equivalent error, core thickness would have to be

increased dramatically by .08 in. or grain size would.have
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Table 2

Boron Carbide Particle Sizes

Particle Size
(Mesh Number)

50
60
65
70
75.
80
90

* 100
110

*120
140
145
160
180
200
250
270
300
325

Particle Radius
(cm)

.0147

.0112

.0104

.0098

.0093

.0088

.0080
.0073
.0068
.0063
.0054
.0053
.0047
.0041
.0037
.0029
.0027
.0023
.0 019
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to increase from its average nominal radius of .0073 cm (mesh

number of 100) to a radius of .0147 cm (mesh number of 50).

Similarly, in Figure 5, experimental neutron transmission

is consistently 8% higher than the model nominal values. Counting

errors could contribute to the variation, but that is unlikely

becuase each experimental point-was measured at a different

time with a different spectrometer Bragg angle. Counting error

probably accounts for the slight decrease in experimental trans-

*mission at 0.09 and 0.10 eV. Variations in core thickness

'and particle.size may contribute to the error, but the most

likely cause is boron loading. A 7% decrease in boron loading

from' nominal .01034.to .A006 gm 10 B/cm2 could cause the variation

in Figure 5.

Once again, the generally higher experimental neutron

transmission values in Figure 9 could be attributed to a 9%

10 2
decrease in boron loading from..01974 to .0179 gm B/cm.

Transmission ratio is defined as the ratio of experimentally

measured transmission or transmission calculated using the collimated

beam model to the calculated homogeneous transmission. This

ratio provides some measure of the amount of spatial self

shielding that occurs in boron carbide chunks. Lower values of

transmission ratio indicate a more efficient use of boron-10

in the boral plates. Transmission ratio is an energy dependent

parameter so the differences in boral configurations become

less significant at higher energies due to decreased-particle

blackness.
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Comparison of Figures 2, 3, and 4 indicates that a more

efficient use of boron carbide will be attained, given the

same boron-10 loading and particle size -distribution, as the

boral plate thickness is decreased. This can also be seen in

Table 3, boral sample transmission ratios at .06 eV neutron

energy, by comparing calculated transmission ratios for samples

T1, T2, and T3. Decreasing plate thickness reduces hon--absorber

channel probabilities through the plate by increasing the boron

carbide absorber volume fraction. In the limit, as the absorber.

volume fraction approaches 100%, the boral plate becomes solid

boron carbide, all neutrons encounter the same absorber thickness,

and-the transmission ratio approaches unity.

Samples Gl, G2, and G3 in Figures 5, 6, and 7 show an

increase in absorption efficiency as boron carbide partidle

size is decreased. This is caused by a reduction in spatial

self shielding within the particles.

Samples Bi, B2, and B3 in Figures 8, 9, and 10 display

a decrease in absorption efficiency with increased boron-10

loading. Observation of the calculated transmission ratios for

samples Bl, B2, and B3 in Table 3 confirm the decrease. It

should be remarked that increasing boron-10 loading decreases

the absolute transmission of neutrons, but the absorption

efficiency decreases with increased loading. This is the price

that is paid for a reduction in overall transmission and simply

represents the fact that the homogeneous transmission decreases

faster with increased absorber loading than the actual transmission.
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Table 3

Boral Sample Transmission Ratio

Neutron Energy .06 eV

S eTransmission Ratio
Sample Figure.---

Identification Number Experimental Calculated % Variation

Ti 2 1.163 1.152 1.0

T2 3 1.324 1.265 4.7

T3 4 1.369 1.302 5.1

G1 5 1.449 1.309 10.7

G2 6 1.171 1.139 2.8

G3 7 1.137 1.175 3.3

B8 1.289 1.280 0.7

B2 9 1.661 1.350 23.0

B3. 10 1.325 1.427 7.7

Table 4

Maxwell-Boltzmann Spectrum Averaged Neutron Transmission

Sample Neutron Transmission
* Identification (0 - 0.55 eV)

Ti .210

T2 .241

T3 .243

Gl - .241

G2 .190

G3 .209

Bi .230

. B2 ;063

B3 .018
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The unusually large experimental transmission ratio variations

obtained for samples Gl and B2 show a nonphysical relationship

between experimentally measured transmission and that calculated

using the collimated beam model. A strong suspicion is raised

as to the accuracy of the parameters in Table 1 that characterize

the samples.

For the nine boral samples under investigation, the

spectrum-averaged transmissions as defined in Eq. (11) have been

calculated. The results presented in Table 4 were obtained over

a Maxwell-Boltzmann distribution corresponding to the temperature

of 293 K.

6. PARAMETRIC STUDIES OF NEUTRON TRANSMISSION THROUGH

BORAL PLATES

Parametric studies of neutron transmission utilizing the

collimated neutron beam model were conducted for seventeen

different boral plate configurations. The parameters varied

were boron-10 loading, boron carbide particle size, and boral plate

thickness.

The seventeen configurations are identified and grouped

in Table 5 according to variations in the three parameters. The

volume fraction of boron carbide, listed as a fourth parameter,

is calculated from boron carbide loading and plate thickness

and is included to aid in physical interpretation of the

parametric variations. Boron carbide particle sizes used in

the parametric cases were taken from Table 2.
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Table 5

Parametric Evaluation Cases

Material
Identification

Boron
Loading, B
(jmlOB/cm 2 )

Core
Thickness, T

(in)

Boron Carbide
Particle Size,

(Mesh Number)

Volume
G Fraction

(3.11 B/T, %)

B1T1Gl

B2TlGl

B3TlGl

B4TlGl

B5TlG1

.01 :

.015

.02

.025

.03

.03

.03

.03

.03

.03

100

(Avg 60-200)

100

100

'100

100

.4081

.6122

.8163

1. 0203

.1.2244

B1TlGl

BlT2Gl

B1T3Gl

B1T4Gl

B1T5Gl

BlT6Gl

B1TlGl

BlTlG2

BlTlG3

B1TlG4

BlTlG5

BlTlG6

. 01

.01

.01

.01

.01

.*01

.01

.01

.01

.01I

.01

.01

.03

.05

.075

.10

.125

.15

.03

.03

.03

.03

.03

.03

100,

100

100

100

100

100

.4081

.2449

.1633

.1224

.0980

.0 816

100

50

60

75

150

200

.4081

.4081

.4081

.40 81

.4081

.4081
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Parametric results for neutron transmission, T = Transmitted

Beam/Incident Beam, are presented in Figures 11 - 16. Figure

11 shows boron-10 loading variation effects with thickness and

grain size held constant over the energy range 0 to 0.10 eV.

Figure 12 is identical over the energy range 0.10 to 0.55 eV.

Figures 13 and 14 vary plate thickness and Figures 15 and 16

vary boron carbide particle size;

In addition to the trends associated-with parameter

variations discussed in Section 5, another generalization can be

made regarding particle size distribution. A particle distri-

bution can be well represented by a model using only the mean

particle size of the distribution.

* Figure 17 is a plot of neutron transmission versus boron

carbide particle size based on the collimated beam model;.

Separate curves are provided for neutron energies ranging from

0.01 to 0.10 eV. It was observed in Section 5 that neutron

transmission decreases with decreased particle size. Figure

17 confirms that trend, but also shows that transmission.

decreases dramatically d6wn to a particle radius near .0073 cm

corresponding to mesh number 100.. Further reduction in particle

size reduces transmission, but-not as dramatically.

7. SUMMARY AND CONCLUSIONS

In this study, theoretical models were developed for

.calculation of neutron transmission through heterogeneous mater-

ials. The calculated values of neutron transmission through nine
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boral samples were compared with experimental data obtained

through a neutron spectrometer. Parametric studies on neutron

transmission were also performed using the collimated beam

theoretical model for seventeen boral configurations.

Energy-dependent neutron transmission values calculated

through the model described in Section 3.3 show an excellent

agreement with the experimental data obtained for the boral

samples, with the exception of two samples. The energy

dependence of the calculated transmission values compares very

well with the experimental data for all nine samples as shown

by the shape of thd curves showing transmission versus energy.

The absolute magnitude of the neutron transmission through boral

platCes accounts for most of the deviations between computed and

measured values. 'lost of these deviations are thought to be

-,due to errors in the parameters describing the boral. The most

likely source of error is the boron-10 loading.

In the parametric study performed for various boral config-

urations, three parameters were Varied, i.e., boron carbide

particle size, boron-10 loading, and overall thickness of the

boral. All three parameters displayed. a monotonic Relationship

with neutron.transmission in the ranges calculated. These trends

will persist asymptotically approaching homogeneous material

limits as the boral configuration is optimized.

The neutron transmission values were most sensitive to

changes in boron-lO:loading, or simply enough, the more boron

the less transmission. Variations in the size of the boron

carbide particles also strongly influenced the attenuation of an
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incident neutron beam. Finer particle sizes result in less

flux spatial self shielding and thus lower transmission values.

---Decreases in boral thickness decreasea neutron transmission,

but yielded the least sensitive response in neutron transmission.
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BORAL
NEUTRON ABSORBING/SHIELDING MATERIAL

Product Performance Report

GENERAL

Boral is a thermal neutron poison material composed of boron carbide and

-the 1100 alloy aluminum. Boron carbide is a compound having a high boron

content in a physically stable and chemically inert form. The 1100 alloy

aluminum is a light-weight metal with high tensile strength which is protected

from corrosion by a highly resistant oxide film. The two materials, boron

carbide and aluminum, are chemically compatible and ideally suited together

for long-term use in the radiation environment of a nuclear reactor or in

spent fuel containment.

Boral is an ideal neutron absorbing/shielding material because of the following

reasons:

l. The content and placement of boron carbide provides a

very high removal cross section for thermal neutrons.

2. Boron carbide, in the form of fine particles, is homogenously

dispersed throughout the central layer of the Boral panels.

3. The boron carbide and aluminum materials in Boral are

totally unaffected by long-term exposure to gamma radiation.

4. The neutron absorbing central layer of Boral is protected by

permanently attached surfaces of aluminum.

-1-
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5. Boral is stable, strong, durable, and corrosion resistant.

Boral is manufactured under the control and surveillance of a computer-

aided Quality Assurance/Quality Control Program that conforms to the

requirements of lOCFR5O Appendix B entitled, "Quality Assurance Criteria

for Nuclear Power Plants". For further discussion on Quality Control see

Brooks & Perkins Bulletin No. 102.

Boral has been licensed by the USNRC for use in BWR and PWR spent fuel

storage racks, shipping and storage containers and for many other shielding

uses including control blades. For specific applications see later in this

report.

Boral panels can be used in the flat panel form or fabricated into a variety

of geometrical shapes by standard metal working methods and techniques.

The shielding capability of Boral is assured by wet chemical analysis or

10neutron attenuation testing and is specified as a minimum of grams of B

per square centimeter of surface area. Boral can be provided at any B

loading up to 0.06 gm/sq cm as required.

BORAL MATERIAL CHARACTERISTICS

Aluminum. Aluminum is a silvery-white, ductile metallic element

that is the most abundant in the earth's crust. The 1100 alloy aluminum

is used extensively in cooking utensils, heat exchangers, pressure and

storage tanks, chemical equipment, reflectors and sheet metal work.
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It has high resistance to corrosion in rural, industrial and marine atmospheres.

Aluminum has atomic number of 13, atomic weight of 26. 98, specific gravity

of 2. 69 and valence of 3. The physical and mechanical properties of the 1100

alloy aluminum are listed in Table 1.

Me

Therm;

Coef. of The
(I

Sp4
(2

Modulus of ]

Tens
(75

Table 1 - 1100 Alloy Aluminur

Density 0.098
2. 713

lting Range 1190-1215
643-657

al Conductivity 128
(77 deg. F) 0.53

ermal Expansion 13. 1 x 10
68-212 deg.F) 23. 6 x 10-

ecific Heat 0.22
'12 deg. F) 0.23

Elasticity 10 x 106

ile Strength 13,000
deg.F)

18,000

d Strength 5, 000
deg.F)

17,000

Lgation 35-45%
deg.F)

9-20%

rdness 23
rinell)

32

mperature 650
343

lb /cu. in.
gm/cc

deg. F
deg. C

BTU/hr/sq ft/deg.F/ft
cal/sec/sq cm/deg. C/cm

/deg. F
/deg. C

BTTU/lb/deg. F
cal/gm/deg. C

psi

psi annealed

psi as rolled

psi annealed

psi as rolled

annealed

as rolled

annealed

as rolled

deg. F
deg.C

Yiel(
(75

Elor
(75

Ha
(B.

Annealing Te:

_a..



Report 624

BrOOKS &PerKinsADvanceD STrUCTUres
An AAR Cornpany

Chemical Composition - Aluminum (1100 Alloy)

99. 00% min. - Aluminum

1. 00% max. - Silicon and Iron

.05-.20%max. - Copper

. 05%0max. - Manganese

. 10%max. - Zinc

.15%max. - others each

The excellent corrosion resistance of the 1100 alloy aluminum is provided

by the protective oxide film that develops on its surface from exposure to

the atmosphere or water. This film prevents the loss of metal from general

corrosion or pitting corrosion and the film remains stable between a pH range

of 4.5 to 8. 5. More detailed corrosion data is provided later in this report

and in Brooks & Perkins Bulletin No. 101.

Boron Carbide. The boron-carbide contained in Boral is a fine granulated

powder that conforms to ASTM C-750-80 nuclear grade Type III. The particles

range in size between 60 and 200 mesh and the material conforms to the chemical

composition listed in Table 2.
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Table 2 - Boron Carbide Chemical Composition, Weight %

Total boron 70.0 min.

B isotopic content in natural boron 18. 0 min.

Boric oxide 3. 0 max.

Iron 2. 0 max.

Total boron plus total carbon 94.0 min.

The general physical properties of the boron carbide powder are listed in

Table 3.

Table 3 - Boron Carbide Physical Properties

Chemical formula B4 C

Boron content;,(weight) 78.28%

Carbon content (weight) 21. 72%

Crystal structure rombohedral

Density 2. 51 gm/cc-0. 0907 lb/cu. in.

Melting point 24500 C-44420 F

Boiling point 35000 C-63320 F

Microscopic capture cross section 600 barn
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Materials Compatibility. The materials contained in Boral are compatible

with all parts of a spent fuel storage system in either a boiling-water (BWR)

or pressurized-water reactor including the fuel assemblies, the cooling system,

the cleanup system, the pool liner and the structures of the storage racks. This

compatibility is evidenced by more than seventeen years of continuour service

in both types of pool water (1) (3). None of the following materials are contained

in Boral nor do they come in contact with Boral during its manufacture and

therefore Boral can not cause these materials to come in contact with the fuel

assemblies:

a. Any material that contains halogens in amounts exceeding
50 ppm, including chlorinated cleaning compounds.

b. Lead
C. Mercury
d. Sulfur
e. Phosphorus
f. Zinc
g. Copper and Copper alloys
h. Cadmium
i. Tin
j. Antimony
k. Bismuth
1. Mischmetal
in. Carbon steel, eog., wire brushes
n. Magnesium oxide, e.g., insulation
o. Neoprene or other similar gasket materials made of

halogen-conitaining elastomers.
p. Viton
q. Saran
r. Silastic Ls-53
B. Rubber-bonded asbestos
t. TFE (Teflon) containing more than 0. 075% total chlorine

(glass-filled) and TFE films containing more than 0. 05%
total chlorine.

-6-
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u. Nylon containing more than 0. 07% total chlorine.
V. Polyethylene film (colored) with pigments over 50 ppm

fluorine, measurable amounts of mercury or halogens, or
more than 0. 05% lead.

w. Grinding wheels that have been used on other than stainless
steel or Inconel material.

x. Water containing more than 25 ppm halogens during any
cleaning operation.

y. Any material that forms alloys or deposits on the fuel
assembly.

BORAL PHYSICAL CHARACTERISTICS

Boral is a clad composite of aluminum and boron carbide. The Boral panel

consists of three distinct layers. The outer protective layers are solid 1100

alloy aluminum. The central layer contains a uniform aggregate of fine boron

carbide particles tightly held within an aluminum alloy matrix. The boron

carbide particle in the central layer averages 85 micons in diameter. The

average spacial separation is 1.25 to a.50 particle diameters. The overall

thickness of the three layers will vary depending on the B1 0 content in

accordance with Figure 1.

The physical characteriestics of a Boral panel will vary of course, according

to clad thickness, overall thickness and B content. A typical Boral panel

10
for spent fuel storage can be described as having 0.020 grams of B per sq.

cm with an overall thickness of .075Ot . 004 inches including a nominal clad

of .0095 inches on each-side. The physical characteristics for that typical

panel is as shown in Table 4.

-7-
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* . Figure 1

Boral Thickness Versus B10 Content
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0 .01 .02. .03 .04 .05 .06
BIO Content - gm/sq cm

B 10 Equiv. Total Thickness Including Cladding *_ _

Content . Boron Inches . Tol. mm + Tol.
.005 .028 I 075 .004 1.91 .10
.010 . .056 .075 .004 1.91 .10
.015 .083 .075 .004 * 1.91 ; 10
.020 .111 .075 .004 1.91 .10
.025 .139 .083 . .004 2.11 .10
.030 .167. .096 .005 2.41 .13
.035 .194 1 .108 .006 2.74 .15
.040 .222 .121 . 006 3.07 .15
.045 .250 .133 .006 3.38 .15 *
.050 .278 .146 .007 3. 71 .18
.055 .306 .158 .007 4.01 .18
.060 .333 .172 .009 4.37 . .23

This tabulation is for Boral with thin cladding for use in high density spent fuel racks.
Boral. with thicker cladding is aiso available for other applications.
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Table 4 - Boral Panel

B content 0.020 gm/sq cm

Boron content 111 gm/sq cm

Thickness-overall .075 - .004 inches
. 190 ± .010 cm

Thickness-clad .0095 inches
(nominal) . 024 cm

Neutron attenuation .935
(at 0.06 eV)

Total weight .42 gm/sq cm
.86 lb/sq ft. -

Dispersion Uniformity. The aluminum and boron carbide ingredients

in the central core of the Boral panel are combined in powder form. The

methods used to weigh and blend the powders as well as the design and

construction of the ingots necessary to produce acceptable Boral panels

are-patented and proprietary processes of Brooks & Perkins. The

manufacturing methods used-include a sintering process and hot rolling.

The final outcome of the entire manufacturing cycle is Boral panels having

boron-carbide uniformly dispersed throughout the central core. The amount

of boron carbide per unit area is directly related to the panel thickness.

The minimum B content per umit area and the uniformity of dispersion

within a panel is verified by-wet chemical analysis or neutron attenuation

testing. For details of the verification methods see Brooks & Perkins

Quality Assurance Procedures BP-11002-QAP and BP-11004-QAP. ;

** .* D '. ~
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The acceptance standards in these procedures are controlled by statistical

data to assure the minimum requirements are achieved with 95/95 confidence

level. The maximum variation in the manufacturing processes (statistical

tolerance interval) over a significantly large sample size has been determined

and is utilized in the establishment of acceptance criteria.

CORROSION RESISTANCE

The useful service life of Boral will exceed 40 years when in contact with the

storage pool water of either a boiling-water or pressurized-water reactor.

This fact is evident through laboratory testing and is further supported by the

longest continuous, in-pool, service by Boral over any other thermal neutron

shielding material. This excellent corrosion resistance is provided by the

protective nature of the aluminum cladding that is an integral facing on the

Boral panels. The corrosion of aluminum is negligible in fuel storage pools

of either type reactor when the water quality and temperatures are maintained

within the normal operating limits as listed in Table 5. The boron content in

the Boral will not be reduced below the specified limit during the forty or more

years of exposure under those operating conditions.

In order to understand the total corrosion resistance of aluminum within the

normal operating conditions of the storage pools a discussion of that resistance

must consider all forms of corrosion. A detailed discussion follows for general,

galvanic, pitting, crevice, intergranular, and stress forms of corrosion.

-10-
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Table 5 - Chemistry of Pool Waters

Reactor type PWR BWR

Cooling medium * D-M water D-M water

Boron content, ppm 0 to 2000 0

pH range 4.5 to 6 .0 6.0 to 7.5

Temp range, 0 F 80 to 140 80 to 125
0C Z6 to 60 26 to 52

Conductivity@25 C 1 to 30 1
micro mho /cm

Chloride ions, ppm,max. 0.15 0.Z0

Fluoride ions, ppm, max. 0.10 ----

Total solids, ppm, max. 1.00 0.50

Heavy metals, ppm, max. ---- 0.10

Halogens, ppm, max. 0.15 ----

* demineralized water

General Corrosion. General corrosion is a uniform attack of the metal

over the entire surfaces exposed to the corrosive media. General corrosion

is measured by weight loss or decrease in thickness and is generally expressed

in mils per year (mpy). The severity of general corrosion of aluminum depends

upon the chemical nature and temperature of the electrolyte and can range

from superficial etching and staining to dissolution of the metal.

_1 1_I
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Figure 2 shows a potential - pH diagram for aluminum in high purity water

at 25 c (770 F). The potential for aluminum coupled with stainless steel and

the limits of pH for BWR and PWR pools are shown bn the diagram to be well

within the passivation domain. The passivated surface of aluminum (hydrated

oxide of aluminum) affords protection against corrosion in the domain shown

because the coating is insoluble, non-porous and adherent to the surface of the

aluminum. The protective surface formed on the aluminum (gibbsite and

o (5)
bayerite) is known to be stable up to 1350C (275 F) and in a pH range of

4.5 to 8.5 (6).

Figure 3 is Mso a potential-pH diagrams for the aluminum-water system but

at 600C (140 0 F) which also shows the potential for the aluminum/stainless

steel couple and the BWR and PWR limits for pH at this upper limit of temper-

ature.

The ability of aluminum to resist corrosion from the boron ions is evident

from the wide useage of aluminum in the handling of borax and in the manu-

facture of boric acid. (7) Aluminum racks with Boral plates in contact with

the 800 ppm max. boron water showed only small amount of pitting but

(1)maintained good structural integrity after seventeen years in the pool

-12 -
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Figure 2

Potential Versus pH Diagram

For Aluminum-Water System
At 25 C (770 F) (10)
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Figure 3-

Potential Versus pH Diagram

For Aluminum-Water System

At 6 0 0C (1400 F) (5)
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Galvanic Corrosion. Galvanic corrosion is associated with the current of

a galvanic cell consisting of two dissimilar conductors in an electrolyte. The

two dissimilar conductors of most interest in this discussion are aluminum and

stainless steel while in an electrolyte similiar to the pool water from either a

BVR or PWR. There is less galvanic current flow between the aluminum-

*stainless steel couple than the potential difference would indicate because of the

greater than normal resistance at the metal-liquid interface on stainless steel

which is known as polarization. (6) It is because of this polarization character-

istic that stainless steel is compatible with aluminum in all but severe marine, or

highbchloride, environmental conditions. Test data for aluminum coupled with

304 stainless steel in 5.0 pH water at 100 C (212 F) with flow rates ranging

from 0. 5 fpm to 81 fps show weight losses of 0. 1 to 0.2 mpy and randomly spread

pits that were not of major consequence. (8) This performance indicates a

projected service life much greater than forty years.

Pitting Corrosion. Pitting corrosion is the forming of small sharp cavities

in a metal surface. The first step in the development of corrosion pits is a

local destruction of the protective oxide film. Pitting will not occur on commer-

cially pure aluminum when the water is kept sufficiently pure, even when the

aluminum is in electrical contact with-stainless steel. (9)

Pitting of aluminum has been-observed when in contact with-stainless steel

where the electrolyte can stagnate and the conductivity of the el~ectroylyte

increases. * - .. - . .

-15-
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This pitting has not been significant in spent fuel environments and it is not

likely that pitting of the aluminum would have any influence on the neutron

shielding performance of the Boral. (4)

Crevice Corrosion. Crevice corrosion is the corrosion of a metal that

is caused by the concentration of dissolved salts, metal ions, oxygen or other

gases in crevices or pockets remote from the principal fluid stream, with

a resultant build up of differential galvanic cells that ultimately cause pitting.

Testing has confirmed that after 2000 hours, under a controlled environment,

the Boral and 304 stainless steel combination exhibited little or no corrosion

of-the aluminum cladding of the Boral. In a separate 2000 hour test at 900

to 1800C the maximum pit depth of corrosion of the Boral surface was reported

at less than five mils giving a projected life much greater than forty years.

Intergranular Corrosion. Intergranular corrosion is corrosion occurring

preferentially at grain boundaries or closely adjacent regions without appre-

ciable attack of the grains or crystals of the metal themselves. Intergranular

corrosion does not occur with the commercially pure aluminum (alloy 1100)

and other common work hardening alloys.

Stress Corrosion. Stress corrosion cracking is failure of the metal by

cracking under the combined action-of corrosion and high stresses approaching

the yield stress of the metal. The 1100 alloy used in Boral is not susceptable

to stress corrosion and Boral is seldom if ever subjected to high stresses when

used as a neutron shield in a spent fuel rack.

-16-
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Al +10 .- > Al (oH) + H
2

2 AI+61H 0- Al 03. 3H20 + 6H + 6 electrons

2 H + 2 electrons -4 H ' (5)

The water-aluminum reactions are self-limiting because the surface of the

aluminum becomes passive by the formation of a protective and impervious

coating making further reaction impossible until that coating is removed by

mechanical or chemical means.

The volumes and types of gases collected from the Boral in demineralized

and borated water strongly indicate the gases resulted from one or both of

the two described mechanisms and did not result from cross linking or

oxidative scission of any of the Boral materials.

In summary Boral does not out-gas or change physically or chemically as

a.result of exposure to gamma radiation. Water in contact with aluminum

will release hydrogen chemically until the aluminum surface is passivated

and water will disassociate through hydrolysis from gamma radiation. It

is therefore necessary t6 provide a means for venting the hydrogen and

oxygen gases if water is allowed to come in contact with Boral in spent fuel

storage applications.

-20-
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NEUTRON SHIELDING PERFORMANCE

The thermal neutron shielding performance of Boral is obtained from the B1 0

isotopes contained within the boron carbide particles in its core. This

performance is directly related to the amount of boron carbide provided and

the spacial relationship between the particles of boron carbide. Figure 4

shows the actual performance of Boral as compared to an ideal (unobtainable)

layer of B10 isotopes. The shielding performance is measured as a neutron

attenuation factor and is plotted against the surface density of B1 0 isotopes

in grams per square centimeter. For further discussion on the shielding

properties of Boral see Brooks & Perkins Bulletin No. 100. The neutron

shielding performance of Boral was unaffected after exposure to 1. 03 x 10"

rads gamma and 5.3 x 1019 thermal neutrons per sq cm.

Boron and Halogen Leachability. The boron leachability and the halogen

leachability was evaluated for Boral during irradiation testing conducted at

the University of Michigan. The test solutions were analized for boron and

halogen-contents before and after radiation-exposure when sufficient solution

was remaining after the test. The volume of solution was reduced to zero in

some cases by the radiation. The analysis of the test solutions showed no

increase in-boron or halogen that cannot be accounted for by the decrease

in test solution volume or pickup of the soluble boron on the external edges

of the Boral. The boron carbide is allowed to contain, by the ASTM Speci-

fication C750-80, up to a maximum of three percent (3.00%) soluble boron

in the form of boric oxide (B2 0).

-21-
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The amount of boron carbide that can come in contact with water is limited

to that which is confined to the outer edges of the Boral panel. This

wettable amount of boron carbide is of course influenced by the geometrical

size and shape of the panel but is less than one percent (I. 0%) of the total

boron carbide contained therein. In any regard, the total boron content of

the panel will remain above the specified minimum content in the event the

total soluble boron content were somehow lost through dissolution.

Residual Activity. The residual radioactivity of the Boral was measured

following the irradiation testing conducted at the University of Michigan. The

activation was limited to trace amounts of impurities contained in the boron

carbide and aluminum materials from which Boral is produced. The specific

results are available upon request.



Report 624

BrOOKS &PerminsAwDVanceD srrucrures
An AAR Company

Installations Using Boral

I. Spent Fuel Storage Racks

A. Pressurized Water Reactors

Reactor Utilitv Water Contact Service Date

1.
2.
3.
4.
5.
6.
7.
8.

Yankee Rowe
Maine Yankee
Cook 1&2
Sequoyah 1&2
Zion 1&2
Salem 1&2
Bellefonte 1&2
Yellowcreek I&2

Yankee Atomic Electric Co.
Maine Yankee Atomic Power Co.
Indiana & Michigan Electric Co.
Tezin Valley Authority
Commonwealth Edison Co.
Public Service Electric & Gas Co.
Tenn Valley Authority
Tenn Valley Authority

Yes
No
No
No
Yes
No
No
No

1964
1977
1979
1979
1980
1980
1981
Indef.

B. Boiling Water Reactors

Reactor UtilitY Water Contact Service Date

1.
2.
3.
4.
5.
6.
7.
8.
9.

10.
11.
12.
13.
14.
15.
16.
17.
18.

LaCrosse
Pilgrim 1
Monticello
Vermont Yankee
Peach Bottom 2&3
Fitzpatrick
Cooper
Duane Arnold 1
Susquehanna 1&2
Perry 1&2
Limerick
Browns Ferry 1, Z, &3
Dresden 1, 2, &3
Hatch 1&2
Brunswick 1&2
Clinton
Hartsville 1 &2
Phipps Bend I&2

Dairyland Power Coop;
Boston Edison Co.
Northern States Power Co.
Vermont Yankee Nuclear Power
Philadelphia Electric Cd.
Power Authority of State NY
Nebraska Public Power District
Iowa Electric Light & Power Co.
Pennsylvania Power & Light Co.
Cleveland Electric Illuminating Co.
Philadelphia Electric Co.
Tenn Valley Authority
Commonwealth Edison Co.
Georgia Power Co.
Carolina Power & Light Co.
Illinois Power Co.
Tenn Valley Authority
Tenn Valley Authority

Yes
No
Yes
No
No
No
Yes
No
No
No
No
Yes
Yes
Yes
Yes
Yes
Yes
Yes

1976
1978
1978
1978
1978
1978
1979
1979
1979
1979
1980
1980
1981
1981
1981
1981
Indef.
Indef.
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Abstract:

The results of neutron attenuation measurements of irradiated Boraltm
specimens are presented. Irradiation and neutron attenuation measurements
were performed by the Phoenix Memorial Laboratory of the University of
Michigan. No significant change in the neutron attenuation properties of Boraltm
was detected up to radiation exposure levels to 7 x 10" rads. Test background
and methodology are discussed.
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INTRODUCTION:

tmBoral is the trade mark of a neutron absorbing material manufact-
ured by AAR Brooks & Perkins, Inc. (B&P)and is used around the world in a
wide variety of shielding and criticality control applications. Boral m is a
composite material consisting of an aluminum and boron carbide core clad
with pure aluminum face sheets. Boral properties are fully described in
B&P's Product Performance Report 624(X3

The application being studied in this report is the use of Boral tM as
the neutron absorber in high density storage racks for spent nuclear fuel.
These racks are submerged in the fuel pool at a nuclear reactor site and hold
spent fuel discharged from the reactor during refueling. This spent fuel will
be stored in the fuel racks for as long as 40 years.

The function of Boral in this application is criticality control to in-
sure the closely spaced fuel assemblies cannot reach a critical condition even
during accident situations (e.g. fuel assembly drops, earthquakes, improper
fuel positioning etc.). Since this is a safety related function the U.S. NRC is
particularly interested in the effectiveness of the poison both when installed,
and over the rack service life.

Applicants for fuel storage licenses must furnish a considerable amount
of data on the neutron absorbing poison they intend to use in the fuel racks. In
addition to documenting the initial effectiveness of the poison the NRC requires
that "methods for verification of long-term material stability and mechanical
integrity of special poison materials utilized for neutron absorption should in-
clude actual tests".(Z)

tm
Boral, or any neutron poison used in spent fuel racks is exposed to

an extremely harsh environment. The Boraltm is subjected to high gamma
radiation fields, high temperature of discharged fuel assemblies and pool
water chemistry. The impact of these factors acting over long periods must
be assessed in order to judge the capability of the poison to perform its fun-
ction and live in this environment.

PURPOSE OF REPORT:

tm
This paper will report some results from a test-in-progress on Boral.

This is an accelerated type test intended to subject the Boraltn to a total in-
tegrated life dose of I x 1 0 12 rads gamma radiation. The testing is being
done in the Ford Nuclear Reactor at the Unioversity of Michigan in Ann Arbor.
The test conditions also subject the Boral specimens t6 pool water chemistry
and temperature thereby simulating the fuel pool environment.
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These test results are offered as documentation that Boral can with-
stand total integrated gamma doses of 7 x 10" rads with no change in the
neutron attenuation properties nor loss of physical integrity or durability.

tm
Boral has been selected as the neutron absorber to be used in the

high density spent fuel storage racks for Hope Creek 1 belonging to Public
Service Electric & Gas Co. (NJ). Bechtel Power Corp. is the architect-
engineer and has developed the fuel rack specifications and defined the
operating environment. The specified environment was dimineralized water
at 1350 F maximum with a radiation dose of 5. 12 x 10" rads gamma integrat-
*cd over 40 years. (3)

The actual integrated lifetime radiation dose to which the fuel racks
will be subjected is unknown. However, a "worst case!' scenario can be
established if it is assumed that freshly discharged fuel is always loaded
into the same storage cells at each refueling outagetger the life of the plant.
Qualification of the rack materials, including Boral, to this "worst case"
radiation level will allow for maximum flexibility in fuel handling.

This "worst case" level of radiation exposure would be approached if
the freshly discharged fuel were always placed in the same area of the stor-
age racks-such as the full core discharge area. After the outage, when time
is less critical and man power more available, the fuel can be transferred to
another rack section for long term storage. This is, in fact, the way that
many utilities handle their discharged fuel.

The cells would experience lower radiation doses if discharged fuel
were placed in the long term storage position directly upon discharge. This
system reduces fuel management flexibility somewhat and requires the plant
operator. to institute a system for managing the radiation exposure of the
rack.

BACKGROUND:

The University of Michigan Phoenix Memorial Laboratory initiated a(4 )
study of the radiation aging of various commercial poison materials in 1978.
One of the objectives of this study was to subject several commercial poisons
to radiation in U of M's Ford Reactor to investigate the phenomenon of rad-
iation induced out-gassing. The gases evolved would be measured for amount.
and analyzed for composition.
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The reason for this study is that there had been several occurances
*of individual storage cells in fuel storage racks swelling due to gas build-
up in the cavity holding the poison. As this had happened at several reactor
sites with different poisons the U.S NRC was concerned that all poisons
may suffer from a generic defect.: )

In addition to measuring and analyzing the evolved gas, the U of M
study measured the pre-and post-irradiation mechanical properties of the
poisons tested. The suspicion existed that radiation induced out-gassing
was a symptom of radiation damage occuring in the poison matrix material.
This data would be taken to determine the extent of any damage and to assess
the ability of irradiated poisons to withstand the NRC postulated accidents.

Interim test results describing tle quantity and~constituents of the
evolved gasses were published in 1979. ( ) This reports that of the poisons
tested only Boraltm produced no off-gases llue to irradiation. This data
was taken at a total gamma dose of l x 10 rads. The report further states
that testing would continue to reach a total integrated dose of 1 x 1012 rads.
The tests have currently reached a level in excess of 7 x 1011 rads which is
believed to be greater than a "worst case" scenario for the Hope Creek fuel
racks.

METHODOLOGY:

The Ford Nuclear Reactor is a 2 megawatt Babcock & Wilcox pool
type reactor used for educational and research purposes.(7 ) This react-
or was used for accelerated irradiation tests on various commercial poisons
including Boral as described in references (4) and (6). A follow-on irrad-
iation test was performed to extend the data to higher radiation levels than
achieved in earlier tests. The purpose of the test is "to determine physical
properties and changes to physical properties of shielding materials as a
result of irradiation under conditions similar to those encountered in PWR
and BWR spent fuel storage pools."( 8 )

Thirteen groups of samples, with three specimens per group, were
irradiated to various radiation levels as shown in Table 1. The following
tests and measurements were taken prior to irradiation and it was planned
to make similar measurements following irradiation.

weight
specific gravity
hardness

mechanical strength
neutron attenuation
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The neutron attenuation and physical/mechanical properties were
measured before irradiation. The post irradiation neutron attenuation
measurements were made and are presented in the results section. The
researcher elected not to perform post-irradiation mechanical tests on
the Boral specimens because of concern over possible mechanical test
lab contamination and the inability to acquire comparable data.(

The samples to be irradiated were loaded in sample holders as
shown in the attached sketch and placed in reactor test locations where
they would be subjected to approximately 7 x 107 rad/hour.

Table I gives the sample identification and test conditions.( 1 0 )
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TABLE I

NEUTRON SHIELDING MATERIAL TEST SAMPLE SERIES

Neutron Dose Estimat
Gamma Dose (rad) Thermal (n/cm2) Fast I MeV (n/cm2) Irradiat

Sample Set
Identification

ed
ion

Pre Irradiation 0

.L3l1ne knr)

-00 0

Control

S1E9

S5 E9

SIE10

S5E10

SlEll

KY S2Ell

S3E1ll

S4El I

S5El l

S6El

S7El 1

SBEl l

S9E1l

SlE12

286

1.0x 109

5.0 x 109

1.0 x 1010

10
5.0 x 10

1.0 x 1011

2.0 x 1011

3.0 x 10ol

4.0 x 1011

5.0 x loll

* 6.0 x 101 1

7.0 x 10

8.0 x 1011

9.0 x 1011

1.0 x 1012

0

5.66 x 1017

2.83 x 1018

5.66 x 10o18

2.83 x 1019

5.6 6 x 1019

1. 13 c 1020

1.70 x 1020

2.Z6 x 10

2.83 x 1020

3.40 x, loZ°

3.96 x 1020

4.53 x 1020

5.09 x 1020

5.66 x 1020

0

5. 6 6 x 10is

2.83 x 1016
- 16

5.66 x 10

2.83 x 1017

5.66 x 1017

1.13 x 10

1.70 x 1018

2.26 x 1018

2.83 x 1018

3.40 x 1018

3.9 6 x 1018

4.53 x 1018

5.09 x 10

5.66 x 1018

14,290

15

75

143

715

1,429

2,858

4,287

5, 716

7, 145

8,574

10,003

11,432

12,861

14,290

Sample Environment:
Estimated Gamma Dose Rate:
Estimated Neutron Dose Rate:

Thermal
Fast lMeV

kY Number of Samples In Set:

Demineralized Water
7.0 x 10 7 rad/hr.

1. 1 x 1013 n/cm2 /sec
1. 1 x 10 1 1n/cm2 /sec
3
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RESULTS:

Neutron transmission measurements wejS taken using a standard
procedure developed by Phoenix Lab personnel.'' 1 ' The results are tabulat-
ed in Table 2.

TABLE 2(12)
Neutron Attenuation Properties of Boraltm Specimens 3

Sample Set
Identification
SIEI1

Gamma
Dose (rads)

neutron energy = 0.06 eV
Pro -irradiation Post-irradiation

attenuation attenuation

sample
sample
sample

I
2
3

9.72 x
9.72 x
9.72 x

1010
10 10
10 10

.990
.991
.990

.991

.992

.992

S2EI1
sample 1
sample 2
sample 3

S3EII
sample 1

* sample 2
sample 3

S4EMI
sample I
sample 2
sample 3

S5EIl
sample 1
sample 2
sample 3

2.04x
2.04 x
2.04 x

0(Il
10 11
1011

.991

.992

.993

3.00
3.00
3.00

x
x
x

.1011
1011
1011

.992

.992
.992

.993

.993
.993

.994

.994

.993

.992

.991

.994

.989

.990

.992

4.00
4.00
4.00 x .1011

.991

.990
.992

5.02 x
5.02 x
5.02 x

1011

J-10

.992

.992

.992

S6E11
sample
sample
sample

S7E11
sample
sample
sample

1
2
3

6.05 x .-id
6.05 x AD1
6.05x 19.

.991

.990

.992

.993

.993

.992

.993
.992
.993

1
2
3

6.99 x
6.99 x
6.99 x

e11

1Q11

.992

.991
.992

*attenuation = l-transmission = 1-transmitted neutron beam
incident neutron beam
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Visual examination of the specimens revealed no observable degrada-
*jtion of the Boraltm specimens irradiated. There was no apparent shrinkage,
material loss, cracking, breaking or other deformation.

The specimeni . did exhibit the characteristic darkening or tarnishing
due to water contact with the aluminum cladding as a passivating film forms.(13)
This. darkening is illustrated in the attached phbtograph of test specimens.
The amount offdicoloration appears tb stabilize sometime .aftbr 30 days.
of water contact Wine..

A few specimens developed small blisters on the cladding. A sketch
is attached showing typical blisters. This phenomenon occured only on the
outside surface of the outermost specimens loaded in the specimen holder.
Neither the inside surface nor any of the other specimens in the specimen
holder developed blisters.( 1 4) The researcher hypothesized that this could
be a neutron flux induced phenomenon where the outside specimen absorbed
most of the neutron flux shielding the inside specimens. The hypothesized
mechanism is neutron capture by the B1 0 molecules form lithium and helium
which is trapped under the aluminum cladding. Neutron heating may have
loosened the bond between cladding and core allowing local blistering of the
cladding.

The specimens had good physical integrity and could be struck to-
gether sharply with no damage to the Boraltm

CONCLUSIONS:

Neutron attenuation measurements of irradiated Boraltm specimens
showed no degradation in shielding properties up to radiation.-levels of 7 x 101I
rads. This exceeds the maximum 40 year life gamma dose expected for Hope
Creek spent fuel racks. Therefore gamma radiation does not appear to be a
creditable threat to a Boraltm service life of 40 years.

Visual examination and rough handling showed no degradation or loss
of physical integrity. Although a superficial surface tarnish formed on the
specimens, the subjective appraisal is the properties of the irradiated Boralt
are essentially unchanged by gamnma radiation exposure. The specimens are
available for further testing, including mechanical tests, should the NRC wish
to fund this work.

The test results do not provide any data or reveal any trends which
would allow .an end-of-qualified life prediction. The combination of radiation[
pool water temperature and water chemistry do not appear to degrade Boral.
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NEUTRON POISON SPECIMEN HOLDER

Hollow square aluminum extrusion
with bottom closed

Alternating* specimens of Boralt
and another commercially available
neutron poison. (ASTM tensile specimens)

_ Drain Holes
Z Sides

SPECIMENS IN HOLDER

.*Boraltm always used for first and last

specimens to support adjacent flexible poison.
specimens

EMPTY HOLDER
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Po st-Irradiation
Boral Specimen

Full Scale

Arrangement of Poison
Specimens during Irradiation
(White Specimens-Boral)

Pre -Irradiation

TypicalI Blister
Pattern
on outside
surface

Sec A-A

Post-Irradiation

Sec. A-A

-I AA

Blister Pattern On Outermost Surface Of
Boral Specimens



Irradiation
Level

Un-irradiated

1 x 1010 rads

5_x 10ol rads

.l x lol rads

2 x loll rads

Water Contact
Time

None

6 .-Days

.30 Days

*60 Days

120 Days

180 Days3-x 101 rads

IRRADIATED BORAL SPECIMENS
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CORROSION RESISTANCE OF BORALTM
TO ONE YEAR OF EXPOSURE TO

BWR STORAGE POOL WATER

PURPOSE: The purpose of this test was to determine the physical changes to
unprotected samples of BORAL after one year of exposure to an aqueous solu-
tion representing a BWR storage pool water.

METHOD: Three bare and unclad samples of BORAL were placed in a covered
beaker containing demineralized water. The samples were the standard 35%
B4 C type BORAL panels that measured .177 x 2 x 2 inches. The samples and
the solution were periodically examined and the progression of the changes
were recorded. The samples were carefully left undisturbed during the test
period without any change or alteration being made to the water solution.

TEST DATA:
Total Unit Wt.

Surface Area Initial Final Weight ... Loss Penetratior
Sample Size Two Sides Weight Weight Loss Per Year Per Year

(cm) (cm2 ) (gms) (gms) (gms) (mgms /cmZ /yr) (mils /yr)

j A .45x4.92x4.92 48.4 29.8564 29.%712. .0952 1.97 .29

B .45x5.08x5.08 51.6 31.M79 31.202 .0717 1.39 .20

C .. 45x5. 08x5. 24 53.2 M3M 3L96Z .1261. 2.37 .34

Average 1.91 .276

RESULTS: The pH of the solution increased in number from the original 5. 6
to 7. 7 in the first two and one-half months and remained at that approximate
level for the remainder of the year.

The BORAL samples experienced weight losses through general corro-
sion with no evidence of pitting, galvanic or intergranular types of corrosion.
The average rate of weight loss after one year of exposure was 1.91 milligrams
per square centimeter per year or .28 mils per year.

CONCLUSION: The period of time necessary for the total loss of the outer
cladding of the BORAL by general corrosion at the corrosion rate after one
year would be a minimum of 144 years.

-1-
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ABSTRACT

Brooks & Perkins, Inc. Spent Fuel Storage
Module ,Corrosion Report No. 554

A determination is made from published data of the expected

* life of a storage module following a rupture in the wate'r barrier

covering. The environmental conditions external and internal to

the. module are defined. The various types of corrosion which can

occur are also defined and their experimentally determined

corrosion rates are listed. Results show an expected life to be

at least greater than fifty three (53) years and probably greater

than sixty (60) years following the occurrence of the rupture to

the water barrier covering.

-a100
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BROOKS & PERKINS, INC. SPENT FUEL STORAGE
MODULE CORROSION REPORT

PURPOSE: The purpose of this report is to determine from published
data the extent of any deterioration that is likely to occur over a forty
year period to the shielding capability of a Brooks & Perkins, Inc. spent
fuel storage module following a water leak in the stainless steel covering.

BACKGROUND: The spent fuel storage module (SFSM) is a slender square-
shaped tube with open ends that is used for the storing and the shielding of
one spent fuel assembly in a light water nuclear reactor storage pool. The
tube is constructed with the inside and outside coverings being made of type
304 stainless steel. These two stainless steel surfaces are welded together
at the top and bottom of the tube over an inner layer of a thermal neutron
shielding material called BORALPM.

A group of SFSM's are assembled into a tightly packed array called a
high-density storage rack. A network of horizontal and diagonal members
separate the modules within the rack and provide the necessary lateral
support. The racks stand in a vertical position on the bottom of a forty
foot deep storage pool.

The water in the storage pools is constantly circulated through a
series of filters which causes a constant water flow within the pool.
The water is monitored and controlled for pH and temperature within
specific.limits depending on the type of nuclear reactor.

The quality of the water in the storage pool of the two types of reactors
is controlled within the following ranges:

Pressurized Water Reactor (PWR)

water type demineralized

water temperature 700 to 1500 F (Z1 0 to 660 C)

pH at 770 F (25 0 C) .4.0 to 8. 0*

boron, ppm 1800 to 2200

chloride ion, ppm, max. 0.1

* (4. 5 to 10. 6rat Combustion Engineering Reactors)

N-o , -
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fluoride ion, ppm, max.

total suspended solids,
ppm, max.

0.1

1.0

solids filtration, microns,'
max. 25

Boiling Water Reactor (BWR)

* water type

water temperature

pH at 770 F (25 C)

demineralized

700 to 150 0 F (210 to 66oC)

5.8 to 7.5

chloride ion, ppm, max. 0. 5

total heavy element, ppm,
max.

total suspended solids,
ppm, max.

0.1

1. 0

solids filtration, microns,
max. 25

The thermal neutron absorbing material BORALm is a sandwich type
panel that has outer surfaces of type 1100 aluminum and a core of boron
carbide uniformly dispersed in a matrix of type 1100 aluminum.

DISCUSSION: The shielding capability of a BORAL panel is due to its
ability to capture thermal neutrons. The capture of thermal neutrons
is accomplished by the B1 0 (boron-ten) isotopes that are contained within
the boron carbide particles. These bbron carbide particles are chemically
inert (unreactive), heat resistant, highly crystalline and nearly equivalent
to diamond in hardness.

In order for corrosion to cause a reduction in the shielding capability
of a BORAL panel, the boron carbide particles have to be physically displaced
from the panel. A displacement of the boron-carbide particles to occur
woul;d require the following sequence of eirents.

-e
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(1) the complete removal of the outer protective aluminum surfaces
on the BORAL panel.

(2) the complete removal of the aluminum matrix surrounding each
boron carbide particle.

(3) the physical displacement of the boron carbide particles.

It i iat resting to note that BORAL has been used in fuel storage
pools [Is since 1964 and samples have been subjected to many corrosion
studies [3] [4] for long periods of time. In none of these exposures has it
been reported that any boron carbide particles were displaced.

The progression of corrosion to the outer surface is directly dependent
upon the area in contact with the water. The outer surface will reduce in
thickness at the same rate in mils per year as the edge will be attacked if
the entire panel is in contact with the water. If only the edges of the BORAL
are exposed to the water, the corrosion rate would be the same but a much
longer period of time would be required for the total failure of the panel to
occur.

In order to effectively extrapolate from previous test results, it is often
necessary to make reasonable interpolations or projections from the pub-
lished data because of differences between test and actual conditions. It must
also be kept in mind that most, if not all, tests are conducted with constant
or precisely controlled conditions throughout the test period which would not
be the case in an actual leak.

Alwitt et al E51 states, "Aluminum reacts readily with water to form a
hydrous oxide film. Depending upon the conditions of film forffaation, the
film is more or less protective against subsequent corrosion. Growth occurs
in two states: a pseudoboehmite film is produced initially and then is covered
with a layer of bayerite crystals. By analogy with the aging mechanism in a
colloidal suspension, it is thought that the pseudoboehmite dissolves and re-
precipitates as bayerite crystals. The growth of bayerite is inhibited at
higher temperatures (800 -1000 C), presumably because the pseudoboehmite
is better crystalized and dissolves more slowly."

"The growth kinetics and properties of the pseudoboehmite film produced
at 1000 C have been studied extensively. Less is known about the layers pro-
duced at low temperatures, but Hart has reportecd.the weight gain and electron
diffraction analyses for aluminum samples immersed in water at tempera-
tures between 200 and 800C. "

There are at least four significant changes that will occur immediately
to the water that enters into the internal voids in the storage module. Those
changes are as follows:

-3-
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1. Flow Rate. The pool water surrounding the storage module is constantly
flowing and therefore its chemistry, purity and temperature can be con-
trolled within precise limits. The water entering through a hole into the
internal voids of the storage module will cease flowing and will become
stagnant .once the voids are filled. The internal water will change from
the external water and will be the corrodent media to consider for the long
terra-affects of corrosion. As pointed out by Godard, [6] "Movement of the
corrosive liquid usually accelerates the rate of corrosion. "'

2. Shift in pH. The internal water will react with the aluminum upon contact
and cause the pH to change. The pH will increase or decrease towards a
steady pH near neutral depending on whether the initial condition is
acidic or alkaline. This change in pH is reported by the following:

A. Sedriks et al [7] "The change of pH with time for initially acidic
solutions (i. e., pH <2) in the presence of dissolving aluminum is
shown in Figures 1 and 2. (The curves shown could be reproduced within
+ 0. 05 of a pH unit.) In general, the change can be characterized by
(1) an initial increase in pH, and (2) the subsequent attainment of a
steady pH value."

2. . .1
(a) 7075. EFFECT OF INITIAL lt.

2 ' -S[)EFFECT O Fu ALYCONTENT

e 2, , * 2 4_ -t ..........

(b)J 70O PPR5ON 2C ND A)C12n3 - E Al .

| (b) 7075. EFFECT OF LIUD /SOLID RATIO (RI
.5

.Ic) 7075. EFFECT OF DE-AERATION

5 SOLUTION CITAI'JI C 3.
4L_ D 0L X~t 2 - R0.6 I I

3 -

C)CC LEPWEO SOLUTION

01 515 20 25 1 5 10 9 00 zoo

TIME (min) TIME mmnn.)

FIGURE 1 -The change of pH with time as& function of fs) FIGURE 2-The change of pH with time as a function of (a)
Initial pH et solution, (b) ptesence of aluminum ions. and ({ alloy content, and (b) liquid/solid rntio.
effect of oxygen. .
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Jo
"The steady pH value is related to the concentration of aluminum
ions in solution.... and is associated with the onset of precipitation
of aluminum hydroxide, AL (OH)3. "

* r31
B. "Peterson et al [8] report that in sea water (pH 8. 2) the corrodent

in crevices in Type 304 stainless steel was less than 2(pH). The pH
at the growing front of exfoliation crevices in aluminum alloys does
not appear to have been reported, but it is postulated to be acid,
having a pH of possibly as low as 3.2 based upon measurements
of pH at the tips of stress corrosion cracks in aluminum alloys. "

C. B. F. Brown. 19 J "The acidity is caused by hydrolysis of one or
more components of the metal or alloy, and the acidity persists
because of the restricted interchange between the corrosion cell
and the bulk environment."

D. Peterson et al [ "Figures 3 and 4 show that regardless of the
initial potential and pH, the crevices on stainless steel polarized
the pH shifted in the alkaline direction to the domain where water
is unstable and hydrogen discharge would be expected. One would
therefore expect that cathodic protection has been achieved, since
the potential of the surface has been shifted into a region where

-2. stainless steel is known to be cathodically protected. In addition,
the pH has shifted to a value which indicates that the solution within
the crevice is benign to stainless steel."

:.* < .__ _ _ _ _ _ - - * - -

.I f 304 STAINLESS STEEL-CREVICE
Z . .POLARIZATION a pH CHANGES

6- CP DM 1K~e . To C*st n< "CC " %te04 W i;

S at. WC 1ci *1 . Ad hIL c.C- . , d.T'.4 . f-S.C

S C-. * N *

By''ril I net* It 1 4T VCL. o

91--r-+-+'--9--- %CCek_4 -. J.. *

30,4 So TAIMLcSS STEEL-C EVICE ! ;::. "i..
POLARIZAION aB pHo C11ANGES C\tom0! t 2as'g3 t

s-"% *41 94r.a. " -.

C I .CW Utt..

FIGURE 3- -Type 304 stainles; steel. crevice potarlsation . FIGURE 4- Tyrpe 304 stainlms sievt, ceteice pola?;tiztots
and pH dnai at various d;itances fhom the drevice opening and pH data at varbous distances from the aevke, opening
and at various times. Shown on partial PIurbalp diagram. and at vsrous times Shown cm a pariat Pourbsx diagrorm
the 0.6 M Nay solution had an Initial pH of 7.6 The 0.6 M NaCI solution had * n nitial pH of 1.9.
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Samples of the SFSM were placed in water baths having a pH of
4. 5 and 10. 5. Within a few hours the pH of the water that entered
the SFSM had changed and was steady at 7. 1 and 7.7 respectively.

3. Oxygen Content. The content of dissolved oxygen in the internal water will
be depleted by the oxidation of the metal surfaces. The decelerating effect
on th reactivity of the solution by this de-aeration can be seen in Figure
l(c) 1 J. The de-aerated solution required 38% more time to change pH
from 1.0 to 3.0 and 80% more time to change from 1.0 to 4.0 than the solu-
tion containing dissolved oxygen. This delay in reaction time is also caused
by the development of a protective oxide film on the surface of the alumi-
num which tends to arrest further corrosion action.

4. Ion Concentration. The volume of the internal water will be small com-
pared to the surface area of the metal faces and will therefore become
saturated with ions very quickly. The further ionization of the aluminum
surfaces can proceed only to the extent that aluminum ions precipitate out
of solution in the form of an insoluble compound. A study of a potential-
pH diagram (Pot rbaix) for the aluminum-water system (see Figures 5 and
6 of MacDonald 52jet al) discloses the following reaction will occur within
a pH range of 3 to 8. 5 and a temperature range of 770 to 1400 F.

2 Al + 6 H 2 0-A1 2 O 3 3H2 O0 + 6H+ + 6 electrons

A dissolved aluminum atom will react directly with water to form the
precipitate gibbsite and bayerite (A12 03 3H2 0).

-6-
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t'Jt

I.

i
I

II

I

. I

VHr
Fic. 5 Potential-pli diagram for the aluminium-wmter sysetm at 25'.

(a) r.ers to the pltr or a 1Om 011- solution.

pH,
FIG. 6 rotentbzl-pl It ia3am for the ntuminiuun.wttcr system Ct 6rC.

(a)krcfn tothc pirtor a 1'n OH solution.

.3

The precipitate is a hydrated oxide of aluminum which is stable up to
1350 C (275 0 F). The entrapped water will become saturated by the forming of
the gibbsite and bayerite, and therefore would be a self-limiting influence to
the corrosion.

CORROSION DATA

BORAL

1; One year test results [3]

-water type

pH

temp.

corrosion rate, znpy

BWR

5.6 to 7.7

680 to 780 F (200 to 260 C)

0.28

K) expected life (at 15 inils thickness)* > 53 years

*10 Mils of Clad Plus 5 Mils of Matrix Holding Boundary Layers of B4 C.

-7-
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2. 2000 hour test results [4

.. water type

pH

temp.

corrosion rate, mpy

estimated corrosion rate
@ 700 to 15001., rpy

expected life (at 15 mils
thickness)*

3. Twelve years of service [i]

water type

boron

pH

temp.

corrosion rate, mpy

expected life (at 15 mils
thickness)*

BWR

7.0

1900 F (880C)

1.2 to 2.1

.18 to .32

>45 years

PWR

nil

4.0 to 8.0 (est.)

700 to 150OF (210 to 6600) (est.)

nil

P 60 years

STAINLESS STEEL - type 304

1. General Corrosion 1133

water type

p2H

temp.

oxygen, ppm

chlorides, ppm

corrosion rate, mpy

estimated corrosion rate
@ 1500 F, mpy

expected life (at 60 mils
thickness)

BWR or PWR

7.0 to 11

5720 F (3000C)

< .01 to 2

< .1

< 2

<.6

> 60 years

* 10 mils of Clad plus 5i mils of Matrix Holding Boundary Layers of B 4 C.

-8-
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2. General Corrosion after 3000 hours [14]

water type high purity, demineralized

hydrazine, ppm . 01 to . 07

oxygen, ppm <. 005

chlorine, ppm < .05

pH 6.95 to 9.58

flow rate, gal/hr. 3.5

temp. 3Z00F (1600C)

corrosion rate, mppy .01

expected life (at 60 mils thickness) > 60 years

3. Stress-Corrosion-Cracking after 3000 hours [14]

water quality same as 2 above

stress % of . 2% yield 120

re sults "Metallographic examinaticon of selected

expected life (at 60 mils thickness)

ALUMINUM - type llOOF

1. General Corrosion after 14.200 hours'

water type - high

oxygen, ppm 4 to

pH 5. 0 t

flow rate, fps 7. 6

temp. 1940

corrosion rate, mpy 0.16

expected life (at 15 mils thickness)

-9-

,les.also failed to reveal .any cracking."

*>760 years

:15]

purity, demineralized

5

o 6.0

to 356 0 F (900 to 180 C)

> 60 years

Y -1IC
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STAINLESS STEEL (type 304) coupled with ALUMINUM (type IIODF)

1. Crevice and Galvanic Corrosion [15)

water type

oxygen, ppm

pH

flow rate, fpm

high purity, demineralized

4 to 5

5. 0 to 6. 0

0.5

temp. 1940 to 3560 F (900 to 1800C)

time, hrs.

Al max. pit depth, mils

Al corrosion rate, mpy

S. S. Corrosion rate, mpy

expected life (at 15 mils
thickness of Al)

1100 1775 2000

2

0. 1

0

<3 <5

0. 1

0

0. 1

0

>60 yrs >60 yrs > 6 0 yrs

CONCLIION: A thorough review of the published test data indicates the
materials used in the Brooks and Perkins Inc. spent fuel storage module
(namely 304 Stainless Steel and 110OF Aluminum) provide adequate corrosion
resistance to achieve a life expectancy of forty years without a reduction of
neutron absorbing .capability when used in a BWR or PWR storage pool with
a rupture in the stainless steel covering.

-10-
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Abstract

1. The corrosion testing of the storage module has been completed
in accordance with test procedure BPS-384.

2. All test samples were exposed approximately 90 days.

3. The final weights of the test samples are reported with the corrosion
products removed with the exception of the Cadmium samples.

1. Purpose

The purpose of this program is to substaniate by laboratory tests the
ability of the Brooks & Perkins storage module to satisfactorily resist
the envoronment of a BWR and PWR fuel storage pool. The test conditions
represent a postulated leak in the stainless steel covering and the most
adverse environmental conditions likely to occur during normal operation
of the storage pool.

II. Factual Data

A. Test Samples

The test samples were fabricated in accordance with paragraph 5: 1
of BPS-384 and placed in the specified test environmental as avail-
able.

B. Testing

The test samples and solutions were under daily visual surveillance.
The test solutions were monitored and -either replaced on adjusted
as required to maintain the proper pH. The frequency of this mon-
itoning depended on the solution - sample combination and varied
from 3 to 7 days.

C. Changes in Procedures

1. After the completion of the exposure period, all samples were
cleaned by scrubbing with a soft bristle brush using a mild
detergent and 600 grit silicon carbide polishing compound.

U- 100
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Z. In addition to the above cleaning method, all Aluminum and
BORALtm samples were immersed for 15 minutes in a ZSo
Nitric Acid solution at room temperature in order to remove
corrosion by-products.

3. In order to completely dry the BORALtm samples in a reason-
able time it was necessary to raise the final drying temperature
to 6000 F for a minimum of 3 hours. To minimize scattering
of results all samples received this final drying treatment.

III. Conclusions

The results of the test program confirmed the anticipated reactions of the
materials to the pH of the test solutions. Namely, no reaction with
Stainless Steel, Aluminum and BORALtm showing the greatest reaction
with the highest pH, and Cadmium being dissolved at the lowest pH.
Detailed observation listed below.

A. 304 Stainless Steel.

No appreciable change in all solutions and combination of materials.
All samples exhibited a gain in weight and varied from a MDD
(Milligrams per sq. decimeter per day) of a + 0. 37 in a 4.5 pH
solution to a low of + . OOZ in a 7. 0 pH solution. Visual change of the
Stainless Steel was minor and varied from light golden color in
sample #1, pH 4. 5 to a frosted appearance in sample #10, pH 7. 0
A light dense coating formed on the side of sample ti6 that was in
contact with the BORALtz and gained 0. 144 MDD. In all samples
the MPY(Milsper year) was considered too low to be meaningful.

B. BORALtm

The greatest unit change (Table I) occured in-a single'sample' (134)
of BORALtm at temperature of 150OF and a pH of 10. 5, PWR water.
The addition of stainless steel, sample #5, in the same solution
resulted in a marked decrease in unit change.(Tabld*I ).. With the
inclusion of a sacrificial material, 7072-0 Aluminum Alloy, to the
stainless steel and BORALtm (sample #6) the corrosion rate was
further lowered, Table I.
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Table I

Sample pH Temperature MPY MDD Combination

34 10.5 1500 F -3.29 -6. 67 BORALtm
5 10.5 1500 F -1. 988 -4. 03 SS-BORAL-SS
6 10.5 150I F -. 815 -1. 65 AL-BORAL-SS

The combination of stainless steel and BORALtm exhibited a decrease
in unit change with an increase of temperature in all solutions.
The higher temperatures probably aided in the formation of a more
corrosion resistant film on the surfaces of the BORALtm. Though
the anodized BORALtm, sample #13, with stainless steel resulted
in unit loss, -. 767 MPYand -1. 555 MDD, there was no visual change
in the anodized film on the surface of the BORALt", indicating the
losses occured in the sheared edges of the samples. Prior to the
exposure test, the core section of the sheared edges did not exhibit
the formation of the anodized film.

The same combination of materials listed in Table I exhibited the same
pattern of unit change when exposed in a 4.5 pH solution. The results
are given in Table II.

Table II

Sample pH Temperature MPY MDD - Combination

33 4.5 .1500 F -. 8634 -1.75 BORAJtm
2 4.5 150F -. 6066 -1. 23 SS-BORAL-SS
3 4.5 1500 F -. 4114 -. 835 AL-BORAL-SS

C. Aluriinum-BORALt

This combination of material exhibited minor unit changes in solutions
of 5.3 and 7.5 pH at a temperature of 1500 F. The BORALtm showed
a weight loss with 6061-0 aluminum alloy and a slight gain with alloys
5083 and 6061-4, Table III. Major changes were inhibited by the devel-
opment of a passivating coating on the surface of the samples.
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Table III

Sample pH Temperature MPY MDD Combination

15 5.3 1500?F -. 1944 -. 394 6 06 1-0, Boral,6061-
17 5. 3 1500F +. 17Z7 +. 35 5083, Boral, 5083
19 5. 3 150°F +.1359 +.275 6061-T4, Boral,

6061-T4
16 7.5 1500F -. 3354 -. 68 6061-0, Boral, 6061
18 7.5 1500F +.117 +.237 5083, Boral, 5083

D. Cadmium

Severe attack occured at a pH of 4. 5. In combination with stainless
steel, sample #21, the cadmium had a MPY of -4.25 indicating being
completely dissolved in.6 years. In all solutions and temperatures
heavy corrosion products developed which were not removable by the
standard cleaning method. After recording the results, chemical
cleaning was attempted but abandoned because any chemical that re-
moved the corrosion also attached the parent material.

K) lV. Visual

A. Blisters

Blisters in the BORALtm were a result of heating the wet samples
to 5000F without prior heating at lower temperatures. The rapid
heating resulted in a internal pressure differential causing the cladding
to part from the core section. A preliminary heat-treatment at
3000 F maximumum for 3 to 6 hours eliminates this problem.

B. Color

Stainless steels varied from no change to a light straw color. Corrosion
of the cadmium developed in various colors ranging from red to yellow
brown.

C. Etched

Surfaces lightly etched delineating grain boundaries with no measur-
able dimension loss. Welds are outlined and darkened.
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D. Pitting

Except as noted, pitting was minor and unmearsurable. Where pitting
penetrated the cladding the average depth was . 010 inches.

E. Coated Surface

A light uniform on the surfaces of the samples which inhibited major
unit changes.
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( Final Resu( 90 day Exposure C

'ample Material Ph Range Days % Wt Change MPY MDD Visual
;olut.

304 3s 4.5-5.38 89.79 + .009 +0.37 Slight discoloration
#1

11-75°F Boral _ .558 - 6969 -1.41 Blister, light attack sheared
edges

304 S5 + .002 .;009 Slight discoloration

304 as 4.5-6. 0 89.79 + .0032 +;'0 13 Slight discoloration

#2 Bdral - .477 -;6066 -1. 23 16 pits. .001 max depth
f1l- 1500 F

304 as + . 0073 +. 031 Slight discoloration

AL
7072-0. 4.5-6.0 90.74 - .183 -. 135 -. 265 Light etch; 4 corners

thickness tapered
#3

#1-1500 F Boral - .329 -,'4114 .835 5 pits max .003 depth x . 030
dia.

304 ss 4.0016 +.006 No change

304 ss 10. 05-10.78 94.88 + .0016 +:006 No change
#4

#2-750 F Boral -1. 816 -2.;187 -4.43 Small pits .001 etched

3045S * + .0016 +.006 . No change

304 as + .074 4.288 No change
#5

#2-1500 F Boral 10.08-10. 92 94.63 -1. 653 -1; 9879 -4. 03 Numerous pits pentrating
clhidding

304 8s + .073 +Z288 No change



C Final Resulto C90 day Exposure

Sample Material Ph Range Days % Wt Change MPY MDD Visual
Solut.

AL 7072-0 10.05-10.88 92.75 - .457 -,340 -,669 Light etch, no pitting

ff6
.Boral . 653 -zP149 -1. 654 Numerous pits .001 on surfac

R-150OFLacing Al.

304 9s + .036 +.144 Coating on surface touching
boral.

304 as 4. 98-7.9 93.58 +.021 +.081 Frosted
#7

#3-75°F Boral - .851 -,1; 3306 - 2. 09 No pitting, light attack sheared
edges

304 8s + .036 4.139 Frosted

304 s8 5.3-8.91 93.58 + .009 +.035 Frosted
#8

ff3-150°F Boral - .223 -,2736 -. 555 Pits. .007" deep x . 050" wide

304 so + .005 + 1018.. Discolored

AL 7072-0 5. 3-8.8 89.79 - .350 z;2675. -.526 Etched
#9

#3-150°F Boral - .503 -i.65r7 -1. 322 Etched, pitted . 0095" x . 055"

304 ss - .011 - . 043 Slight color

304 ss 7.0-8.8 94.5 + OZl +4.08. Frosted
#10

#4-750 F f Boral _ .446 _,5314 -1.08 Very light pitting

304 ss + .026 + ,.098 Frosted



Final Results 90 day Exposure

Sample Material Ph Range Days % Wt Change MPY MDD Visual
Solut.

304 s5 7.0-8.4 94.5 + .001 + . 004 Clean
#11

#4-150%F Boral .346 -. 421S- - .855 Very slight pitting

* 304 s8 + .001 + . 002 Clean

AL 7072-0 7.0-8.45 94.83 - .304 -. Zl9. -;.431 Etched
#12

fH4-.150F Boral * - .486 :,.5909 - 1. 199 Etched, pitEed . 008" x . 025"
surface facing S. S.

3048 - .006 -,025 Clean

304 so 10.03-10.79 90.08 + .001 +.002 Clean

#13
#2-150 0 ANOD

oforal - .614. -. 7673.. -1. 555 No change anodized surface

304 s . .014 2-.39 Clean

304 ss 7.0-8.15 90 .013 - .054 Clean
014

#4- 150°F ANOD
Boral . + .35 -, 4221 -; 856 No change anodized surface

304 ss .013 -. 052 Clean

AL 6061-0 5.3-7.98 91.,13 + .311 +.2298.. +.449 Light etch, coated surface
#15

#3 -150l F Boral .156 -.. 1944 --. 394 Light etch, no pitting

AI; 6061-0 + .334 +.*2522- 4.-.493 Light etch; coated surface



C Final ResuC,. C90 Day Exposure-

Sample Material Ph Range Days %.Wt Change MPY MDD Visual
Solut.

ff36 J

04-150 0F Boral 7.0-8.58 92.42 - .-462 -:..5851 -1.187 Etched, few small pits

#37
#1-1500 F

Cadmium 4.5-7. 12 93.79 - 12.07 _ 5.4987 -33.861. Heavy etched surfaces

#38
#2-150or

Cadmium 9.92-10.98 *94.875 + . 305 + .1333 +.821 Corrosion products on surfac(

#39
#3-150 0F

Cadmium 5.3-9.68 92,875 + .256 +-.1155 4.711 Heavy corrosion products on
surface

#40
#4-1500 F

Cadmium 7.0-9.2 92.92 + .3321 + .148 +. 911 Heavy corrosion products on
surface



Final ResuQe 90 day Exposure . (

Sample Material Ph Range Days tiWt Change MPY MDD Visual
Solut.

AL 6061-0 7.0-7.92 90 + .35 * + .. 2682 +. 524 Etched, coated surface
#16

#4-1500 F Boral - . 262 - .3354 - .68 Etched, no pitting

AL 6061-0 + .27 + .2119 + .414 Etched, coated surface

AL 5083 5.3-7.5 90 + .064 + .'257.8 + .477 Etched, coated surface
#17

#3-150+F Boral + .137 +; 1727 + ..35 No pitting, light etch

AL 5083 + .091 + . 3909 + .724 Etched, coated surface

AL 5083 7.0-7.81 90 + .171 + .692 +1. 28 Etched, coated surface
#18

#4-1500 F Boral + . 093 + . 1l7 .237 No pitting, etched, coated
* surface

AL 5083 + .104 + .4415 +..-817 Etched, coated-surface

AL 6061
#19 T4 5.3.7.75 90 $ .328 +.2501 +.481 Etched, coated surface

#3-1500 F
Boral + . 109 + .1359 +. 275 No pits, etched coated surfacE

edges chewed
6061 T4 *+ * 344 4.2Z728 +. 525 Etched coated surface

304 as 4.5-7.1 90 -. 0016 - 006 Discolored on surface facing
*0 .cadmium

#y20 *
#11-750 Cadmium -11.626 - 5*.6q95 -34.638 Chewed, outer edges dissolve

304 8s - .0032 - .013 Discolored on surface facing
cadmium



C Final Resultc 90 Cday Exposurc

ample Material Ph Range Days % Wt Change MPY MDD Visual
olut.

304 ss 4.5-6,9. 90 + .0027 + .011 Discoloration surface facing
121. cadmium
.- 1500 F

Cadmium - 8.863 _ 4.2533 -26. Z16 Pitted, outer edges dissolved

304 as 001. - .002 qrnnclratinn murf~acp facing rnadmnti

304 ss 10.0-11. 09 90 + .0101 + .039 Discolored
F22
'1--0 0 F Cadmfium .592 ...- 267.9 -1.651 Etched

304 ss + .017 + . 065 Discolored

304 s8 5.3-8.9 92.17 - .0047 - .019 Stained
#23

13-150 0 F Cad. .776 .. 3464. - 2.135 Pitted; heavy build-up corrosio2
products.

304 so .006 _ - 02q Stained

304 s8 7.0-9.95 92.17 + .0175 +.069 Stained
#24

#4-1500 F Cad. .694 - .3217 -1.983 Pitted, heavy corrosion products

304 ss + . 00 + .006 Stained

-82 Ethd s.l pis tindsd

AL5 6061-0 5. 3-7. 3 91 - .562
#25

#3-75OF

-, 4244

- .. .748

- IOIA

Cad.

AT. hnAi-n

_ -.594

- .541

-8,29 Etched, small pits, stained side
facing Cad.

-1.:694 Stained, heavy corrosion products

-7.65 Etched, stained side facing Gad.V -V- * ---- J-7-
II



C Final ResXT 90 day Exposure (.

Sample Material Ph Range Days % Wt Change MPY MDD Visual

AL 6061-0 5.3-8.22 91.25 - .20Z - .1524 - .298 Etched, small pits, stained side
facing Cad.

#26
ff3-150°F Cadmium - * 579 - . 2715 -1.673 Heavy corrosion products on

surface
AL 6061-0 _ .252 .192 - *375 Etched, small pits, stained side

facing Cad.

AL 6061-0 7.0-8.6 90 + .293 +.2241 +;438 Etched, coated surface
#27

#4-150oF Cadmium - .204 - .0944 -. 582 Heavy corrosion products on

surface

AL 6061-0 + .206 - 1583 t 309 Etched, coated surface

AL 5083 5.3-8.35 90 _ .142 - .5729 -1.06 Etched, numerous small pits
#28

03-750F Cadmium , * .261 - .124 -. 764 Heavy corrosion products on
surface

AL5083 .- 16 - .6699 -1.24 Etched, numerous small pits

AL 5083 5.3-8.0 .90 + .078 + ;3i38 +.581 Etched, coated surface
#29

#3-1500 F Cadmium _ .668 - .3153 -1.943 Heavy corrosion products on
surface

AL 5083 +..073 4- . 3087 4.571 Etched, coated surface

AL 5083 7.0-8.58 90 + .074 + .2997 t.555 Etched, coated surface
#30

#4-150F Cadmium - .541 - 2564 -1;58 Heavy corrosion products on
surface

AL 5083 + .064 4- .2686 + .490 Etched, coated surface



C C
Final Results 90 day Exposure

C

Sample Material Ph Range Days % Wt Change MPY MDD* Visual
Solut.

AL 6061- 5.3-8.1 90 + .304 + .2282 +. 446 Etched, coated surface
T4

#31
#3-150 0F Cadmium - .816 - .3857 -2.389 Heavy corrosion products on

surface
AL 6o61-T4 + .271 + .2065 +.403 Etched, coated surface

#32
#3-1500 F

AL 5083 5.3-8.42 90 . 4-.071 + .2873 +¾ 532 Etched coated surface

#33
#1-1500 F

Boral 4.5-7.6 .93.42 - .715 - .8634. _1.75 Etched, no pitting blister

#34
#2-1500 F

Boral 9. 97-10. 9 92.71 - 2.6102 _ 3.29 -. 6. 67 Etched, 2 small blisters,
stained pitted . 0065 !'x 150"

#35
#3- 1500 F

Boral 5.3-7.91 91.5 - .595 - ;.7649. -1.552 Etched, no pits, blister
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ABSTRACT

A. A program of testing and research has been conducted

concerning the suitability of the Brooks & Perkins spent fuel

storage module (SFSM) for use in a pressurized water reactor

storage pool.

B. The following is an outline of the investigation:

1. Corrosion Resistance Testing and Research

.1.1 SFSM Without A Leak In The Stainless Steel

Covering

1.2 SFSM With A LeakIn The Stainless Steel

Covering

2. Irradiation Testing and Research

2. 1 Gas Generation Test of BORON CARBIDE]

ALUMINUM Matrix Blend

2.2 Irradiation of SFSM With And Without A Leak

In (The Stainless Steel Covering

2.3 Helium Generation

C. The research and testing that have been conducted indicate

that the Brooks & Perkins SFSM is suitable for use in a PWR spent

fuel storage pool.
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THE SUITABILITY Or BROOKS & PERKINS
SPENT FUEL STORAGE MODULE
FOR USE IN PWR STORAGE POOL

PURPOSE

The purpose of this report is to exhibit test results and literature research that
illustrates the suitability of the Brooks & Perkins Spent Fuel Storage Module
(SFSM) for use in a pressurized water reactor (PWR) storage pool.

BACKGROUND

Spent Fuel Storage Module: The SFSM is a slender square-shaped tube with open
ends that is used for the storing and the shielding of one spent fuel assembly in a
light water nuclear reactor storage pool. The tube is constructed with the inside
and outside coverings being made of type-304 stainless steel . These two stainless
steel surfaces are welded together at the top and bottom of the tube over an inner
layer of a thermal neutron, shielding rnatezialj called BORALim. Boral is a sand-
which type panel that has outer surfaces of type 1100 aluminum and a core of boron
carbide uniformly dispersed in a matrix of type 1100 aluminum.

A group of SFSM's are assembled into a tightly packed array called a high-
density storage, rack. A network of ho'rizontal and diagonal members separate
the modules within the rack and piovidelthe necessary lateral support. The racks
stand in a vertical position on the bottom of a 40-foot deep storage pool.

The water in the storage pools is constantly circulated through a series of
filters which causes a constant water flow within the pool. The water is monitored
and controlled for pH and temperature within specific limits depending on the type
of nuclear reactor.

Environment of SFSM: In a PWR, the high density storage rack is exposed to the
following conditions.

Radiation Exposure 104 rads gamma'total.
10 neutrons /cm / sec average flux.

Water Type demineralized.

,. Water Temperature 70 0 to 150 0 F (Z2 Ito 66RC).

;H at 77' (25 0 C) 4. 0 to 8. 0*

boion, .ppm . - 1800 to 2200

* (4. 5 to 10. 6 at Combustion Engineering Reactors)
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chloride ion, ppm, max. 0.1 i

. fluoride.ion, ppm,.max! 0.1

total suspended solids,
* ppm, max. . . i.q

solids filtration, microns,
Max.. 25. .. a

The storage racks are expected to withstand these conditions over a 40-year
period.

Shielding Capability of Boral: The shielding capability of a Boral panel is due
to its ability to capture thermal neutrons. The capture of thermal neutrons is
accomplished by the B' 0 (boron-ten) isotope.that is contained within the. boron..

* carbide particles. These boron carbide particles are chemically inert (unreac-
tive), heat-resistant, highly crystalline and nearly equivalent to diamond in
hardness.

- In order for corrosion to cause a reduction in the shielding capability of a
Boral panel, the boron carbide particles have to be physically displaced from
the panel. A displacement of the boron carbide particles to occur would require
the following sequence of events.:

(1) The complete removal of the outer protective aluminum surfaces on
the Boral panel.

(2) The complete removal of the aluminum matrix surrounding each
* boron carbide particle.

(3) The physical displacement of the boron carbide particles.

TESTING AND RESEARCH

Testing and research were conducted to substantiate the ability of the Brooks &
Perkins SFSM to satisfactorily resist corrosion and reaction to irradiation in the
environmient of a pressurized water reactor spent fuel storage pool.

1. Corrosion Resistance Testing and Research

1. I 1 SFSM Without A Leak in The Stainless Steel Covering

The corrosion resistance of the stainless steel covering of the SFSM

U - lo0 - 3 -



Cbh IP Brooks d

Report 578

Perkins, Incorporated

has been investigated through research of published data. The foll-
owing information indicates that the stainless steel covering of:the
Brooks & Perkins SFSM provides adequate corrosion resistance for the
storage module to achieve a life expectancy of 40 years when used in
a PWR storage pool.

CORROSION:DATA - Stainless
IS

tel- Type 304:

A. General Corrosion

Water Type PWR

7.0 TO 11

Temperature

Oxygen, ppm

Chlorides, ppm'

Corrosion Rate, xnpy

Estimated Corrosion Rate
@ 150 0F, mpy

Expected Life (at 36mils
thickness)

5720 F (3000 C)

< .01 to 2

< .1

<2

<.6

> 60 years

B. General Corrosion After 3000 Hours 2

Water Type

Hydrazine, ppm

Oxygen, ppm

Chlorine, ppm

high purity, demineralized

.01 to .07

<. 005

<.05 I
I

National Assoc. of Corrosion Engineers, Corrosion Data Survey, 1974,
upl 34 and 252.

2 A.P. Larrick, Corrosion Studies in Simulated N-Reactor Secondary System
Water Environment. Atomic Energy Commission Research and Development,
Report HiW-76358, Hanford Atomic Products Operation, May 1963, pp. 7, 10
and ZZ.
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pH 6.95 to 9.58

Flow Rate, gal/hr. 3.5

Temp. 3200F (1600 C)

Corrosion Rate, mpy I .01

Expected life (at 36 mils thickness)| > 60 years

C. Stress-Corrosion-Cracking after 3000 hours

water quality same as "B" above

Stress % of . 2% yield 120

results "Metallographic
examination of selected
samples also failed to
reveal any cracking."

expected life (at 36 ,mils thickness) > 60 years

1.2 SFSM With A Leak In The Stainless Steel Covering

1.2- 1 Resistance To Corrosion From Published Data

The corrosion resistance of BORAL and of Stainless Steel
(Type 304) coupled with Aluminum (Type 1100F) has been
investigated to determine the corrosion resistance of thee
SFSM under conditions of the stainless steel covering con-
taining a leak during use in PWR storage pool. The published
data reviewed indicates the materials used in the Brooks &
Perkins' SFSM (namely BORAL, 304 Stainless Steel and 110OF
Aluminum) provide adequate corrosion resistance to achieve
a life expectancy of forty years without a reduction of neutron
absorbing capability when used in a PWR storage pool with
a leak in the. stainless steel covering.

CORROSION DA*TA - BORAL

A. Twelve Years of Service 3

water type PWR

3 Yankee-Rowe, Fuel Storage Rack, Part No. YM-H-1-2, August 1964.

- 5 -
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boron

pH

temp.

nil

4.0 to 8.0 (est.)

700 to 150 OF (21 Oto 66 °C) (est.)

ALUMINUM -

corrosion rate, mnpy

expected life (at 15 mils
thicknes s)'

type 1100F

General Corrosion after 14,200

water type

oxygen, ppm

pH

> 60 years

hours

high purity, demineralized

4 to 5

5.0 to 6.0

7.6

194 Oto 356 cF (90 Oto 180 OC)

0.16

> 60 years

flow rate, fps

temp.

corrosion rate, mpy

expected life
(at 15 mils thickness)

STAINLESS STEEL (type 304) coupled with ALUMINUM (type 100F)

Crevice and Galvanic Corrosion4

water type high purity, demineralized

oxygen, ppm 4 to 5

,1

t 10 mils.of Ciad plus 5 mils of Matrix Holding Boundary Layers of B 4 C.
4 -

4 J. L. English and J.C.Griess, Dynamic Corrosion for the High - Flux
Isotope Reactor, ORNL -TM - 1030, September, 1966, pg. 1, 2, 3, 4, 23,
26, 27, 31.

H - I00 - 6 -
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pH 5.0 to 6.0

flow rate, fpm 0.5

temp. 194%o 365 0 F (90oto 1800 C)

time, hours 1100 1775 2000

Al. max. pit depth, mils 2 <3 <5

Al. corrosion rate, mpy 0.1 0.1 0.1

S.S. Corrosion.rate, mpy 0 0 0

expected life (at 15 mils
thickness of Al.) >60 yrs >60 yrs >60 yrs

1.2.2 Corrosion Resistance Tests

1. 2. 2. 1 SFSM Materials Test

PURPOSE: A test was conducted to show and describe the
extent of corrosion occuring after one year of exposure to
PWR storage pool water inside a stainless steel enclosure
containing a sample of BORAL.

METHOD: A sample of BORALTM having bare edges was
sealed inside a stainless steel enclosure (see Figure 1). Twenty
milliliters (20 ml) of a boron solution (2000 ppm B, pH of 5)
was added through a threaded nipple to the void between the
BORAL sample and the stainless enclosure. The BORAL
was the standard35% B4 C type and measured . 177 x 9 x 9
inches. The stainless steel enclosure was Type 304 and was
.018 inches thick. The sample with the boron solution inside
was supended in the pool of the Ford Reactor at the University
of Michigan for a period of one year. The sample had been
irradiated during a prior test with neutron and gamma fluxes.
Following the one year of storage in the pool, the sample still
retained levels of radioactivity which somewhat restricted the
analysis of the sample components, particularly the stainless
steel. The sample was suspended in the pool by one corner and
the boron solution filled about one- quarter of the inner void
volume.

w a oo - 7 -
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DATA:

BORAL: 35% B4 C, . 177 x9 x9 inches.

Enclosure: Type 304 stainless steel, .018" thick.

Solution: 20 ml of 2000 ppm boron, pH of 5
1.23 grn of H 3 BO3 per 100 ml distilled water

Storage Pool Temperature: approx. 1000 F.

Storage Period: January 1976 to February 1977.

RESULTS:. On February . 1 9 7 8 , the stainless enclosure was
: removed from the BORAL plate. The BORALTM plate was

. .lightlyirust colored in the areas that had been covered with
*boric acid s6lution. No pitting, corrosion damage, or other
physical damage was observed.

CONCLUSION OP MATERIALS TEST: The total lack of corrosion
damage, except for the surface discoloration, indicates the prob-
able useful life of BORALTM when in contact with the PWR pool
and stainless steel to be several times greater than the test

- period of one year. It is therefore assumed that this design\
will provide a useful life greater than forty years when used in
-.a pressurized water reactor (PWR) storage pool even in the event
a leak should occur in the stainless enclosure.

1.2.2.2 SFSM Test

A test of the ability of the Brooks & Perkins SFSM to with-
stand the environment of a PWR storage pool has been conducted.
The test conditions represented a postulated leak in the stain-
less steel covering and the most adverse environmental conditions
'likely to occur during normal operation of the storage pool.

. Twelve (1 2) test samples were fabricated in accordance with
Figure 2. The four Boral pan:els in each sample were weighed
prior to assembly. The ends were sealed by welding and two
(2) 0.062 dia. holes were drilled through the outer skin at the
weld point.

Two water baths were prepared as shown in Figure 2, one
with a pH of 4;0 and the second with a second with a pH of
10.5. The test solutions'were monitored and adjusted every
seven days to maintain the proper pH value. Temperature of
each bath was 1000 F. The samples were then removed from
the baths in the order shown in Table 1 so as to not lose any
entrapped water within the tubes.

Mw- 100 9 _
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50 gal. Bath
maintained at 1000 F

Cover

Non -metallic
Supports

15"x36"x 2 9" high tank

Ends sealed by welding

Two .062 dia. holes
through outer skin only

Weld bead

4" long tube sample

FIGURE Z - Test Set-Up

- 10 -
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TABLE 1
Total

Bath I Bath 2 I Test Days

Sample No. 1 7 7
2 8 30
3 9 60
4 10 90
5 11 180
6 12 365

The water entrapped within the walls of the samples was drained
into a beaker and the p H value record. The samples were cut
open at the corner, in order to not damage the center Boral
panels. However, damage did occur to Samples. 1,2, 3,5,
and 6, as noted in Appendix A.

The samples were then washed with a soft brush in a mild
abrasive anid detergent solution, followed by a rinse of clean
water and alcohol. Finally, the panels were dried in a 250 0
F oven for three hours, followed by a cycle at 600 OF for three
hours.
The following measurements were then made:

1. Weight of each Boral panel were recorded and the corrosion
weight change in milligrams per square centimeter per year
was calculated.

2. If pitting was present, the depth of the four major pits are to
be recorded and the average pit penetration in mils of an inch
per year determined.

DISCUSSION: The samples taken from the first bath had an aver-
age pH value of 5. 67 and the entrapped water taken from the tubes
averaged 6. 33. Sample No. 5 did not have enough liquid to mea-
sure. All samples experienced a weight gain which varied from
a MCY (milligrams per square centimeter per year) of +0.238
to +10.285.. Sample No. 2 had a blue coating which was attributed
to some copper wire or particles that came in contact with the bath.

The second bath had an average PH value of 10.22 during the per-
iod. The entrapped water in samples No. 7 through No. 12 which
which were in this solution, had an average pH reading of io, 90.-
Table 2 shows a MCY range of +1.302 to + 74.39 for Samples No.
12 and No. 7.

- Ire - 11 -
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Surface
Gage

Pool Surface

30 psil
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I \Post
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_ _

- -

Irradiation
Container

MATRIX MATERIAL IRRADIATION CONTAINER

Figure 4
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attached to a threaded fitting at the top of the cylinder to enable: ' 1) Att-
achment of a pressure relief valve set at 30 psig and 2) Attachment of
a valved gage tapoff for pressure measurement. The total volume of tub-
ing and connectors was approximately 0. 8cc. The in line relief valve re-
lieved to a long aluminum tube that extended from the irradiation position
to the pool surface. A gage was attached to the tube above the pool sur-
face.

If gas pressure built up during irradiation above the point of lifting the
relief valve, the pressure would have been detected on the surface
gage. Following irradiation, a gage was attached to the container to
measure pressure built up by gas evolution during irradiation.

The samples were exposed to radiation over 5 minute and 75 hour per-
iods. The radiation exposure of these tests is listed in Table 3.

TABLE 3

40 YEAR AND TEST CUMULATIVE

RADIATION EXPOSURE

i
Radiation Type

40 Year'
Expo sure

5 Min. Test
Exposure

75 Hr. Test
Exposure

Neutron (n/cm2 )

Thermal ('.'- Mev)

Epithermal

. Fast ( 1 Mev)

* .Gamma (rad)

4.29 x 1013 4.50 x 1013

- 1.38 x 101 1

- 6. 00 x 101 2

8.00x 1012 1. 6 7x 106

4.05 x 10 16

1.24 x 1014

5.40 x 10 15

1.50 x 109

RESULTS: Test resulted in no gas evolution detected during or following
the 5 minute and 75 hour irradiation.

2 .2 Irradiation of SFSM With and Without Leak in Stainless Steel Covering

A test was conducted to observe the reaction of BORAL plates encased in
stainless steel jackets under gamma and neutron flux irradiations.

M-2r0 - 15 -
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METHOD: Each BORAL sample was a 9 inch x 9 plate of 0.26 inch thickness.
Each plate was encased in a thin, watertight jacket of stainless steel welded
around the edges. A threaded connection was welded in the upper right cor-
ner of the face on one side of the stainless steel jacket. Irradiations were
conducted in the Ford Nuclear reactor pool at depths of 12 and 20 feet.
An aluminum tube was run from the connection to the surface of the rea-
ctor pool for pressure measurements and gas collection.

Prior to testing, each sample plate was baked at 200 'C for seven hours
ina vacuum oven to remove moisture.

Each sample was tested to 10 P SIG internal pressure. Experimental pres-
:sures were limited to 5 P SIG as a reactor safety precaution.

Experimental measurements were made of pressure within each sample.
Gas evolved during the tests was collect and analyzed. It was decided that
temperature would not be measured. Each sample was observed after:
irradiation for damage due to pressure, temperature, or other effects.

Each sample was pressurized momentarily to 10 P SIG as it was inserted
into the reactor pool to verify watertightness. Once each sample was
placed in its experimental position, a 30 inch Hg vacuum was drawn to
evacuate as much air as possible. The starting pressure for each test
was the 30 inch Hg vacuum.

EXPERIMENTAL CONDITIONS: The experimental sequence consisted of
twelve steps derived from a combination of four different sample plates
being subjected to three different irradiation conditions.

Sample 1 was a sealed, dry sample vented only. through the gas collection
.line to the surface of the reactor pool. Sample 2 was identical to Sample 1
except that 25 ml of distilled water was injected within the stainless steel
jacket. Sample 3 and Sample 4 were identical to Sample 1 except that 70 ml
and 20 ml, respectively, of 2000 PPM boron solution were injected within
the stainless steel jacket. The 2000 PPM boron solution was obtained by
dissolving 1.23 grams of boric acid, H3BO3, in 100 ml of distilled water.

Initially, in Condition 1, each sample was irradiated adjacent to spent
reactor fuel in a gamma flux of 2 x 105 rad/hr. In Condition 2 each
sample was placed in a holder adjacent to the reactor operatif1 g at a
power level of 2 MW. The Condition 2 gamma flux was 4 x 10 rad/hr
and thermal neutron flux was approximately 1 x 1012 N/czn2 /sec, or
1 x 10 rad/hr. Finally, in Condition 3, each sample was left adjacent
to the reactor core immediately after shutdown. Neutron flux was quite
low, approximately five orders of magnitude below operating levels,
while gamma flux was measured as 1.2 x 106 rad/hr.

-16-
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RESULTS: Table 4 summarizes the observed effects of irradiation con-
ditions on the BORAL samples. The total hours of irradiation per sample
are noted in the array.

No pressure increase or gas evolution was observed under any condition
for Sample 1, the dry sample, or Sample 2, the sample containing 25 ml
of distilled water.

Sample 3 and Sample 4, the samples containing boron solutions, both gen-
erated gas when subjected to Condition 2, reactor at power and an irrad-
iation flux of gamma rays and neutrons. Figure 5 is a plot of sample
pressure increase as a function of time and dose. Gas was drawn from
each sample and analyzed with a gas chromatograph. The results were:

Sample Gas Constituents (%)

Sample Hydrogen Oxygen Nitrogen

3 6.5 20.4 73.1
4 41. 1 21.6 37.3
4 41.0 21.8 37.2

The hydrogen percentage of Sample 3 was lower than might be expected, an
approximate 2:1 hydrogen - oxygen ratio, because Sample 3 was not purged
extensively prior to sampling. The chromatograph analysis results are
included in Appendix B.

When Sample 3 and Sample 4 were subjected to gamma flux alone, gas was
not evolved and no pressure increase was detected with irradiation time.

-CONCLUSION: Under irradiation fluxes and water conditions expected in
a power reactor spent fuel pool, the BORAL samples tested exhibited no
detectable gas evolution, pressure build-up, 'or damage due to temperature
or other effects.

2.3 Helium Generation.

The well known reaction

o 10 3L 7 4-

M-IM
- 17 -
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I

CONDITION 1

Spent Fuel

y - 2 x 105 Rod/hr

N - Negligible

CONDITION 2

Reactor at 2 MW
7

y-4x10 Ra4/hr

N -I x 107 Rad/hr

CONDITION 3

Reactor Shutdown

y - 1.2 x 106 Rad/hr

N - Negligible

SAMPLE 1 SAMPLE 2 SAMPLE 3 SAMPLE 4

9" x 9" BORAL Plate 9" x 9" BORAL Plate 9" x 9" BORAL Plate 9" x 9" BORAL Plate
Stainless Steel Jacket Stainless Steel Jacket Stainless Steel Jacket Stainless Steel Jacket

Dry 25 ml Distilled Water 70 ml - 2000 PPM Boron 20 ml - 2000 PPM Boron

42 Hours 25 Hours 19 Hours 4 Hours

No Detectable Effect No Detectable Effect No Detectable Effect No Detectable Effect

24 Hours 6 Hours . 48 Hours 152 Hours

No Detectable Effect No Detectable Effect Linear pressure increase Linear pressure increase
with irradiation time, with irradiation time.
Gas Analysis: Gas Analysis:

6.5% Hydrogen 41 .1% Hydrogen
20.4% Oxygen 21,.6% Oxygen

4 Hours 4 Hours 12 Hours 96 Hours

No Detectable Effect No Dctectable Effect No Detectable Effect No Detectable Effect

, A., _

to0
'1

U1
-3
c,

Table 4

'Observed Effects of Irradiation Conditions on BORAL Samples
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has been cause for concern 6ver the possibility of Helium gas generation.
and consequential pressure build-up in a storage tube during irradiation.
Testing has shown no detectible generation of Helium during irradiation.
This concern may be further satisfied by considering that all neutrons
which strike the BORAL are thermal neutrons and are absorbed by
boron - 10.

Then consider the following calculations:

4 2
¢ = o0 n/cm Isec Av~erage Flux

BORAL Area /tube = 3.4 x 10 4 cm2

Void between BORAL and tube = 130cc

Void in BORAL core/tube = 300cc

Seconds in 40 years = 1.26 x 109

o104 x 1.26 x 10 9 = 1.26 x 1013 molecules/cm2 over 40 years

1.26x101 3 .* 6.0Z3 x IO23 = .1 x 10-11 moles/cm2 of He over 40 years

Z.1X1O11 x3.4xio4 =7 x 10-7 moles/tubeofHeover40years

7 x 10-7 x 22.4 x 103 = 1.6 x 10-2 cc/tube @ STP of He in 40 years

Pressure @ 150 F = 1 atm x 1.6 x 10Z x [273 + 66) , (273 x 4302j
4.6 x 10-5atm

The pressure rise for the .40 year period of 4.6 x 10-5 atmosphere
or .0007 pounds per square inch is.insignificant when considering
the internal gauge pressure to cause a buckling of the tube walls
is in excess of 5 pounds per square inch and that the pool water
exerts an external pressure of 17 psi under 40 feet of water.

_ . .

_ . . . .. *

.. ~~~~~. . .. .-... .. . -. . -.
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Sample
No.

1-1
1-2
1-3
1-4
Avg.

2-1
2-2
2-3
2-4
Avg.

- -

pH pH
Days Bath Sample

Area
(inches)

Area-
(cm)

Exposed
Area (cm)

Mg. Wt.
Change mg /cm 2 /yr .. K- .PF

7
7
7
7

6.85
6;85
6.85
6.85

6.40
6.40
6.,40
6.40

25.32
25.32
;25.32
25.32

156. 9Q3
156.903
156.903
156,903

313. 806
; 313.806

313. 806
313. 806

+ 60.3
N/A

+ 67.4
+ 58.0

+10. 020
N/A

+11.199
+ 9.637
+10.285

31
31
31
31

6.6
6.6
6 6
6.6

6.0
6.0
6.0
6.0

24.40
24.54
24.71
24.50

157.42
158.32
159.42
158.06

314.84
316.64
318.84
316. 12

+ 20.8

+ 23.4
+ 13.5

+ 0.778
N/A

+ 0.864
+ 0.503
+ 0.715

Qo

;R
i,4

;0
Q~i3-1

3-2
3-3
.3-4
Avg.

1 4-1
-a 4-2

4-3
4-4
Avg.

5-1
5-2
5-3
5-4
Avg.

6-1
6_2
6-3
6-4
Avg.

60
60
60
60

90
90
90
90

180
180
180
180

360
360
360
360

4.6
4.6
4.6
4.6

5.41
5.41
5.41
5.41

4.9
4.9
4.9
4.9

4.1
4.1
4.1
4.1

6.4
6.4
6.4
6.4

6.5
6.5

. 6.5
6.5

.*
*
*

*

*
*
*

25. 11
24. 73
24.40
24.40

24.38
24.38
24.40
24.34

Z4. 19
24.22
24. 10
24.25

24.20
24.30

* 24.34
24.34

162.00
159.55
157.42
'157.42

157. Z95
157.295
157.428
157. 032

156.06
156.28
155.48
156.4;

156. 129
156. 774
157. 032
157.032

324.00
319.10
314.84
314.84

314.590
314.590
314. 856
314. 064

312. 12
312.56
310.96
312.90

312.258
313. 548
314.064
314.064

+206.2
N/A
N/A

+ 18.3

+153.9
+138.6
+ Z3.4
+ 53.6

N/A
+154.5
+135.4
+ 76.4

N/A
+ 22.8
+ 55.5
+147.9

+ 3.872
N/A
N/A

+ 0.354
+ 2.113

+ 1.984
+ I.787
+ 0.301
+ 0.692
+ 1.191

N/A
+ 1.002
+ 0.883
+ 0.495
+ 0.793

N/A
+ 0.074
+ 0.175
+ 0.466
+ 0.238

c
81*

A try - C; Al A 3fl *. - - - . -- _

*.No measurable amount; "NfA" Not Applicable because sample damaged
from stainless steel shrouds.

P FINAL RESULTS - BATH NO. I
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Sample
No. Day

7-1 7
7-2 7
7-3
7-4 7
Avg.

8-1 31
8-2 31
8-3 31
8-4 31
Avg.

9-1
9-2.
9-3
9-4

~> Avg.

10-1
N 10-2

10-3
10-4
Avg.

11-1
ll-Z
11-3
11-4
Avg.

1Z-1
12 -2
12-3
12 -4
Avg.

60
60
60
60

90
90
90
90

180
180
180
180

360
360
360
360

s Bath

10.97
10.97
10.97
10.97

9.3
9.3
9.3
9.3

10.38
10.38
10.38
10.38

, 10.25
10.25
10.225
10.25

10.2
10.2
10. 2

' 10.2.

10.4
10.4
10.4
10.4

pH
Sample

12.0

2. 0
12. 0

*

*

*

10.5
10.5
10.5
10.5

10.2
10.2
10 .2
10. *

*

*

*

*

Area
(inches)

24.32
24.36
24.40
24. 34

25.93
25.95
25.89
25.91

24. 17
24.14
24.36
24.71

24,50
24.06
24.40
24.44

24.42
24.46
24.339
24.269

23.99
24.06

, 24.40
24.36

Area
_(cm)

156.903
157.161
157.419
157. 025

167.295
167.439
167.022
167. 165

155.94
155.74
157. 16
159.42

158.071
155. 225
157.419
157.677

157. 549
.157.807
157.026
156.575

154. 774
155.225
157.419
157.161

-

Exposed Mg. Wt.
Area (cm) Change

* 313.806 +484.7
314.322 +452.9
314.838 +459.3
314.05 +392.6

C

334. 590
3U4.878
334.044
334. 330

3fl.88
311.48
314.32
318.84

316. 143
310.450
314. 838
315.354

315.098
315. 614
314.052
313. 150

309. 548
310.450
314.838
314.322

+315. 1
+241.3
+195.4
+154.2Z

+344.5
+345.3
+375. 1
+3S4. 8

+194. 6
+524.0
+352.3
+Z18.0

+395;4
+388.2
+428, 8
+459. 8

*+362. 1
+359.6
+511.7
+411. 5

mg/cm2. - yr

+80. 539
+75. 13Z
+76. 068
+65. 848
+74.397

+11.088
+ 8.484
+ 6.887
+ 5.431
+ 7.973

I ._,

1C @

QO

I.t
4-

2

i;Ca

Ck+ 6.719
+ 6.744
+ 7.260
+ 6.769
+ 6.873

+ 2.496
+ 6.845
+ 4.545
+ 2.804
+ 4. 173

+ 2. 545
+2.494
+ 2.769
+ 2.927
+ 2.696

+ 1;157
+ 1.146
+ 1.608
+ 1.295
+ 1.302

10
f*1

Avg. 10. Z5 10.9
* No measurable amount

FINAL RESULTS - BATH NO.2
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APPENDIX B

CHROMATOGRAPH ANALYSIS OF

GAS EVOLVED BY IRRADIATION OF SFSM !
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Oxidation of Al Powder: Report for AAR Cargo

Objectives

The report presents results from an investigation into the oxidation behaviour of pure

Al powder in the range 500-550'C. The effect of heating temperature and time are

discussed, as is the oxidation mechanism.

Experimental Methods

Powder Heat Treatment

Heat treatment of Al powders was performed at different temperatures, for various

times, in order to vary the degree of oxidation. 150 g of powders were spread on a

rectangular stainless steel tray to form a thin layer <5 mm, to ensure that air would

uniformly penetrate the powder bed. The powders were oxidised in a pre-heated fan

oven, in ambient air, at temperatures of 5001C and 5501C for 60, 120, 180, 240, 300,

360, 420, 480, 600 and 1200 min. Aftler oxidation, the powders were removed and

allowed lo cool in air.

Oxygen and Surface Area Analysis

Oxygen and surface area analysis were performed by London & Scandinavian

Metallurgical Co Limited. Oxygen analysis was carried out using a LECO TC-

436AR instrument. The equipment measures oxygen content (in wt.%), to 3 decimal

places, as CO2, using an infrared detector cell. BET surface analysis of powders heat-

treated at 5000C and 55000 for 60, 300, 600 and 1200 min, was performed using a

Beclzman CoulterSA3100 instrument
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Characterisation

A study of the powder morphology was performed using a Philips XL30 FEG

scanning electron microscopy (SEM). To prepare samples for SEM, powders were

spread onto an adhesive tab mounted on a sample holder, followed by gold coating to

ensure maximum conductivity. SEM was operated using a voltage of 20 kY in

secondary electron mode with a spot size of 4 pim and working distance of 20 mnm.

Thermogravimetric Analysis (TGA)

To study the oxidation kinetics of Al powder, thermogravimetric analysis was

performed using a TA Q600 Series Thermal Analyser. Healing of as-received

powders was carried out under compressed air, supplied from gas cylinders, with a

flow rate of 100 mdlmin at isothermal heating temperatures of 475, 500, 525 and

5500C for 1200 min. Heating up to the target temperature was conducted under

nitrogen In all cases, approximately 20 mg of powder was placed in an alumina

crucible and normalisation of results for equal mass was conducted.

X-ray Diffraction (XRD)

X-ray diffraction (XRD) using a Siemens D500 Diffractometer i ith CuKtc (X =

1.5406) radiation wvas used to identify the phases present in powders. To prepare

samples for XRD, powders were sprinkled onto an adhesive tab mounted on a sample

holder. The diffractometer was operated at 40 kV and 20 mA with diffraction angles

(26) ranging from 200 to 90°. A 0.01° sl step size and a 4 s divell per step were

employed. Phases present in the spectra were identified with the aid of JCPDS

diffraction files..
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Results and Discussion

Fig. 1 presents the variation in oxygen content for Al powder after heat treatment at

500 and 5501C for different holding times. Although there is a large scatter in the

data, the general trend is that heat treatment at both 500 and 5501C results in an

increase in oxygen content with heating time. The scatter, however, makes

differentiation between the behaviour at 500 and 5500C difficult. Although oxidation

at 5500C appears to be more rapid in the first 60 min, similar weight gains are

observed for holding times longer than 600 min. This trend is also reflected in the

weight gains measured after heat treatment, the results of which are shown in table 1.
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Fig. I Oxygen contents for Al powders heat-treated at 500 and 550QC

The large scatter in the experimental data, for both mass gain and oxygen content, is

likely to be due to the changing environmental conditions in the heat treatment

furnace. Due to the reasonably large powder batch sizes, the oxidation trials were

conducted individually over a period of several weeks. This is likely to have lead to
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variations in moisture content in the air being experienced throughout the heat

treatment trials. Moisture content has been observed, by Wefers, to have a significant

influence on the degree of oxidation experienced, with up to a 20% increase in

oxidation in moisture-saturated air.

Heating time (min) Weight sain (g)
5000C :550 0C

60 0.08 0.77
300 047 0.93
600 0.80 0.98

1200 0.87 1.00

Table 1 Weight gains for powders heat-treated at 500 and 5500C

Table 2 shows the surface areas for as-received and heat-treated Al powders as

measured by BET. Little or no increase in the surface area of heat-treated powders

was observed compared iiith that of as-received powder. The highest surface area, of

0.15 mn/g was measured for powders heat-treated at 5000C for 10 h and 5500C for 20

h, in keeping with the oxygen data. Wefers measured, on average, a 50nm increase in

thickness of the oxide layer after prolonged heat treatment. This is less than a 0.2%

increase in radius for 50-100 micron diameter powders and less than a 0.4% increase

in surface area (in this case an increase of 0.00056 m21g). The measurements indicate

that the variation in powder surface area is most likely due to experimental scatter, as

real increases are expected to be below the resolution of the instrument.

powder Surface area (myg) 1
60 min_300 miin 1 600 min 1200 min

5000C 0.14 0.13 . 0.15 0.14
5500C 0.14 j0J14 0.13 0.15

As-received 0.13
T

Table 2 Surface area for .as-received and heat-treated powders
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Fig. 2 shows the morphologies of as-received and heat-treated powders. No

significant difference ini shape and surface roughness is observed between two

powders, with no obvious signs of either nodular or thick continuous oxide film

development even after prolonged heat treatment. The resolution of the instrument is

roughly 50unm thus malting it difficult to see all but the thickest of oxide layers.

Fig. 2 Morphologies of (a) as-received and (b) powvderheat-treated at 5500C for 1200

min

Fig. 3 shows TGA traces for as-received Al powders during isothermal heat treatment

between 475 and 550'C for 1200 miin. It is clear that in all cases the weight of the

powders increases as the heat treatment time increases and that oxidation is more

extensive as the heat treatment temperature increases. Different forms of the weight

gain - time curves can, however, be appreciated.

At 475 and 500CC, 3 distinct regions are observed. At short times a parabolic

dependence is evident iwhich, after mass gains of roughly 0.1% becomes linear.

Above weight gains of roughly 0.40.5%, this linear dependence becomes parabolic
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once more. For oxidation at 525 and 550'C, the first parabolic stage is not clearly

observed but the second transition from linear to parabolic is once more observed for

weight gains in the region 0.4-0.5%.

0.o
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= 0.6 - 0-oo c-
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0.4 7
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0 200 400 600 860 I00 Cb 200
Heating time (min)

Fig. 3 TGA traces for as-received Al powders isothermally heated at 475, 500,525

and 550'C for 1200 mir

These profiles agree well with those presented by WYefers and indicate that the

oxidation mechanism follows that which he proposed namely: at short holding times

an amorphous oxide layer is developed and its growth requires diffusion of oxygen

through this film, following a parabolic dependence. WYith longer holds,

crystallisation of y-AX203 occurs in the film and this cracks the protective layer,

Sllowing oxygen to reach the underlying metal more easily. Oxidation by this

mechanism is more rapid and follows a linear dependence. At longer holds still,

lateral growth of the y-A1203 occurs, blocking the cracks, eventually forming a

continuous protective layer. Growth again requires diffusion of oxygen through this

film, slowing down the rate of oxidation and once more following a parabolic
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dependence. It should be noted that for higher temperature heat treatments the

formation of y-A12 03 occurs very rapidly (within the first 5 min) thus yielding an

apparent linear oxidation rate at the outset.

Fig. 4 presents an XRD pattern for powder heat-treated at 5500C for 1200 min

compared with as-received powder. Although it appears that heat treatment of Al

powdef results in little change in the XRD pattern, the presence of a small peakl

corresponding to y-A1203 can just be observed. No such peak could be observed for

holds at shorter tines or after 1200 min at 500TC. The level of oxide is clearly

present at levels close to the resolution level of the instrument, of the order of 1-

2%vt%.
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Fig. 4 XRD patterns for as-received
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XRD clearly shows that y-A1203 forms during the oxidation process. TGA plots

indicate that for 600 minr holds, y-A1203 should be present (as oxidation becomes

parabolic once more). The low oxide to metal ratio, however, means that it is difficult

to confirm or dispute the oxidation mechanism. It is not clear whether either

crystallisation has not taken place at this stage or that simply the quantity of oxide

present is below the resolution level of the instrument.

A note of caution

Whilst the evidence presented in Fig 3. is convincing, there was initially a great deal

of confusion over the results obtained. Figs. 5 presents TGA traces at 5000C and

5500C using compressed air supplied from different gas bottles (A, B and C). Whilst

it should be noted that the effect on the formn of the plots, and hence the sequence of

oxidation steps is unchanged, the effect on the magnitude of the weight gains is

dramatic, particularly at 5500C. It was found that the moisture content in the gas

bottles is variable and that this had led to the different oxidation behaviour. These

measurements indicate that great caution must be taken to compare like-wNith-like

conditions during oxidative studies.

°C'7 '-- ' - '- -I 120 _=
01.

0. 4 0.9 0.0.0.7.. * 0

02 _ , j / , 3,4 Ao- ° T-~~~t~=O 1 ~~~~t:o ~~^ -~~. ~ ^6

00. -, i i .0 I..
! ! I Is

_ 200 40100 8O 0 S I1200 1 260 460 60e0 16M t1O
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Fig. 5 TGA traces for powders isothermally heated at 5000C (lef) and 5500C (right)

for 1200 min, using different air cylinders
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Summary

The low quantity of bxide generated during oxidation bf Al powder makes

measurement of oxide film thickness and structure very difficult by SEM, XRD and

BET methods. weight gain measurements enable the progression of oxidation lo be

studied more accurately, but care must be taken to eliminate variations in moisture

content in the air (ambient or bottled) from test to test. Failure to do so can result in a

large scatter in results and confusion over the relative magnitudes of oxidation at

different temperatures. A reduction in scatter could be best achieved by using air first

passed through a drying system.

TGA experiments enable the most precise measurement of the oxidation process and

can help elucidate the oxidation mechanisms. The rate and magnitude of oxidation

was found to increase with holding temperature. The oxidation behaviour of Al was

found to follow three distinct stages; firstly a parabolic dependence of oxidation upon

time was observed, followed by a transition to a fast linear rate and finally, afler

longer holding times, a slow parabolic rate w as again established. The results closely

follow the behaviour found by Wefers and the mechanism of oxidation proposed by

him is thought to be valid for pure Al. The transition to a fast linear oxidation rate is

thought to be due to cracking of the initially amorphous oxide coating as a result of

crystallisation of y-A120j. Passage of oxygen along these cracks accelerates the rate

of oxidation compared to slow diffusion through the continuous amorphous layer.

Reference

Wefers, K, Properties and characterisation of surface oxides on aluminium alloys,

Aluminium, 57, 11, 1981, 722-726.
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Review and Evaluation of 101 Areal Density Measurements of BORAL Coupons

1.0 Introduction

BORAL is the trade name for a neutron absorber manufactured by AAR Corporation of
Livonla, Michigan. BORAL Is a laminated panel with solid aluminum cladding and a
core of blended boron carbide (B4C) and aluminum powders, compressed by hot rolling.
Boral is manufactured according to established processes and procedures.

The purpose of this test program Is to provide applicants for dry fuel storage systems
supporting data to request NRC approval for credit for 90% of the 10B contained in
BORAL used In the system. NRC Standard Review Plans limit the credit for 103
contained in fixed neutron absorbers for dry fuel storage systems to 75%, unless
comprehensive tests are performed to verify that the fabrication process for the neutron
absorber assures the presence and uniformity of the neutron poison (10B) in the
absorber material.

A method has been proposed (Reference 1) for the computation of percent credit for
boron-based neutron absorbers. This method specifies that "material for which data is
presented to show the measured attenuation for thermal neutrons to be at or above the
acceptance attenuation (A.), is given the full credit of 90 percent." This test program
was developed to meet the test requirement for 90% credit. The neutron attenuation
tests, combined with the established BORAL manufacturing procedures, provide
verification of the presence and uniformity of the 10B in BORAL panels.

The coupons tested used In this program were provided by AAR. AAR selected the
coupons from a commercial production run of 3236 BORAL panels. Production
required 114 powder batches; each powder batch yields 30 panels. One panel was
randomly selected from each group of 30 panels made from each unique powder batch.
Two coupons were cut from random locations from each of the 114 BORAL panels
selected for the test, for a total of 228 BORAL test coupons.

The coupons were rectangular and approximately 5.5 inches wide by 11.0 Inches long.
The minimum certified areal density for these coupons is 0.020 gms B-101cm2. The
areal densities were measured at 4 locations on each coupon providing a total of 912
measurements. The measurements were made via neutron attenuation testing using
known calibration standards to determine the areal densities.

This report documents a statistical analysis of the 912 areal density measurements
which demonstrates compliance with requirements for 90% boron credit In dry storage
casks. The analysis described subsequently serves to demonstrate that this criteria Is
satisfied for the 912 areal density measurements on BORAL coupons.

I
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2.0 Methodology

The proposed method specifies that It 'is to be used to compute the level of credit to be
allowed for lIv neutron absorber materials, such as boron or lithium. The computation
of the allowed level of credit uses the results of neutron attenuation measurements
performed on samples of the absorber material placed In a beam of thermal neutrons."

The standard specifies the following variables among Its definitions:

A = neutron attenuation, a measured value taken on a given absorber material In a
beam of thermal neutrons with fixed energy spectrum. A Is assumed to be normally
distributed with mean p and standard deviation a.

Aa = acceptance value of neutron attenuation, based on a qualified homogeneous
absorber standard such as ZrB2,:evaluated at 111% (i.e.1/0.90) of the poison density
assumed In the criticality computational model.

Au = attenuation tolerance limit, a statistic of the data

n = number of coupon measures of attenuation A

P = probability

p = true mean of A

x = estimate of p

a = true standard deviation of A

S = estimate of ca

Cp = exact number of standard deviations required at probability P

Kp= tolerance coefficient that Is substituted for Cp when p and a are estimated by x
and S, respectively

y= confidence level

The method specifies that, "data taken under the above rules are used to bound the
probability P that the value of neutron attenuation A at an arbitrary location on the
material Is greater than the acceptance attenuation Aa. This Is done by computing an
attenuation tolerance limit, Au, such that, with 95 percent confidence, the probability Is
less than 0.001 that A < Au."

2
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In the current analysis, the areal density has been computed Instead of the neutron
attenuation. The areal density Is directly proportional to the neutron attenuation. The
analysis described subsequently demonstrates that with 95 percent confidence the
probability Is less than 0.001 that the measured areal density will be less than 111% of
the minimum certified areal density.

Implicit In the proposed method is the assumption that the data Is normally
distributed. To satisfy that this requirement has been met, two tests for normality,
Kolmogorov-Smimov and Anderson-Darling, have been applied to the test data. In }
addition, the cumulative probability versus areal density has been examined as a further
test of normality.

3
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3.0 Test Data

3.1 Test Method

Tests have been performed by NETCO in the Beam Hole Laboratory of the Breazeale
Reactor Facility at Penn State University. In these tests a collimated thermal beam of
neutrons from the reactor Is passed through the Boral coupons placed perpendicular to
the Incident beam. The Intensity of the Incident and attenuated beams are measured
with BF3 detectors. These attenuation values were then converted to areal density
measurements using a curve fit based on attenuation measurements on coupons of
known areal density.

Four locations on each coupon were tested in this manner and the resulting data has
been compiled Into a single data file that was utilized for this analysis.

3.2 Raw Data

The coupon test results are contained in Appendix A. A subset of the data containing
only the areal density measurements is constructed for use In the subsequent statistical
analyses. The data is structured In four columns with each column representing a
different measurement location on each coupon. All of the data points are plotted here
to Illustrate the distribution of measured areal density values.
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Figure 3-1: Measured Areal Density versus Measurement Number
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3.3 One-Sided Tolerance Factor Calculation

The proposed method specifies that a one-sided tolerance factor be calculated to
determine, with 95% confidence, the value above which 99.9% of the areal density
measurements lie. The tolerance factor itself varies with the degree of confidence,
fraction of data In question, and number of samples being tested. Factors have been
calculated In tables for several different parameters, however, none of the available
tables contain the parameters specified for this test. As such, an approximate formula
for the tolerance factor Is utilized to provide the necessary value given the parameters
of this analysis.

The approximate calculation of a one-sided tolerance factor K, comes from the following
formulas (Reference 2):

Z a Equation 1

2 (N-1) UP N

where:

Z.p = Standard Normal Score at I - P level of significance

N = Numberof Samples (912)

These equations are an approximation, however and deviate conservatively from the
tabular values In Reference 2 for smaller samples sizes. The difference between the
two methods quickly approaches zero after as few as 40 samples. Given that we are
working with a sample size of 912, the approximation formula will produce an
adequately precise value.

The one-Sided Tolerance factor for P=0.999, a=0.05 & n=912 is calculated to be
3.22572

5
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4.0 Analysis of Areal Density Measurements

4.1 Distributed Properties of the Areal Density Measurements

In order to apply the one sided tolerance factors described in Section 4.1, It must be
demonstrated that the areal density data are normally distributed. Figure 4-1 shows the
areal density measurements distribution. Table 4-1 contains a summary of the
properties of the distributed data. The tests show what appears to be a normally
distributed data set with a mean coupon areal density of 0.025 gms B-1 01cm2. There is
a slight skewing of the data towards higher areal density values and the kurtosis shows
that there Is more concentration of data near the mean than In a completely normal
distribution. However, these values represent a small deviation from a normal
distribution and are conservative with respect to a minimum areal density evaluation.

Figure 4-1: Areal Density Measurements: Distributed Data
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Table 4.1

Properties of the Distributed Data

Location Statistics Dispersion Statistics Shape Statistics

Mean 0.0251432 Variance 4.587 x 10'7 Skewness 0.309405

Harmonic .215 Standard Quartile
Mean 0.0251251 Deviation 0.000677 Skewness 0.056328

Median 0.0251133 mean 0.0005399 Kurtosis 0.177064
_ eiation 0.000Excess

Median 0004
_____ ____ _ __ ____ ____ D eviation 0 0 0 4

4.2 Test for Normality

The first step in testing for normality is to construct a cumulative probability plot from the
data set. This Is accomplished by arranging the data set In order of ascending areal
density and computing the cumulative frequency for each data point as:

(j-o.o5)

10
Equation 3

Forj = 1...912

Figure 4-2 Is plot of the cumulative probability versus areal density. It Is noted that the
data appears to be clustered toward the center of the distribution. This is expected
based on the Kurtosis excess shown in Table 4-1. It Is also noted that with the
exception of a few data points at the upper and lower tails of the distribution, the
cumulative probability Is well approximated by a straight line. This confirms that a
normal distribution is an appropriate model.

The Anderson-Darling and Kolmogorov/Smimoff test statistics are calculated
subsequently as further tests of normality.

7
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Figure 4-2: Cumulative Probability versus Areal Density
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4.2.1 Kolmogorov-Smlrnov Test for Normality

In applying the Kolmogorov/Smimoff test for normality, a test statistic D Is calculated for
the data distribution. D Is the difference between the ordered areal density values and
their predicted cumulative probability under the assumption of a normal distribution.
The calculated value for the BORAL areal density data Is 0.0329.

Under the Kolmogorov/Smimoff test; D must be less than a certain critical value. The
large sample critical value at a 95% confidence Is 0.24. Accordingly, we cannot reject
the hypothesis that the density are normal distributed.

4.2.2 Anderson-Darling Test for Normality

The Anderson-Darling test Is based on the test statistic, A2, which examines the
differences between the tails of the normal distribution and the tails of the test data.
The null hypothesis (that the data is normally distributed) is rejected for measures of the
test statistic that exceeds a certain critical value.

8
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The test statistic can be calculated numerically from:

A2 = {(2i-I)(In(u,)+ln(1-uR..1 ))] In-n Equatlon4

where ui Is the value of the theoretical cumulative distribution at the i" largest
observation. The test statistic calculated for the Boral areal density values is 1.3018.

The large sample critical value for the Anderson-Darling test Is 2.492 at 95% confidence
and 3.857 at 99% confidence. Thus we cannot reject the null hypothesis that the data
are normally distributed. It Is noted that there Is some significant deviation in the tails of
the data, a situation to which the Anderson-Darling test is very sensitive. This is
reflected in the relatively high test statistic value (1.3018) for the test data.

4.3 One-Sided Tolerance Limit and Assessment of 90% Boron Credit

The following equation provides the one sided tolerance limit to the observed coupon
areal density:

A, =x-K,, 2 S Equation 5

where the variable definitions are Identical to those outlined previously. Given that the
data passes the test for normality, the calculation for the above one-sided tolerance limit
Is applicable.

Thus the lower tolerance areal density limit Is 0.0229 gms B-10cm2. The minimum
certified areal density is 0.020 gms B-I 01cm2 for the Boral samples tested. The areal
density at 111% of the minimum certified value of 0.020 Is 0.0222 gms B-I 01cm 2. Thus
0.0229 gms B-10/cm 2 > 0.0222 gms B-101cm2 and Au? A.'and 90% boron credit Is
demonstrated.

9
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5.0 Summary and Conclusions

Areal density measurement obtained via neutron attenuation testing at 4 locations each
on 228 Boral coupons have been evaluated. The data have been demonstrated to be
normally distributed. Accordingly, a one sided tolerance factor for normally distributed
data can be applied. This has been computed following the method of Natrella and is
3.226 at 99.9% probability and 95% confidence level.

The proposed method of Reference I has been applied to the data set. The minimum
certified areal density for this Boral Is 0.020 gms B-10cm2. The mean of the measured
data Is 0.02514 gms B-1 Ocm2. At a 99.9% probability and a 95% confidence level the
one sided lower tolerance limit Is 0.0229 gms B-1 O1cm2 which exceeds 111% of the
minimum certified areal density. Accordingly 90% credit for boron-10 Is demonstrated.

10
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Appendix A

BORAL Coupon B-10 Areal Density Test Data

(For each coupon B-10 areal density is provided

for locations A, B, C and D)

12
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Appendix A

Test Data

Coupon ID
WN310009-1-1
WN310009-1-2
WN310010-1-1
WN310010-1-2
WN310025-1-1
WN310025-1-2
WN310039-1-1
WN310039-1-2
WN310048-1-1
WN310048-1-2
WN310057-3-1
WN310057-3-2
WN310061-1-1
WN310061-1-2
WN310075-3-1
WN310075-3-2
WN310089-2-1
WN310089-2-2
WN310092-1-1
WN310092-1-2
WN310104-1-1
WN310104-1-2
WN310110-1-1
WN310110-1-2
WN310121-1-1
WN310121-1-2
WN310139-2-1
WN310139-2-2
WN310146-2-1
WN310146-2-2
WN310159-1-1
WN310159-1-2

A
0.025062784
0.025295658
0.024152418
0.024352811
0.025310048
0.024580798
0.023953087
0.024672659
0.025107024
0.025397755
0.026060044
0.02597623
0.025224999
0.024898957
0.024364684
0.024664107
0.024046765
0.02412745
0.024400776
0.02436154
0.023831937
0.024390186
0.025373166
0.025280417
0.024272875
0.024102052
0.024712177
0.02461095
0.025119246
0.02486097
0.024683577
0.023998171

B
0.024806101
0.025086125
0.024151064
0.024659791
0.02518946
0.024444167
0.024438754
0.024228369
0.024973144
0.025000009
0.025943994
0.025634738
0.024849114
0.024600053
0.024797911
0.024569897
0.023573319
0.02396863
0.024162693
0.024143137
0.024049098
0.024299037
0.025079003
0.025269293
0.024006694
0.024075745
0.024640813
0.024280069
0.025126485
0.024785377
0.024266206
0.023817214

C
0.025250876
0.025252807
0.024378336
0.024761737
0.024700361
0.024380079
0.024408661
0.024687562
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Spent Fuel Project Office
Interim Staff Guidance - 15
MATERIALS EVALUATION

Issue

Due, In part, to a number of material-related Issues Identified during dry cask storage system
(DCSS) and transportation package application reviews and field Implementation, the staff has
recognized the need for specific guidance for the review of materials selected by the applicant
for Its DCSS or transportation package.

Regulatory Basis

See the Attachment, Section III, 'Regulatory Requirements.0

Applicability

This guidance applies to DCSS and radioactive material transportation package reviews
conducted In accordance with NUREGs 1536, 'Standard Review Plan f6r Dry Cask Storage
Systems" (January 1997), 1567, "Standard Review Plan for Spent Fuel Dry Storage Facilities'
(March 2000), 1609, "Standard Review Plan for Transportation Packages for Radioactive
Material' (Draft, November 1997), and 1617, "Standard Review Plan for Transportation
Packages for Spent Nuclear Fuel' (March 2000).

Discussion

There Is no existing materials evaluation chapter In either NUREG-1536 or NUREG-1567 for
the review of DCSS. Therefore, the staff has developed a materials evaluation chapter to
address this need. Parts of this chapter also apply to NUREG-1609 and NUREG-1617. The
materials evaluation chapter provides guidance to the staff In the Spent Fuel Project Office
(SFP.O) for performing materials reviews of DCSSs and transportation packages. The
materials evaluation chapter will ensure quality and uniformity in reviews performed by new or
current staff members In SFPO.

With respect to NUREGs-I 536,-1567, and -1617, ISG-15 will supercede the following ISGs In
their entirety:

ISG4, RI - Cask Closure Weld Inspections
ISG- 1, RO - Storage of Spent Fuel Having Burnups In Excess of 45,000 MWd/MTU
ISG-11, RI - Transportation and Storage of Spent Fuel Having Burnups In Excess of 45

GWd/MTUJ



Recommendation

NUREG-1536 should be revised as follows:

Replace the current contents of Chapter 8, "Operating Procedures,' with the attachment
to this ISG In its entirety. This ISG then becomes a new Chapter 8. "Operating
Procedures' becomes Chapter 9, and the following chapters will be renumbered
sequentially. Revise the Table of Contents and Chapter references throughout the
NUREG to reflect the new chapter numbers. Add reference to Chapter 8, as
appropriate, to other chapters, and delete redundant material.

Revise Appendix C, "Glossary," to Include the following terms:

Commercial Spent Fuel Management program (CSFM)
Heat Affected Zone (HAZ)
Megawatt days per Metric Ton Uranium (MWdIMTU)
Nondestructive Examination (NDE)
Post-Weld Heat Treatment (PWHT)

NUREG-1 567 should be revised as follows:

Replace the current contents of Chapter 10, 'Conduct of Operations Evaluation," with
the attachment to this ISG In Its entirety. This ISG then becomes the new Chapter 10.
"Conduct of Operations Evaluation' becomes-Chapter II, and the following chapters will
be renumbered sequentially. Revise the Table of Contents and Chapter references
throughout the NUREG to reflect the new chapter numbers. Add reference to Chapter
10, as appropriate, to other chapters, and delete redundant material.

Revise the 'Acronyms and Abbreviations' section to Include the following terms:

Commercial Spent Fuel Management Program (CSFM)
Heat Affected Zone (HAZ)
Megawatt Days per Metric Ton of Uranium (MWd/MTU)
Post-Weld Heat Treatment (PWHT)

NUREG-1609 should be revised as follows:

Revise the listed NUREG-1609 section to Incorporate the applicable material from this
ISG:

NUREG section 2.5.2.1 ISG sections X.5.1 and X.5.2.4
NUREG section 2.5.2.2 ISG section X.5.3.1
NUREG section 4.5.1.1 ISG section X.5.2.9
NUREG section 5.5.1.1 . ISG section X.5.2.6
NUREG section 6.5.3.2 ISG section X.5.2.7

Revise the "Acronyms and Abbreviations' section to Include the following terms:

American Concrete Institute (ACI)
Safety Analysis Report (SAR)



NUREG-1617 should be revised as follows:

Revise the listed NUREG-1617 section to Incorporate the applicable material from this
ISG:

NUREG section 1.3.3
NUREG section 1.5.2.6
NUREG section 1.5.3.1
NUREG section 2.3.2
NUREG'section 2.4.2
NUREG section 2.5.2.1
NUREG section 2.5.2.2
NUREG section 2.5.2.3
NUREG section 3.5.2.1
NUREG section 3.5.2.3
NUREG section 4.5.1.1
NUREG section 5.5.3.2
NUREG section 6.5.3.2

ISG section X.5.1.1
ISG section X.5.2.3
ISG section X.5.1
ISG section X.5.2.2
ISG section X.5.2.2
ISG sections X.5.2.2 and X.5.2.4
ISG section X.5.3.1
ISG section X.5.2.9
ISG section X.5.2.2
ISG section X.5.4
ISG sections X.5.2.9 and X.5.3.1
ISG section X.5.2.6
ISG section X.5.2.7

Revise the 'Acronyms and Abbreviations" section to Include the following terms:

American Concrete Institute (ACI)
American Welding Society (AWS)
Commercial Spent Fuel Management program (CSFM)
Dry Cask Storage Systein (DCSS)
Heat Affected Zone (HAZ)
Independent Spent Fuel Storage Installation (ISFSI)
Magnetic Particle examination (MT)
MegaWatt days per Metric Ton Uranium (MWd/MtU)
Nondestructive Examination (NDE)
Dye Penetrant examination (PT)
Post Weld Heat Treatment (PWHT)
Ultrasonic examination (UT)

Approved /R la
E. William Brach

-
01/1012001

Date

Attachment: 'Materials Evaluation"



X MATERIALS EVALUATION

X.l Review Objective '

In this portion of the dry cask storage system (DCSS) review, the NRC staff evaluates
the DCSS to ensure adequate material performance of components Important to safety of an
Independent spent fuel storage Installation (ISFSI) or monitored retrievable storage facility
(MRS) under normal, off-normal and accident conditions. To ensure an adequate margin of
safety In the design basis of the ISFSI or MRS, the reviewer should obtain reasonable
assurance that:

* The physical, chemical, and mechanical properties of components important to safety
meet their service requirements.

* Materials for components important to safety have sufficient requirements to control the
quality of the raw material, handling, and fabrication and test activities.

* Materials for components Important to safety are selected to accommodate the effects
of, and to be compatible with, the ISFSI or MRS site characteristics and environmental
conditions associated with normal, off-normal and accident conditions.

* The spent fuel cladding Is protected from gross rupture and from conditions that could
lead to fuel redistribution.

* DCSS must be designed to allow ready retrieval of spent fuel.

X.2 Areas of Review

The principal purpose of the materials review Is to obtain reasonable assurance that materials
selected for each component are adequate for performance of the safety function(s) required of
that component. As defined In Section 5 of this Chapter, the materials evaluation encompasses
the following areas of review-

X.2.1 General

a. cask designImaterials, fuel specifications, and environmental conditions
b. engineering drawings

X.2.2 Materials Selection

a. applicable codes and standards
b. material properties
c. weld design and specification
d. bolt applications
e. coatings
f. gamma and neutron shielding materials
9. neutron absorbinglpolson materials for criticality control
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h. concrete and reinforcIng steel
i. seals

X.2.3 Chemical and Galvanic Reactions

a. loss of corrosion resistance
b. flammable gas generation

X.2.4 Cladding Integrity

a. temperature limits
b. high burnup fuel
c. cask reflooding

X.3 Regulatory Requirements

X.3.1 General

a. Structures, systems and components (SSCs) Important to safety must be
described In sufficient detail to enable reviewers to evaluate their effectiveness.
110 CFR 72.24(c)(3)]

b. In the design, consideration should be given to compatibility of the cask with wet
or dry spent fuel loading and unloading facilities and with the requirements for
removal from the reactor site. [10 CFR 72.236(m)]

X.3.2 Materials Selection

a. The SSCs important to safety must be designed, fabricated, erected, and tested
to quality standards commensurate with the Importance to safety of the function
to be performed. [10 CFR 72.122(a)]

b. The materials used for shielding and criticality functions shall be adequate for
performance of Intended functions. [10 CFR 72.104(a), 106(b), 124, 128(a)(2)]

c. The materials of construction shall have adequate properties for anticipated
service and environmental conditions, and quality standards shall be used to
verify that the design bases for the SSCs are satisfied. [10 CFR 72.122(a), (b)
and (c)]

d. Sufficient Information shall be Included for materials of construction to satisfy the
design bases with an adequate margin for safety. [10 CFR 72.24(c)(3)]

e. The DCSS must be designed to store spent fuel safely for a minimum of 20
years and permit maintenance as required. [10 CFR 72.236(g)]

f. Non-combustible and heat resistant materials must be used wherever practical
throughout the ISFSI or MRS so that the materials can perform their safety
functions under credible fire and explosion exposure conditions. [10 CFR
72.122(c)]
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9. The DCSS must reasonably maintain confinement of radioactive material under
normal, off-normal, and credible accident conditions. [10 CFR 72.236(1)]

X.3.3 Chemical and Galvanic Reactions

The cask, and cask components, must be compatible with wet or dry spent fuel
loading and unloading facilities. 110 CFR 72.236(h)]

X.3.4 Cladding Integrity

a. The spent fuel cladding must be protected from degradation which could lead to
gross rupture and pose operational safety problems with respect to spent fuel
retrievability. 110 CFR 72.122(h)(1)]

b. In the design of the DCSS, consideration should be given to removal of the spent
fuel from a reactor site, transportation and ultimate disposition by the
Department of Energy. [10 CFR 72.236(m)]

X.4 Acceptance Criteria

X.4.1 General

For this section, items that follow the acceptance criteria in square brackets ([ ]) refer to lettered
paragraphs In Section X.3 of this Chapter.

The safety analysis report (SAR) should describe all materials used for DCSS components
Important to safety, and the reviewer should consider the suitability of those materials for their
Intended functions In sufficient detail to evaluate their effectiveness In relation to all safety
functions. [la, 2a]

The DCSS should employ materials that are compatible with wet and dry spent fuel loading
and unloading operations and facilities. These materials should not degrade to the extent that
a safety concern Is created. [l b, 2c]

X.4.2 Materials Selection

The materials properties of a DCSS component should meet Its service requirements In the
proposed cask system for the duration of the license period. [2a, 2b, 2e]

The materials that comprise the DCSS should sufficiently maintain their physical and
mechanical properties during all conditions of operations. The spent fuel should be readily
retrievable without posing operational safety problems. [2a, 2b, 2c]

Over the range of temperatures expected prior to and during the storage period, any ductile-to-
brittle transition of the DCSS materials, used for structural and nonstructural components,
should be evaluated for Its effects on safety. 12a, 2e, 2f, 2g]

DCSS gamma shielding materials (e.g., lead) should not experience slumping or loss of
shielding effectiveness to an extent that compromises safety. The shield should perform Its
Intended function throughout the licensed service period. [2b, 2e, 2f, 2g]
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DCSS materials used for neutron absorption should be designed to perform their safety
function. [2b, 2c]

DCSS protective coatings should remain Intact and adherent during all loading and unloading
operations within wet or dry spent fuel facilities, and during long-term storage. [lb, 2c, 2g, 3]

X.4.3 Chemical and Galvanic Reactions

The DCSS should prevent the spread of radioactive material and maintain safety control
functions using, as appropriate, noncombustible and heat resistant materials. [2f, 3]

A review of the DCSS, Its components, and operating environments (wet or dry) should confirm
that no operation (e.g., short-term loading/unloading or long-term storage) will produce adverse
chemical andlor galvanic reactions which could Impact the safe use of the storage cask. [Ib,
2c, 3]

Components of the DCSS should not react with one another, or with the cover gas or spent
fuel, In a manner that may adversely affect safety. Additionally, corrosion of components
Inside the containment vessel should be effectively prevented. [Ib, 3]

The operating procedures should ensure that no Ignition of hydrogen gas should occur during
cask loading or unloading. [3]

Potential problems from uniform corrosion, pitting, stress corrosion cracking, or other types of
corrosion, should be evaluated for the environmental conditions and dynamic loading effects
that are specific to the component. [ib, 2c]

X.4.4 Cladding Integrity

The integrity of the cladding should be protected by ensuring that non-combustible and heat-
resistant materials are used wherever practical throughout the ISFSI. [2!, 4a]

The cladding temperature should be maintained below maximum allowable limits, and an Inert
environment should be maintained Inside the cask cavity to maintain reasonable assurance that
the spent fuel cladding will be protected against degradation that may lead to gross rupture,
loss of retrievability, or severe degradation. DCSS distortions from debris, corrosion, or spalled
coatings, should not Impair removal of the spent fuel from the cask. [4a, 4b]

For Zircaloy-clad fuel, the temperature should be maintained below 5700 C (1058° F) for short-
term accident conditions, short-term off-normal conditions, and fuel transfer operations, as
described in PNL-4835'. t4a]

Cladding should not rupture during re-flood operations. [29, 4a]

Any degradation of DCSS coating material, Including vapors or particulate that originate from a
deteriorating coating, should not affect the safety functions of the cladding or the cask
components. [lb, 2a, 2c, 2d, 2e, 2f 2g, 4a]
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DCSS materials should be durable and compatible to demonstrate that the spent fuel Is
retrievable and the geometry of the spent fuel Is maintained In a sub:critical configuration under
all credible operating and accident conditions. [lb. 2g, 3, 4b]

X.5 Review Procedures and Guidance

Since the materials review is Interdisciplinary, the materials reviewer should coordinate with
other reviewers (e.g., structural, thermal, shielding, criticality), as necessary, for Identification of
materials related Issues In other SAR chapters.

X.5.1 General

X.5.1.1 Cask DesignlMaterlals, Fuel Specifications, and Environmental Conditions

The materials reviewer should consider the cask design and materials specifications, fuel
specifications, environmental conditions (e.g., time, temperature, radiation, liquid and vapor
exposures), and operating conditions of the DCSS, Including conditions during
loadingfunloading, storage, and transfer operations. The reviewer should verify that material
properties of the major nonstructural components (e.g., neutron absorbing materials, heat
transfer disks, etc.) are also presented In the SAR. This general Information can usually be
found In Chapters 1 (General Description), 2 (Principal Design Criteria), 8 (Operating
Procedures), or 12 (Technical Specifications). However, the reviewer should review the SAR to
assess all aspects pertinent to the DCSS at an ISFSI.

In considering the suitability of components, consider the various environmental conditions and
length of time that the component will encounter each condition during the licensed storage
period, as In-service environmental conditions may affect material properties over time. Note
that the magnitudes of radiation and temperature decrease over the ISFSI service period.
Other environmental and operating conditions that may be encountered In loading, transport
(on-site), storage, unloading, and transfer to another storage or transport system may degrade
performance of the materials.

X.5.1.2 Engineering Drawings

Review the engineering drawings of the SAR to understand how the cask components are
assembled. The reviewer should verify that the SAR drawings contain a bill of materials,
Including appropriate consensus code Information [e.g., American Welding Society (AWS),
American Society of Mechanical Engineers (ASME), American Society for Testing and Materials
(ASTM), or American Concrete Institute (ACI) specification number, type, class, andlor grade of
material) or other similar specification documents for fabrication, examination, assembly, and
testing control. Further, verify that the drawings Identify all cask components to be coated (if
applicable).

X.5.2 Materials Selection

X.5.2.1 Applicable Codes and Standards

The reviewer should verify that the Identified codes and standards are appropriate for the
material control of the component. Verify that materials selections are appropriate for the
environmental conditions to be encountered during loading, unloading, transfer and storage
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operations. The suitability of materials and fabrication of major structural components (e.g.,
shell, bottom plate, shield lid, structural lid, basket fuel tube) may be assessed using the
applicable construction code of record.

X.5.2.2 Material Properties

The material properties provided for the major structural components (including stainless steel,
precipitation-hardened steels, carbon steel bolting materials, aluminum alloys, concrete,
neutron and gamma shielding materials, and neutron absorbing materials, etc.) can usually be
ascertained from applicable codes and standards, such as the ASTM Standards. However,
other references (e.g., Military Handbook Specifications or International Standards) may be
used to obtain the values of mechanical properties specified In the SAR. The reviewer should
obtain reasonable assurance that the particular class and grade of structural material are
acceptable under the applicable construction code of record. Proposed alternative materials
should be justified so that the reviewer can assess their acceptability for the given component
under the Intended service conditions.

In conjunction with the other technical disciplines (i.e., structural, confinement, thermal,
shielding and criticality), verify, as needed, that selected parameters have been appropriately
defined (e.g., the temperature dependent values for the stress allowables, modulusof elasticity,
Poisson's ratio, weight density, thermal conductivity, and coefficient of thermal expansion).

The reviewer may find It useful to tabulate the major structural materials to facilitate the review.
The following information could be tabulated: specification number; grade, type, and class of
the material; nominal composition; product form; yield and tensile strength level; notes about
the materials; etc.

X.5.2.3 Weld Design and Specifications

General

There are two nationally recognized codes that address welding, ASME2 and AWS D1.13. The
ASME Code governs welded pressure vessels, from domestic water heaters to nuclear
reactors. The AWS D1.1 "Structural Welding Code' Is the applicable code for welding
structural steel, such as the steel used for bridges and steel-framed skyscrapers. The NRC
staff recommends the use of the ASME welding code as the preferred code for storage casks.
However, the ASME Code is a voluntary consensus standard which has been adopted by most
vendors. Some older cask designs used the AWS Code. Note that the various construction
codes differ from one another In their requirements for materials and welding procedures
because each code Is specialized with a particular application In mind.

Standard weld and nondestructive examination (NDE) symbols may be found In AWS A2.4,
"Symbols for Welding and Nondestructive Testing,* to Interpret such symbols found on the
drawings submitted with the SAR.

Weld Design and Materials

Except for welded closure lids, discussed later, all welds of the confinement shell should be full
penetration welds. Verify that the NDE for these confinement welds Is volumetric.
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All weld filler metals should be specified by ASME Section 11, Part C, and an associated AWS
classification.

Weld metals for austenitic stainless steels and nickel-based alloys are specified according to
base material chemistry. For these materials, a slight degree of overmatching (i.e., more alloy
content than the base material) Is normal practice (e.g., type 308 filler Is commonly used for
type 304 base metals).

For any weld, the specified weld metal strength must equal or exceed the specified base metal
strength. Consult ASME Section 11, Part C, for weld metal properties. A weld schedule,
showing the base and weld metal combinations to be used in the cask, should have been
provided as an aid in comparing base and weld metal properties.

Fracture Control

For designs that use carbon or alloy steels, dynamic fracture toughness and nil-ductility or
fracture appearance transition temperature test data should have been submitted for samples
of weld metal, heat affected zone (HAZ) metal, and base materials that have been taken from
weldments that use the same materials of construction and welding procedures as used for
construction.

The air hardening propensity of such materials during welding may have a significant adverse
Influence on the fracture toughness of the weld zone. (Air hardening refers to a steel with
sufficient carbon or other alloying elements which causes the steel to harden significantly during
cooldown In air, resulting In hard, brittle weld deposits and HAZs.) Consequently, the
Importance of preheat and post-weld heat treatment (PWHT) is paramount. Adherence to
PWHT Table WB-4622.1-1 of Section 111, Division 3 (1998) is recommended. Staff experience
has shown that the Code option of a lower temperature PWHT for a longer time Is generally
undesirable. It Is especially detrimental when fracture toughness Is Important to the design.
Therefore, Table WB-4622.4(c)-1 of Section III, Division 3 (1998), or similar, Is generally
unacceptable.

The reviewer should note that a full temperature PWHT of a closure lid may not be feasible due
to the potential for overheating of the fuel cladding, thereby precluding welded closures for
materials requiring PWHT.

Welded Lids

Most cask designs use two lids, an Inner shield lid and an outer structural lid. The structural lid
weld joint may be either a full-penetration weld or a partial-penetration groove weld.

Carbon and Alloy Steel Cask Designs

The reviewer should verify that the applicant has considered all the closure lid weld material
and technique Improvements that accrued from previous DCSS design and fabrication
experience. For example, refer to the technical evaluation In NRC Confirmatory Action Letter
97-7-001, dated July 22, 1998. Some of the DCSS Improvements resulting from that action
include:

0 shell plates made from low sulfur, calcium-treated, vacuum-degassed steel;
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* application of minimum 2000 F preheat;
* use of low-hydrogen electrodes;
* low carbon equivalent base metals and weld metals;
* magnetic particle (MT) examination of the root pass;
* maintenance of preheat as a postheat treatment for a minimum of one hour; and
* minimum of two-hour delay after postheat before performing final volumetric NDE.

The structural lid weld should be examined by ultrasonic testing (UT) or other volumetric
methods. Review the applicant's evaluation of the critical flaw size using the linear-elastic
fracture mechanics methodology based on service temperature, dynamic fracture toughness,
and critical design stress parameters, as specified In Section Xl of the ASME Code.

Progressive surface examinations, utilizing dye penetrant testing (PT) or MT, are permitted only
if unusual design and loading conditions exist. In addition, a stress-reduction-factor of 0.8 Is
Imposed on the weld strength of the closure joint to account for imperfections or flaws that may
have been missed by progressive surface examinations. The weld design should be approved
by the NRC on a case-by-case basis.

Austenitic Stainless and Nickel-Base Alloy Steels Cask Design

.For designs employing austenitic lid materials and welds, either volumetric or multi-pass PT
inspection methods are acceptable.

For either UT or PT examination, the minimum detectable flaw size must be demonstrated to be
less than the critical flaw size. The critical flaw size should be calculated In accordance with'
ASME Section Xl methodology; however, net section stress may be governing for austenitic
stainless steels, and must not violate ASME Section 1II requirements. Flaws In austenitic
stainless steels are not expected to exceed the thickness of one weld bead.

If using UT, the UT acceptance criteria are the same as those of NB-5332 for pre-service
examination. In accordance with Code practice for supplementing volumetric examinations with
a surface examination, UT examination must be performed In conjunction with a root pass and
cover pass PT examination.

If PT Is specified (i.e., no volumetric Inspection), a stress reduction factor of 0.8 must be applied
to the weld design.

X.5.2.4 BoltApplications

The reviewer should verify that all bolts have the required tensile strength, resistance to
corrosion and brittle fracture, and a coefficient of thermal expansion that is similar to the
materials being bolted together. Confirm that the bolting materials are not sensitive to stress
corrosion cracking under anticipated operating conditions.

X.5.2.5 Coatings

Coatings In DCSSs are used primarily as corrosion barriers or to facilitate decontamination.
They may have additional roles, such as Improving the heat rejection capability by Increasing
the emmisivity of cask Internal components.
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The reviewer should determine the appropriateness of the coating(s) for the Intended
application by reviewing the coating specification for each protective coating that Is applied to
an Important to safety component. A specification that describes the scope of the work,
required materials, the coating's purpose, and key coating procedures, should assure that the
appropriate and compatible coatings have been selected by the DCSS designers. A coating
specification should Include the following:

* scope of coating application;
* type of coating system;
* surface preparation methods;
* applicable coating repair techniques; and
* coatings qualification testing, as applicable.

Additional guidance regarding coating specification details are described below.

Scope of Coating Application

The coating specification should Identify the purpose of the coating, a list of the components to
be coated, and a description of the expected environmental conditions (e.g., expected
conditions during loading, unloading, and dry storage).

The reviewer should verify that the coatings wvill not react with the cask internal components
and contents, and will remain adherent and Inert when exposed to the various environments of
a spent fuel cask. The most prevalent, potentially degrading environments Include the
Immersion In borated spent fuel pool water during loading and unloading operations, and high
temperature and high radiation (including neutrons) environments encountered during vacuum
drying evolutions and long-term storage.

Coating Selection

The reviewer should verify that the coating specification Identifies the manufacturer's name, the
type of primers and topcoat(s) comprising the coating system, and the minimum and maximum
dry coating thickness(es). The coating manufacturer's technical literature for all coatings
specified for cask Interiors must be submitted In the SAR for staff review.

The reviewer should verify that the coating selected for cask components Is capable of
withstanding the Intended service conditions over the design service life. Failures can be
prevented by ensuring that the selection and the application of the coating Is controlled by
adhering to the coating manufacturer's recommendations.

Surface Preparation

The reviewer should verify that the coating specification Identifies whether solvent or abrasive
cleaning methods should be used to prepare surfaces prior to coating application. This
information should ensure that proper surface preparation techniques could be implemented
during cask fabrication.

The reviewer should confirm that the specified type and degree of surface cleaning and the
required surface profile meet the coating manufacturer's specification. Any deviations from the
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manufacturer's standards for surface preparation must be supported by appropriate tests that
demonstrate acceptable coating performance under all design conditions.

Coating Repairs

The reviewer should verify that the coating specification identifies the general requirements for
repairing damage to the coating. This Information will assist the reviewer(s) In evaluating the
effects of repairs on the Integrity of the coating and whether the designated repair methods
could be Implemented during or after cask fabrication.

The reviewer should examine the design to determine whether the structure Is assembled
before or after Its various parts are coated. If a complex structure Is to be coated after
assembly, it Is very Important that the consequences of a potential coating failure be analyzed
to determine whether other cask functions or component features could be compromised by the
failure.

The consequences of coating failure depend on the type of coating and service environment,
and may Include the following:

* Partial and/or complete coating failure that alters the corrosion resistance of DCSS
structural and shielding components (primarily during loading/unloading operations);

* Partial and/or complete coating failure that alters the emmisivity and heat transfer of
basket components;

* Particulates (cloudiness) that form in spent fuel pool water or cask during loading or
unloading that may affect such operations; and/or

* Aggressive or reactive chemical species that form and consequently Impact the
performance of other cask components during long-term exposure to radiation (e.g.,
gamma and neutron).

Coating Qualification Testing

Coatings used on cask external surfaces may have been selected upon the basis of their
performance requirements and exposure conditions. The applicant may have used related
industrial conditions as a documented guide or basis for coating selection without performing
further laboratory tests.

Any coating used Inside a DCSS must have been tested to demonstrate the coatings
performance under all conditions of loading and storage. The conditions evaluated should
Include exposure to radiation, high temperature during vacuum drying and storage, and
Immersion during loading, unloading and transfer operations. The coating must be
demonstrated to remain Intact and Inert for the full duration of the DCSS design life.

There are a number of standardized ASTM tests for coatings performance. In reviewing ASTM
(or other) tests used to qualify coatings for service In storage casks, consideration should be
given to the applicability of a test to the service conditions.
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Planning, execution, and Interpretation of coating qualification tests must be performed by a
qualified coatings engineer (e.g., certified by the National Association of Corrosion Engineers).
The reviewer should ensure that appropriate, qualified expertise has been employed by the
applicant for any coatings qualification program.

The reviewer should verify that the coating specification Includes a description of the coating
qualifications testing program, as appilcable. The following Information, which is Important to
qualifying a coating, Includes, but Is not limited to:

The size and shape of samples used for the coating tests, as well as the type of
material(s), and a description and results of any tests conducted on partial or full-size
production mock-ups.

* The test sample surface preparation method(s) and expected or measured surface
profile. Sample surface preparation should be performed In accordance with written
production procedures, using the same equipment, materials, and qualified personnel as
Intended for production coating. Inspection methods and acceptance criteria should be
Included.

* Application method(s) and measured control parameters, Including records of
temperature and humidity, cure cycle and times, and any other monitoring or
acceptance tests such as dry film thickness, hardness, and adhesion. The methods and
parameters should be employed In accordance with written production procedures using
the same equipment, methods, materials, and qualified personnel.

* A test plan description which clearly describes the rationale for and the types and
sequences of all coating qualification tests, lab protocols, numbers of samples,
Inspection methods, and acceptance criteria. Raw test results should be tabulated or
otherwise presented. The test plan should Include (1) laboratory coupons for
demonstrating coating suitabilitylqualificatlon, and (2) partial or full size production
mock-up tests that demonstrate that the selected coating can be applied successfully to
real production parts under production shop conditions to give reasonable assurance
that field performance will meet laboratory, test-based expectations.

* An Interpretation and discussion of the test program results by a certified coatings
engineer. This evaluation should examine, at a minimum, the coating performance
against the specific tests and the overall requirements for coating performance. The
overall program must be assessed as to whether It Is likely to be an effective predictor of
actual performance. A recommendation for the use of the coating, with specific
restrictions, If any, must be Included.

The application should also Include general requirements applying to all tests:

* Test durations for Immersion must equal or exceed the combined maximum design (or
technical specification) durations for loading and vacuum drying.

* An evaluation of any observed gasses, bubbles or other evidence that a gas was
produced during the test. Coatings that produce flammable gas require a mitigation
program to prevent burnable or explosive gas concentrations during all phases of cask
operations.
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X.5.2.6 Gamma and Neutron Shielding Materials

Concrete, steel, depleted uranium, and lead typically serve as gamma shields, while filled
polymers are often used for neutron shielding materials.

The reviewer should confirm that temperature-sensitive shielding materials will not be subject to
temperatures at or above their design limits during both normal and accident conditions. The
reviewer should determine whether the applicant properly examined the potential for shielding
material to experience changes In material densities at temperature extremes. (For example,
elevated temperatures may reduce hydrogen content through loss of water In concrete or other
hydrogenous shielding materials.)

With respect to external, polymer neutron shields, the reviewer should verify that the
application:

* Describes the test(s) demonstrating the neutron absorbing ability of the shield material.

* Describes the testing program and provides data and evaluations that demonstrate the
thermal stability of the resin over Its design life while at the upper end of the design
temperature range. Describes the nature of any temperature-induced degradation and
Its effect(s) on neutron shield performance.

* Describes what provisions exist In the neutron shield design to assure that excessive
neutron streaming will not occur as a result of shrinkage under conditions of extreme
cold. This description Is required because polymers generally have a relatively large
coefficient of thermal expansion when compared to metals.

* Describes any changes or substitutions made to the shield material formulation. For
such changes, describes how they were tested and how that data correlated with the
original test data regarding neutron absorption, thermal stability, and handling properties
during mixing and pouring or casting.

* Describes the acceptance tests that were conducted to verify that any filled channels
used on production casks did not have significant voids or defects that could lead to
greater than calculated dose rates.

X.5.2.7 Neutron AbsorbinglPolson Materials for Control of Criticality

Neutron absorbing materials are used in storage casks to ensure that sub-critical conditions are
maintained during normal and accident conditions. Typically, these neutron absorbing
materials are In the form of fixed plates or rods for which no structural credit is given.

The boron isotope (10B) Is the principal neutron absorbing isotope In most of the absorber plate
materials used or proposed for DCSS. However, cadmium and gadolinium are also common
neutron absorbing elements.

For all boron-containing materials, the reviewer should verify that the SAR and Its supporting
documentation describe the material's chemical composition, physical and mechanical
properties, fabrication process, and minimum poison content. This description should be
detailed enough to verify the adequacy and reproducibility of properties Important to
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performance as required In the SAR. For plates, the minimum poison content should be
specified as an areal density (e.g., milligrams of 10B per cm2 ). For rods, the mass per unit
length should be specified.

In heterogeneous absorber materials, the neutron poisons may take the form of particles
dispersed or precipitated In a matrix material. Materials with large poison particles (e.g., 80-
micrometer particles of unenriched boron carbide) have been shown to absorb significantly
fewer neutrons than homogeneous materials with the same poison loading [Burrus', Wells\.
The reduced neutron absorption In heterogeneous materials results from particle self-shielding
effects, streaming and channeling of neutrons between poison particles. Therefore, the
reviewer should verify that the absorber material's heterogeneity parameters (e.g., particle
composition, size, dispersion) are adequately characterized and controlled, and that the
criticality calculations employ appropriate corrections (e.g., reduced poison content) when
modeling the heterogeneous material as an Idealized homogeneous mixture.

Qualifying the Material Fabrication Process

Qualification tests should have been conducted at least once for a given set of materials and
manufacturing processes to demonstrate acceptability and durability of the resulting neutron
absorber product over the licensed service life. Qualification tests are generally conducted on
one or more representative samples or coupons of the fabricated material. Acceptable
qualification tests may Include: neutron attenuation or reactivity worth measurements to assess
the required minimum absorption characteristics; neutron radiography or radioscopy to check
for uniform distribution of poison material In plates; Immersion of the fabricated absorber In pool
water to simulate the cask environment during loading; exposure of the absorber to a radiation
field to assess the effects of radiolysis; and exposure of the absorber material to the full range
of service temperatures.

The qualification tests and test samples should be evaluated for the following effects:
redistribution of the neutron poison; dimension and weight changes due to material Instability
(e.g., cracking, spalling, debonding of absorber cladding from the poison matrix material or the
matrix material from the pols6n particles; embrittlement; galvanic reactions; hydrogen
generation In spent fuel pool water; weight reduction due to outgassing; oxidation or hydriding).
The reviewer should verify that the qualification testing has been completed for each neutron
absorbing material. These are minimum requirements for new materials.

The effects of material heterogeneity on poison effectiveness should be tested by performing
neutron attenuation andlor reactivity worth measurements on material samples or coupons.
The test measurements should be calibrated against Identical measurements performed on
known homogeneous materials of similar composition (e.g., zirconium diboride with an
appropriate thickness of aluminum for calibrating measurements of Boral or borated aluminum
[Gaol. The true mass of poison material In the test samples should be determined by chemical
assay or other appropriate measurements. Note that the heterogeneity effects can vary
significantly with poison particle composition (e.g., 11B enrichment), particle size, poison areal
density, and poison volumetric density In the bulk material. It is therefore important to verify
that qualification testing addressed the appropriate ranges of material heterogeneity
parameters.

Acceptance Testing of Fabricated Materials
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For all absorber materials, the reviewer should verify that the acceptance tests In Chapter 9 of
the SAR include weighing and dimensional measurements (e.g., plate thickness) and visual
examination of the material for evidence of defects such as cracks, porosity, blisters, or foreign
Inclusions.

To the extent practical, test coupons should be removed from every other plate In a lot and at
random locations on a plate. Rejection of a given test coupon shall result In rejection of the
contiguous plate(s). If absorption properties are repeatable In the first 25% of the lot, reduced
sampling may be performed. A rejection of a test coupon during reduced sampling should
Invoke a return to 100% Inspection of the lot (i.e., one test coupon from every other plate).

X.5.2.8 Concrete and Reinforcing Steel

The reviewer should verify that the materials and material properties used for the design and
construction of reinforced concrete components that are Important to safety comply with the
requirements of American Concrete Institute (ACI) 359'. ACI 359 Is also an acceptable
standard for reinforced concrete components for radioactive material containment vessels. For
concrete components not covered byACI 359, ACI 3498 is acceptable.

The reviewer should verify that the materials and material properties used for the design and
construction of reinforced concrete components that are not Important to safety comply with the
requirements of ACI 318'. The NRC also accepts the use of ACI 349 for these applications.

For some DCSS or ISFSI applications, the concrete to be used for the storage pad may have to
be reviewed for suitability. The structural reviewer will have the most significant Input to the
review In terms of strength-related requirements, but the materials aspects, In terms of
durability and temperature limits of the concrete, are the responsibility of the materials reviewer.

Reactive materials (e.g., aluminum) that tend to react chemically with wet concrete should not
be used as Imbeds In concrete.

X.5.2.9 Seals

The reviewer should verify that radiation to be encountered by elastomer 0-ring seals in
storage service will not cause polymerization to an extent that would adversely affect the safety
performance of the seals. In the range of 10' rads, an O-ring compound must be selected with
care. For higher dose rate environments, elastomer O-rings should not be specified. At lower
dose rates, factors other than radiation may be more significant.

The reviewer should verify that O-ring seals do not reach their maximum operating temperature
limit during normal and off-normal conditions of storage. The applicant should Include the 0-
ring manufacturer's data sheets specifying temperature and radiation tolerances In the SAR.

Review the applicant's evaluation demonstrating that at the minimum normal operating
temperature (usually -400 F), the 0-ring seal will neither fall by brittle fracture nor stiffen (loose
elasticity) to an extent that prevents the seal from meeting Its service requirements.

The reviewer should verify that under the environmental conditions expected In storage service,
0-ring seals will not chemically react or decompose In a manner that would significantly affect
other components of the DCSS.

14



X.5.3.1 Chemical and Galvanic Reactions

Loss of Corrosion Resistance

The SAR should Include an analysis of whether any chemical, galvanic, or other reactions
among the materials (e.g., moderator material, sealants, steels, neutron absorbers) and
environments would occur. Pursuant to NRC Bulletin 96-041'°, confirm that the DCSS will
perform adequately under the operating environments expected (e.g., short-term
loading/unloading or long-term storage) during the license period such that no adverse
chemical or galvanic reactions are produced. The review should also Include consideration of
possible reactions resulting from the Interaction of DCSS components with borated water.

Flammable Gas Generation

The reviewer should evaluate the possible generation of hydrogen or other flammable gases. If
appropriate, consider embrittling effects of hydrogen taking into account the metallurgical state
of the DCSS components.

Verify that temperatures Inside the cask do not promote the formation of vapors from a coating
material (e.g., zinc). Alternatively, the applicant should demonstrate that this vapor will not
Interact unfavorably with the fuel or any cask component Important to safety. Absent this
demonstration, the materials should not be approved.

In cooperation with the containment reviewer, verify that appropriate operating procedures
(SAR Chapter 8) contain adequate guidance for detecting the presence of hydrogen and
preventing the Ignition of combustible gases during cask loading and unloading operations.

X.5.4 Spent Fuel Cladding Integrity

X.5.4.1 Temperature Limits

The cask system must be designed to prevent degradation of fuel cladding that results In a type
of cladding breach, such as axial-splits, where Irradiated spent fuel particles may be released
Into the cask cavity. Additionally, the fuel cladding should not degrade to the point where more
than one percent (1 %) of the fuel rods develop pinhole or hairline crack-type failures under
normal storage conditions. This criterion Is consistent with the assumptions of the confinement
analysis for normal conditions of storage. The 1% failure assumption is for safety analysis
purposes only, and relates to assumptions for thermal analysis, containment performance, and
cask unloading operations. 'Damaged fuerl Is defined as fuel with a breach In the cladding that
Is larger than a pinhole failure or hairline crack.

The reviewer should verify that cladding temperatures for each fuel assembly type proposed for
storage will be below their expected damage thresholds for normal conditions of storage.
Zircaloy fuel cladding temperature limits at the beginning of dry storage are typically below
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380° C (7160 F) for a 5-year cooled fuel assembly and 3400 C (6120 F) for a 10-year cooled
fuel assembly for normal conditions and a minimum of 20 years cask storage (PNL-4835),
Temperature limits will be lower with Increased fuel assembly cooling time (or Increased
bumup) mainly due to lower decay heat rates of older fuel.

It should be noted that fuel cladding temperature limits are a complex function of power history
(including transients), cladding thickness, pre-pressurization of fuel rods during fabrication,
burnup, fission gas, and hoop stress. Substantial variation In the end-of-life internal rod
pressures and fuel design characteristics may warrant temperature limits lower than those
noted above for certain fuel types. Therefore, fuel cladding limits for each fuel type should be
calculated and presented In the SAR.

The reviewer should evaluate the method(s) used to determine the temperature limits and
associated cladding hoop stresses. Note that the storage of fuel clad In materials other than
Zircaloy-4 or Zircaloy-2 (e.g., advanced alloy cladding materials like MS or Zirlo) will be
approved on a case-by-case basis. At the present time, there is limited Information available to
the staff relative to the expected degradation modes of advanced alloy clad fuel under storage
conditions. Therefore, temperature limit calculations using methods approved for ZircaloyA or
Zircaloy-2 may need to be modified to account for differences In the degradation processes of
fuel with advanced alloys.

The temperature limits may be calculated using methodologies that are based on expected
cladding behavior during storage. NUREG-1536 endorses the diffusion controlled cavity growth
methodology to calculate the maximum cladding temperature limits during dry storage. The
use of other methodologies that account for the full range of materials behavior under the
expected storage conditions, such as the Commercial Spent Fuel Management Program
(CSFM) methodology as described In PNL-6189't and PNL-636412, Is acceptable to the staff for
calculation of cladding temperature limits. Alternative methodologies may be approved by the
staff If they are sufficientlyjustified. However, these alternative methodologies must be
validated with experimental data, and associated modeling uncertainties must be addressed.

Hoop stress calculations should be established on the basis of fuel and cladding properties that
are representative of the spent fuel to be stored (e.g., cladding dimensions, Internal rod
pressures). High bumup fuel (i.e., fuel with bumups exceeding 45,000 MWd/MTU) may have
unusual characteristics, such as wall thinning from Increased oxidation and Increased Internal
rod pressure from fission gas buildup and changes In fuel dimensions, which must be
evaluated. The SAR should use conservative values for surface oxidation thickness. Note that
oxidation may not be of a uniform thickness along the axial length of the fuel rods and average
values may under-predict wall thinning. Temperature limits will be more restrictive with
Increased fuel cooling time (andlor Increased bumup), largely as a result of the slower fuel heat
decay as a function of time.

For short-term off-normal and accident conditions, the staff accepts Zircaloy fuel cladding
temperatures maintained typically below 570 C (1058 DF). This temperature limit isa suitable
criterion for short term off-normal conditions Including fuel assembly transfer operations,
vacuum drying and backfilling the cask with Inert gas. This limit may be lowered for high
burnup fuel assemblies due to Increased Internal rod pressure from fission gas buildup. The
applicant should have verified that these cladding temperature limits are below the limit for
facility specific operations (e.g., fuel assembly transfer) and the worst case credible accident.
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X.5.4.2 High Burnup Fuel

The staff may approve the storage of fuel assemblies having bumups greater than 45,000
MWd/MTU, provided that the applicant can demonstrate that the cladding will be protected from
degradation which could lead to gross rupture and that the storage system Is designed to allow
ready retrieval of the spent fuel from the storage system. If such a demonstration cannot be
performed, high bumup fuel assemblies could be enclosed by approved baskets to confine the
fuel so that potential degradation of the fuel during storage will not pose problems with respect
to redistribution of material during storage or subsequent transportation. Such an enclosure
would also maintain subcriticality based on optimum moderation conditions and no potential for
buckling and failure of fuel rods, grid spacers, and end fittings under accident conditions.

The staff believes that the Zircaloy cladding of a fuel rod can, In general, withstand uniform
creep strains (i.e., creep prior to tertiary or accelerating creep strain rates) of about 1% before
the cladding can become perforated, If the avdrage hydrogen concentration In the cladding Is
less than about 400 to 500 parts per million (ppm)sa. This amount of hydrogen corresponds to
an oxide thickness of approximately 70-80 micrometers using the recommended hydrogen
pickup fraction of 0.15 from Lanning, et al", and Garde". The staff also believes that the
strength and ductility of Irradiated Zircaloy do not appear to be significantly affected by
corrosion-induced hydrides at hydrogen concentrations up to approximately 400 ppm.
Therefore, the staff has reasonable assurance that fuels having average assembly burnups
exceeding 45,000 MWdJMTU can be safely stored If the following acceptance criteria are met:

I. A high burnup fuel assembly containing Zircaloy clad fuel may be treated as
intact lf both of the following conditions are met:

Al. No more than 1% of the rods In an assembly have peak cladding oxide
thicknesses greater than 80 micrometers; and

A2. No more than 3% of the rods In an assembly have peak cladding oxide
thicknesses greater than 70 micrometers.

II. A high burnup fuel assembly should be treated as potentially damaged fuel if
either of the following conditions Is met:

81. The fuel assembly does not meet both criteria Al and A2; or

B2. The fuel assembly contains fuel rods with oxide that has become
detached or spalled from the cladding.

The administrative controls section of the SAR Technical Specifications should specify a
program to be Implemented by the cask licensee to assure the criteria described above are met
prior to loading the cask with high bumup fuel. As part of this program, the applicant may use
cladding oxidation thickness measurements or predictions based on consideration of reactor
operation variables affecting peak cladding oxidation (e.g., In-core flux, length of a cycle,
number of cycles, power excursions, coolant temperature and amount of time at that
temperature, the coolant water chemistry, and the cladding material). In cases where there are
no previously documented measurements of the oxide thickness to validate cladding oxidation
predictions, the program may have to Incorporate peak cladding oxide thickness
measurements.
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For the storage of Zircaloy-clad fuel assemblies meeting criteria Al and A2, the reviewer should
coordinate with the criticality, thermal, shielding, and confinement reviewers, as appropriate; to
ensure the following assumptions are made In the applicant's analyses. For the confinement
analysis, the applicant should assume that the source term of 50% of the rods with peak
cladding oxide thicknesses greater than 70 micrometers are available for release from the cask
unless justification for a different fraction Is presented. This source term should be added to
the source term for the assumed rod breakage fraction for normal and off-normal conditions.
For the criticality, thermal, and shielding analyses, the applicant should demonstrate that 10
CFR Part 72 requirements are met assuming that the rods with oxide thickness greater than 80
micrometers In a high bumup fuel assembly are failed (e.g., the fuel Is allowed to redistribute In
a cask) under normal, off-normal, and accident conditions.

For Zircaloy-clad fuel with average assembly bumups greater than 45,000 MWd/MTU meeting
criteria Al and A2, the applicant should employ an acceptable methodology (e.g., CSFM) for
calculating cladding temperature limits using a 1% creep strain limit. Further, the analysis
should demonstrate that the reduced cladding thickness due to oxidation does not compromise
the structural ability of the cladding to withstand the expected loads encountered under normal,
off-normal, and accident conditions.

Zircaloy-clad fuel assemblies that meet criterion B1 or B2 should be treated as damaged fuel.
Alternatively, these fuel assemblies may be treated as Intact fuel provided the appropriate
demonstration of cladding Integrity for these assemblies under normal, off-normal, and accident
conditions Is Included In the SAR. Acceptable data and analyses to support the demonstration
of cladding Integrity may Include, but are not limited to, the following:

* An estimation of the peak cladding oxide thickness and amount of hydrogen absorbed
by the cladding during reactor operation. This Information will ensure that the oxide
thickness and hydrogen concentration associated with hydride-embrittled zirconium
alloys are below those that could significantly reduce the ductility or overall Integrity of
the cladding.

* A calculation of the cladding hoop stress to establish both the parameters of the
accelerated creep tests and the accuracy of the cladding life prediction. The stress
calculation should account for the effects of (1) a reduction of thickness due to cladding
oxidation, and (2) the fuel rod Internal pressure considering the Initial fill gas, the release
of fission gases to the rod-free volume, the generation of any other gases (e.g., helium)
due to effects caused by the Irradiation of any Internal cladding coatings, and the gas
temperature.

* Experimentally derived data and analyses to Identify the cladding failure mechanism(s)
under expected storage conditions.

X.5.4.3 Cask Reflooding

For cask unloading operations, cladding Integrity should be maintained during reflooding so as
not to Interfere with fuel handling and retrieval. The SAR should Include a quench analysis
supporting specified minimum quench fluid temperature and maximum fluid flow rate during
reflood. This analysis should also be referenced In Chapter 11 of the SAR as having been
considered In the development of thermal models for the unloading procedures, and be
Included, as appropriate, In the Technical Specifications. The NRC accepts the fact that the
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total stress on the cladding must be maintained below the material's minimum yield stress. The
total stress Includes the thermal stress combined with the cladding hoop stress from Internal
rod pressure and the rod-gas plenum temperature. The analysis should account for high -
burnup effects on the fuel (e.g., waterside corrosion, high Internal rod pressure) and minimum
manufacturing wall thickness.

X.6 Evaluation Findings

The evaluation findings are prepared by the reviewer on satisfaction of the regulatory
requirements of Section X.3. Review these requirements and provide a summary statement for
each. These statements should be similar to the following examples:

'Section(s) - of the SAR adequately describe(s) the materials used for SSCs
Important to safety and the suitability of those materials for their intended functions in
sufficient detail to evaluate their effectiveness.

The applicant has met the requirements of 10 CFR 72.122(a). The material properties
of SSCs Important to safety conform to quality standards commensurate with their
safety function.

The applicant has met the requirements of 10 CFR 72.104(a), 106(b), 124, and
128(a)(2). Materials used for criticality control and shielding are adequately designed
and specified to perform their Intended function.

The applicant has met the requirements of 10 CFR 72.122(h)(1) and 236(h). The
design of the DCSS and the selection of materials adequately protects the spent fuel
cladding against degradation that might otherwise lead to gross rupture of the cladding.

The applicant has met the requirements of 10 CFR 72.236(h) and 236(m). The material
properties of SSCs Important to safety will be maintained during normal, off-normal, and
accident conditions of operation so thd spent fuel can be readily retrieved without posing
operational safety problems.

The applicant has met the requirements of 10 CFR 72.236(g). The materials properties
of SSCs Important to safety will be maintained during all conditions of operation so the
spent fuel can be safely stored for a minimum of 20 years and maintenance can be
conducted as required.

The applicant has met the requirements of 10 CFR 72.236(h). The [cask designation]
employs materials that are compatible with wet and dry spent fuel loading and unloading
operations and facilities. These materials should not degrade over time or react with
one another during any conditions of storage.
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John Rash

From: John Rash
Sent: Wednesday, October 27, 2004 12:19 PM
To: Bridgette Fulton; James Williams; James Monroe; Mike Distel
Cc: Ken Pettibone; Jeff Moore
Subject: Meeting on Assembly of C-X parts

As a follow to a meeting from this morning It's been suggested that we meet
to discuss assembly of the C-X parts.

Please let me know if you are available to meet tomorrow 10/28 at 10:00am in the conference
room to Iron out details concerning the assembly process.
Assembly of the parts Is to begin November 8th.

The following are Issues to be discussed:

1) Which rivets do we want to use, solid or pull?

2) Are there enough tools to Install the rivets In the time required?

3) Do we want to set up a separate area Just for the riveting?

4) Production schedule

Bridgette,

It would be helpful to have a person from the ballmat assembly area attend the meeting.

Thanks,
John

10/28/2004
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Abstract

Various boron containing materials are used widely in nuclear industry as neutron

absorbers. The neutron attenuation properties of zirconium diboride(ZrB2), borated

aluminum, and BORAL, were studied using monoenergetic and polyenergetic beams.

The neutron channeling and streaming effect was investigated for BORAL and borated

aluminum. At the University of Virginia Reactor (UVAR), borated aluminum sample

areal densities were measured by utilizing a series of zirconium diboride standards with

aluminum shims. The effectiveness of this method was verified. The energy spectrum of

the WVAR transmittance beam was deteruined for the neutron attenuation property study.

MCNP was demonstrated to be an effective tool to model a neutron gauging

system, including the source, the test object and the detector. MCNP modeling and

experimental methods were used to conduct various studies of neutron attenuation of the

absorbers.

For a homogeneous material, exponential attenuation was observed in a

monoenergetic beam and this was confirmed by MCNP simulations. Experiments

showed non-exponential attenuation in the same material for a polyenergetic beam.

Zirconium diboride is a naturally occurring chemical compound, which has a

uniform distribution of '0B. Its measured '0B areal density is the same as its theoretical

areal density. Borated aluminum is an alloy of boron and aluminum, which contains

highly enriched '"B. Experiments and MCNP simulations showed that borated aluminum

has the same neutron attenuation properties as zirconium diboride with a proper



ii

aluminum shim. Therefore, borated aluminum with a uniform distribution of ICB can be

treated as a homogeneous mixture of boron atoms and aluminum atoms. The actual '0B

areal density can be calculated directly from the physical loading of "°B. BORAL does

not have a uniform distribution of boron atoms. The boron carbide particles (- 85 pm) in

BORAL core cause neutron channeling and streaming. With the same, I'B loading,

BORAL gives a higher transmission than a homogeneous 'fB containing material.

Experiments showed that 22% more As was required to get the same transmission

coefficient.

The method of using zirconium diboride with a proper thickness of aluminum

shim to measure the areal density of borated aluminum was verified by experimental and

computational methods.

An approximation of the UVAR neutron transmittance beam spectrum was

determined by using a non-linear least squares method to fit a series of measured

transmission coefficients of ZrB2 disks. Limited by the number of data points, current

results may not be able to represent the real energy spectrum, but a comparison of

calculated and modeled transmission coefficients indicated that it could be used

effectively for the purpose of neutron attenuation studies for samples with '0B areal

density greater than 8 mg/cm2.
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CHAPTER 1

INTRODUCTION

1.1 Background

Today, radioactive materials produced by the nuclear industry create a variety of

radiation, such as alpha particles, beta particles, gamma rays, neutrinos and neutrons.

Alpha and beta particles are relatively easily shielded by thin sheets of metals. Neutrinos,

although highly penetrating, show little physiological importance to human body. High

energy gamma rays and neutrons need special shielding considerations. To get effective

radiation protection with a minimum amount of shielding material, the materials and the

corresponding thickness needs to be determined carefully. In neutron shielding problems,

besides radiation protection, the issue of criticality, i.e., prevention of neutron

multiplication, also needs to be considered when shielding materials are used in the

storage and transportation of fresh and spent reactor fuel. Gamma radiation is most

effectively absorbed by high-density materials, for example, lead, steel and concrete,

because gamma photons interact mainly with the orbital electrons. The imore electrons an

element has, the higher the chance photons will be absorbed while penetrating. However,

the interaction mechanism of neutrons with matter is totally different from photons, and

often a good gamma photon shielding material provides little neutron shielding. Neutron

inieractions with matter maybe classified into two groups. absorption and scattering.

Light elements, like hydrogen and lithium, whose mass numbers are close to one, have

high neutron scattering cross sections. This is why water, polyethylene and graphite are



1-2

often used as moderator in nuclear reactor designs. Only a few elements including boron,

cadmium and some certain rare earth elements have relatively high neutron absorption

cross sections. Table 1.1 presents a list of the physical properties and neutron capture

cross sections for common neutron absorbers.

Table 1.1. Comparison of physical properties of several high neutron absorption cross
section possessed materials 11).

Thermal
Element Ato-Wt. Density Melting point capture crossEm t (gcn) (CI) section

I__ _ _ _ _ _ (barn)

Boron 10.82 2.34 2300 755

Cadmium 112A1 8.64 321 2550

Gadolinium 157.26 7.95 1350 46000

Samarium 150.35 7.52 1052. 5500

Europium 152.0 524 826 4600

Dysprosium 162.51 8.6 .2600 1100

However, the usefulness of a particular material as a neutron absorber does not

-depend only on the effective cross section. In most neutron absorption reactions, a

considerable amount of binding energy is liberated in the form of secondary gamma

radi~ation. The induced secondary gamma photons' energy may go as high as 5 to 10

MheY, which in turn requires additional photon shielding. Heat dissipation is also

required in this process. The ideal absorber would have a high absorption cross section

without emission of additional long-ranre secondary radiations.
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Boron is a very unique element that has some outstanding properties which other

high neutron-capture-cross-section materials do not have. First, the energy of the

secondary gamma ray from '2B(n, a)7Li reaction' (Eq. 1.1) is only about 0.5 MeV,

5B + O- 3U + 42a + OAS MeV y + 2.3i MeV. (1.1)

which can be easily absorbed. By contrast, cadmium shielding emits a 6 MeV gamma ray

and the energies of the secondary gamma photons from the rare earth elements are even

higher. Second, as shown in Eq. 1.1, there are no radioactive elements produced. On the

other hand, cadmium leaves a residue offourradioactive isotopes after absorbing

neutrons [1]. Thirdly, boron has a high melting point (23000C) and good chemical and

physical stability. The low melting point of cadmium (321'C) limits its use as a shielding

material in a nuclear reactor. Also, a few other characteristics of boron makes it the best

neutron absorber. These include a low atomic weight and thus small shielding volume,

the ability to economically enrich the 1B in natural boron, and a relatively low price

compared to rare earth elements. In natural boron, 18.8% is boron isotope with mass 10,

'9B, which has a thermal neutron absorption cross section about 4000 bams.

BORALwas introduced to nuclear industry as a thermal neutron absorber by

Brooks & Perkins. It is a composite mate'ial consisting of boron carbide particles evenly

dispersed within a matrix of aluminum encased between two thin layers of aluminum,

which gives BORAL a "sandwich" itructure. The content and placement of boron

I
When therrniil neutrons (0.025 eV) are used to induce this reaction, about 94% of all reactions lead to the

III excited state, and 6% directly to th6 ground state (14].
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* carbide provides BORAL a very high removal cross section for thermal neutrons. Both

boron carbide and aluminum are unaffected by long-term exposure to gamma radiation.

Some other physical and chemical properties, such as stability, strength, durability and

corrosion resistance, also make BORAL a good neutron shielding material. However,

BORAL also has some big drawbacks. Boron carbide in the central layer of BORAL is in

the form of fine particles, and the size of the pnrticles averages 85 microns in diameter.

The average spatial separation is 1.25 to 1.50 particle diameters [2]. The macroscopic

scale distribution of boron carbide particles makes it impossible to make BORAL a

homogeneous boron containing material. The spaces between the boron carbide chunks

can also allow neutrons to pass through BORAL without being attenuated. This

phenomenon is known as neutron channeling between grains and has been studied by

Burrus 13] and Wells [4]. The intergranular streaming effect increases the transmission of

neutrons through the BORAL shielding. The physical stru6ture of BORAL also causes

difficulties in fabricating BORAL plate into neutron shielding components. For example,

a plasma arc method is needed to cut BORAL plate into certain shapes [5].

Eagle-Picher Boron Department is producing a different form of boron product as

a new neutron absorber, namely.borated aluminum. In this thesis, "borated aluminum" is

used specifically to refer to this product. Borated aluminum is an alloyed metal

compound of boron and aluminum, in which the boron is highly enriched in FIB. Boron is

dispersed in the aluminum as a second phase. Other alloying elements are added to

obtain the desired chemical composition. The mixture is cast into ingots using a direct

chill mold. Different profiles or thickness final products are extruded or rolled from
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billets, which are prepared from an ingot. The borated aluminum is made to build

shielding baskets, in which the fuel assemblies are to be placed. Since boron and

aluminum are a second phase mixture, boron atoms are believed to be distributed at

atomic scale, or very close to atomic scale, among aluminum atoms. Thus, there should

be no apparent streaming effect while using the borated aluminum plates as neutron

shields. At the University of Virginia, different profiles of borated aluminum plates were

inspected forboron homogeneity by using neutron radiography techniques and the '"B

areal densities were measured with neutron gauging methods.

1.2 University of Virginia Facilities

The University of Virginia Reactor (UVAR) is a pool-type research reactor, which

has a thermal power of two megawatts. The core consists of MTR plate-type fuel

elements and is submerged in a pool of about 76,000 gallons of water. Figure 1.1 shows

the configuration of the UVAR core and experimental facilities. As seen in this -figure;

two neutron beam ports were used as neutron sources for this work, one for neutron

transmittance (gauging) measurements and one for real-time neutron radiography. The

south east beam port is used for neutron transmittance measurements. The dry section of

*the neutron beam port that penetrates the reactor shielding wall is collimated into two

neition beams. Measurements can be made with either beam or the two beams

simultaneously. Both upper and lowerbeams are collimated so well that the dose rate at

the position 30 cm beside the sample position is less than 0.5 mR/hr. Both neutron beams

are polyenergetic, but a detailed energyspectrum of these two beams was not available.
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The north beam port serves as the neutron radiography beam port, and has been in

operation f6r many projects since the early 1980's. The beam was designed to have an

ID ratio between 30 and 60, but by inserting another aperture, the LJD ratio can go up to

120. The cadmium ratio is 88 as measured by gold foils and the neutron flux at the

imaging piane for borated aluminum inspection is approximately 4 x 106 nlcm2s at an LID

ratio of 30.

Soutnhe
AIs
FdlitY

S&Mh
Amms
Fsd Sty

Ncutrm
Radiognphy
BlockHouse

Figure 1.1. A sketch of the University of Virginia Reactor and the neutron beam ports
(not to scale).
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1.3 Monte Carlo Method and MCNP Code

The Monte Carld miethod was initially developed as a radiation transport research

tool at Los Alamos during World War I. Generally, Ferrni, von Neumann, and Ulam

were credited for the invention of Monte Carlo techniques as a mathematical discipline.

As opposed to other computational methods, Monte Carlo methods are nondeterrninistic

and are capable of tirating very complex three-dimensional configurations. For a given

set of cross section data, the errors in Monte Carlo calculations are in the form of

stochastic uncertainties instead of systematic errors as in other deterministic methods [6].

A simplified procedure for a Monte Carlo simulation of nuclear particle transport

is outlined as follows. A finite number of particle histories are simulated through the use

of a pseudo-random number generator. Each particle's history starts by sampling the

source distribution-to determine the particle's initial energy, position, and direction. The

particle will then travel some number of mean free paths which is also decided

stochastically before colliding. After this, the material region and point of collision are

given, and then the nuclide that particle has collided with and what kind of reaction, i.e.,

capture or scattering, are determined by randomly sampling the cross section data. If the

reaction is a capture, this pariicle's history is terrinated. If scatter occurs, then secondary

particle's new energy and direction must be determined. The same procedures as above

are applied repeatedly to this particle and all successive collisions until the particle gives

up all its energy and is captured, or escapes from the region of interest.

MCNP4A code was used intensively in this work to piodel different boron

shielding materials and simulate the attenuation properties of neutrons in these materials.
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MCNP stands for Monte Carlo _-Earticle transport code, and it has the ability of

modeling neutron, photon, and electron transport problems in three-dimensional

geometries. MCNP was originally developed by the Radiation Transport Group at Los

Alamos National Laboratory. In the 1960's, the first version of this code, known as MCS,

and then MCN, was written to solve neutron transport problems in three dimensions by

using interaction data from separate libraries [7]. Tbhe photon codes MCG and MCP were

then added and in 1973, MCN and MCG were merged to form MCNG [8]. The Version

I of MCNP finally appeared in 1977, which stood for Monte Carlo Neutron Photon

transport code until the electron transport code was added in 1990.

Users can define very complex objects by using some regular geometric surfaces

in MCNP, and the radiation source definition parameters in MCNP are vey powerful for

constructing complicated source configurations. Since Version 3B, MCNP allows the

user to define repeated structures and makes it possible to describe only once the cells and

surfaces of any structure that appears more than once in a geometry. This feature was

useful for this work in modeling the structure of BORAL.

1.4 Problem Definition

The criterion used to evaluate different boron-neutron absorbers is the 10B areal

density of the materials. Areal density (a.d.) is defined as the amount of I'DB in gramns per

square centimeter of surface area. There are several methods developed to quantitatively

determine the areal density for neutron shields. According lo previous research [9], the

neutron transmission measurements provide the most accurate method for determining
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the '.0B content of manufactured parts.

At UVa, a 10B ardal density measurement system was built that utilizes a series of

known areal density zirconium diboride (ZrB2) disks. Because of previous experience

with the material, its uniform boron content, and its ability to be accurately ground to a

desired thickness, zirconium diboride was chosen as the standard test specimen material.

The neutron beam can be calibrated by measuring the neutron transmission coefficient for

the standard specimens, which contain an accurately known quantity of '0B, and plotting

the logarithm of the transmission coefficient versus the t°B areal density. The measured

transmission coefficient for an unknown test sample may then be converted to an areal

density by use of this plot as a look-up table. The detailed neutronic inspection procedure

of the borated aluminum can be found in Reference 10. For different profiles or thickness

of borated aluminum products, pure aluminum shims are attached to the ZrB2 disks to

match the thickness of the borated aluminum plate. Since ZrB2 disks and the borated

aluminum products are different composites, the validity of using ZrB2 disks with proper

thickness of aluminum shims as calibration standards to measure the areal density of

borated aluminum coupons needed to be verified. The advantage of using the calibration

method instead of direct measurement method is that it is independent of the neutron

beam characteristics and experimental setup.

The absorbing cross section of any material to a certain energy of neutrons is

unique. Therefore, in a monodirectional, monoenergetic neutron beam with a point

detector, the exponential attenuation property of the shielding material is assumed.

However, in a polyenergetic neutron beam which may have multiple energy components,
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or have a continuous neutron energy spectrum, neutron attenuation does not follow a

simple exponential rule. Instead, the number of transmitted neutrons is the sum, or

integral, of the transmitted neutrons corresponding to each energy component. The

neutron transmittance beam at UVAR is a polyenergetic beam with a high thermalized

component. The detailed energy spectrum could be measured by neutron activation

analysis, but because of the low flux, this experiment was not performed. An indirect

way of estimating the neutron spectrum was investigated in this thesis. The method

included measuring a series of known areal density test specimens and using MCNP to fit

the experimental data with multiple energy components. The neutron energy spectrum

could then be unfolded and a good discretized approximation could be obtained.

BORAL, borated aluminum and zirconium diboride are three different boron

containing materials. The first two are used widely in nuclear industry as neutron

absorbing materials. They have different chemical and physical properties as well as

different '0B enrichments. Neutron attenuation properties of these materials were studied

and compared with both experimental work and Monte Carlo modeling. A better

understanding of the materials' physical structure was acquired by studying the

significance of.streaming effect in BORAL and borated aluminum.

Thus, the research goals for this thesis were: 1) to study the neutron attenuation

properties of zirconium diboride, borated aluminum and BORAL and to investigate the

streaming properties of BORAL and borated aluminum, 2) to verify the method of using

ZrB2 disks with aluminum shims to measure the areal densities of borated aluminum

samples, and 3) to determine the energy spectrum of the UVAR pdlyenergetic neutron
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transmittance beam.
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CHAITER 2

THEORY

This chapter provides the necessary theoretical background for the work done in

this thesis. Neutron gauging techniques were used to quantitatively determine the I°B

concentration in different samples and the data obtained also served as an experimental

base for the Monte Carlo modeling of the structure of those samples. A brief description

of the neutron gauging system is presented and compared to neutron radiography system.

The basic interaction mechanism of neutrons with matter is discussed. Exponential and

hon-exponential attenuation of neutrons is discussed with respect to monoenergetic and

polyenergetic neutron beams. Special attention is paid to a few elements, 'OB, "B, Al, Zr,

which are related to the thesis. The neutron channeling effect among granules of certain

shielding materials was studied and a few mathematical models are summarized for a

better understanding of later experimental and simulation results.

2.1. Neutron Gauging Techniques

Neutron gauging techniques have been used widely in many non-destructive

testing applications [I i][2j]. A neutron gauging system, like other gauging systems,

typically consists of three maj6r components, namely source, sample, and detector.

Depending on the applications, transmission or scattering geometry may be used (Figure

2.1). The three interaction phenomena of neutrons with matter (moderation, absorption

and scattering) are the underlying physics principles of neutron gauging. The detector
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counts primary neutrons from the source, which may have been slowed down and

changed in direction by interactions in the sample. The output of the system is a scalar

quantity, often the count rate or the total number of counts in a given interval. Gauging

can be used to determine the relative amounts of particular elements, e.g., hydrogen and

boron, provided that the constituent elements of the test sample are known beforehand.

The technique is typically used to provide quantitative data such as measurements of

thickness or moisture content of a material. Standard samples can be used for calibration.

Since generally no effort is made to measure the energy of penetrated neutrons, gauging

in this sense is not selective and cannot identify unknown materials.

The following section gives a brief discussion on the major components used in a

neutron gauging system.

MAoderator

./. Sample.

Tnnstaitted
Neutron

/ Detector

Collimator

Collimator

Scattered

1enutron Sovrce Detector

Figure 2.1. A schematic drawing of a neutron gauging system.
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Source

The neutron source used in a gauging system can be selected from three source

categories: reactor, radioisotope and accelerator f13]. Nuclear reactors are very prolific

sources of neutrons. The flux is often very high. Most reactor beams are well moderated

before they hit the targets, so the content of thermal neutrons is higher compared to other

neutron sources. The major drawback of reactor sources is the lack of mobility, but many

applications allow the test objects to be taken to the neutron source rather than requiring

the source to be taken to the test objects. Thus, reactors continue to play a major role in

neutron radiography and gauging. The-fluctuations of the reactor power cause the

fluctuations in the beam intensity, which would be noted as a fluctuating signal in a

gauging system. In order to avoid erroneous results, some correction techniques have to

* be applied. For example, a dual detector setup is often used, the second detector simply

being a beam monitor.

Radioisotopes are also often used as neutron sources. With sufficient energy, a-

gamma photon or an alpha particle can induce a (y, n) or an (a, n) reaction. By intimately

mixing certain light elements with a radioisotope that decays by the emission of high-

energy photons or alpha particles, neutron sources can be fabricated. For instance,

'SbIBe source with (y, n) reaction and rnPufBe source with (a, n) reaction are often used

in the laboratory [181. The flux from these radioisotope sources are much lower

compared to reactor sources. Spontaneous fission element I2 Cf can give a very high

neutron flux and is used also as a neutron source, but it is extremely expensive and the

shielding for a high flux 2ICf source can be massive. The advantage of radioisotope
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neutron sources is that they are relatively small in size and therefore serniportable. The

beam is relatively stable because mainly it depends only on the reaction rate. Since the

nuclear reactions are happening all the time, proper shielding around these sources is

necessary, which could cause the difficulty in moving and storing them.

Accelerator sources generate neutrons by bombarding suitable target materials

with energetic positive ions. The 2H(d, n)'He reaction and the 9Be(d, n)t.B reaction are

the two reactions widely used to produce neutrons. However, to get high neutron yield,

sophisticated equipment is required and the investment is substantial.

Neutron gauging is not tied so closely to neutron source availability as

radiography is, since the intensity required is much lower than for radiography.

Source moderator and collimator

A moderator is necessary only in slow neutron transmission or scattering gauging

techniques. In neutron radiography a carefully designed source collimator is one of the

most important parts of the system. In neutron gauging, collimators are most useful in

conjunction with the thermal neutron transmission or scattering techniques, e.g., a

collimated reactor beam. For many applications in gauging, source collimators are not

necessary.

Neutron detector

*Most gauging applications have been based on detection of thermal or epithermal

neutrons [14]. The BF3 proportional tube is a widely used slow neutron detector. Boron

trifluoride gas with highly enriched I0B in this device servesboth as the target for slow

neutron conversion into secondary charged particles as well as a proportional gas. The
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detection efficiency of a BFP tube is a function of the neutron energy and the active length

of the tube. When neutron energy goes up, the detection efficiency drops dramatically.

Detector collimator

Collimators are employed for small object gauging but not for large samples.

Materials like borated polyethylene and cadmium are often used in collimators.

Neutron radiography (NR) is another technique used to obtain information about

the internal structure of an object by using the penetrating nature of neutron radiation

[15]. Neutron radiography is similar to X-ray radiography in the principle of their

techniques and is complementary in nature. Like gauging, NR also consists of placing the

object in a neutron beam, but the geometric pattern of transmitted neutron intensity is

recorded, i.e., a picture is taken. Images can be recorded on films or by a real-time

neutron camera. Radiography involves the recording of a spatially modulated signal on a

medium which produces a visible image. Gauging, on the other hand, involves only the

detection of the radiation intensity with an appropriate electronic or hard-copy display.

Neutron radiography, tberefore, has the advantage of a visible image while gauging offers

real-time read-out with lowerflux requirements. When the sample object is too thick, or

the flux is not high enough, the image from neutron radiography will not have enough

dynamic range to show the details of the test object's structure. In this case, gauging has

to be used to acquire quantitative information.
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2.2; Neutron Attenuation

The interaction mechanism of neutrons with matter is fundamentally different

from that for the interactions of photons [16J[17][18J. Because of the neutral charge

property, neutrons essentially interact only with the atomic nucleus, whereas photons

interact more often with the atomic electrons. The probability of a neutron interacting

with a nucleus is described in terms of cross section (a), which, for convenience, is often

expressed in barns (1 barn = 10.24 cm2). Loosely, the cross section can be considered as

the target area which the particle encounters if an interaction is to occur. It can be

represented graphically by drawing a region around the nucleus with the area of the

region being proportional to the interaction probability as illustrated in Figure 2.2. The

cross section (a) mentioned here is also known as microscopic cross section, because it is

considering the probability of a neutron interacting with only one nucleus.

acitrons a Wc

Figure 2.2. Diagramnmatic representation of the neutron cross section.

Neutron interactions with matter can be classified into two categories, absorption

and scattering. Scattering reactions allow the moderation or slowing down process to
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occur. Elastic scatter occurs when b6th the kinetic energy and momentum of the

incoming and emergent particles are conserved. Inelastic scatter occurs when the nucleus

is raised to an excited state and emits a gamma ray in addition to a neutron. Absorption

processes can be divided into three types: radioactive capture (n, y), capture with particle

emission, and fission. Some elements' total cross sections, which are of concern in this

thesis work, are plotted in Figure 23; As can be seen here, the thermal cross section of

`0B drops rapidly with increasing neutron energy and is proportional to 1/v. The thermal

cross sections of "B, Al, and Zr are three orders of magnitude smaller than JcB and do not

vary much over a large neutron energy range.

106 I I
1 En

1B4

CD

102

2

*101 %% s* * i0

1o-510-4 10-3 10.2 10.1 10 101 102 103 104 l~ oll 10 0

Neutron Energy (eV)

Figure 2.3. Cross section versus neutron energy for some elements of interest.
(Data obtained from T-2 Nuclear Information Service using ENDF/
B-VI ACE library)
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Now consider a collimated monoenergetic neutron beam impinging

perpendicularly on a surface of area, as shown in Figure 2A.

Rx~i I dr

Figure 2.4. Illustration of collimated neutron beam attenuation.

Let S = surface area, cmO,

x = distance from front surface, cm,

o = initial beam intensity, ncmcs,

I= intensity at distance x, nlcm2s,

a= microscopic cross section, mc/nucleug,

N d density of target atoms, nucleikcm3.

The decrease in intensity, dt, as the neutrons pass through the differential slab, is

the intensity at that point times the probability of interaction,

d= -JaNdr. (2.1)

After separating variables and integrating for a thickness x, the intensity, I, at distance x

is:
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I = Joe Jo .tr~> (2.2)

whereX= cAN= macroscopic cross section, cml', which represents the effective target

area per unit volume of material. The neutron intensity decreases exponentially.

For any material, the microscopic cross section, a(E), is a function of neutron

energy (E). The simple exponential attenuation is good for a monoenergetic neutron

beam, because the microscopic cross section is a constant corresponding to that particular

energy. When the neutron beam is a polyenergetic beam, the attenuation gets a little

complex. Suppose a neutron beam has n discrete energy branches, E., E2, ... , E,. The

initial flux for the energy branches are lo 1,2, ..., and Io,,, respectively:

1o = o01 102 .. 4 1 .o (2.3)

Consider the neutron attenuation problem with the same geometry setup used in the

previous discussion. It is easy to see that each energy component can be individually

treated as a monoenergetic and monodirectional neutron beam, and therefore, the

exponential attenuation rule applies:

II = -(e EWx = lot j I = 0, 1,..., n (2A)

where, 1 is the intensity of branch i at distance x from the front surface. Notice, both the

microscopic and macroscopic cross section depend on the energy. Furthermore, the total

beam intensity at distance x is just the simple summation of the intensities of all branches:
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I= le + 102e z . ... + 10'e ,

= a, iZ EJlX. M, 2, ..., n
L- (2.5)

The sum of a series of exponential function is not a simple exponential function. Thus,

the intensity of a p6lyenergetic beam decreases non-exponentially through a shielding

material.

The transmission coefficient (7) of a neutron beam through a sample object is

simply defined as:

T = . (2.6)

The transmission coefficient gives the quantitative ratio of penetrated neutrons.

23. Neutron Streaming and Channeling

Neutron attenuation property of a homogeneous material was discussed in last

section. The picture gets much mnore complex when the neutron absorbers are distributed

nonhomogeneously in a shielding material. BORAL is a perfect example of strongly

neutron absorbing chunks, boron carbide clumps, dispersed in a weakly scattering matrix;

aluminum. There are three issues in this kind of material which a uniform material does

not have: spatial self-shielding, neutron channeling ahd streaming through the non-

absorbing matrix. Figure 2.5 shows a schematic drawing of the structure of BORAL.
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Aluminum .hatrix

_Borwaclump

Neutron 2

0-"O 2- *

Ncutron 3

Ncutsn 4

Figure 2.5. A schematic drawi'ng of the BORAL core structure.

Consider first the case of Neutron 1. Since the size of boron carbide clump is in

macro scale, this neutron will be most likely absorbed by this clump and will not be able

to penetrate. As a result, the two clumps behind the first clump will not contribute to the

neutron attenuation. Therefore, part of the shielding materials are wasted because of self-

shielding.

Channeling is aniother problem which arises at nonhomogeiieous materials. In the

case of Neutron 2, the gap between the absorbing chunks gives neutrons a good chance to

.transit the shielding matrix without being attenuated because the neutron scattering cross

section of aluminum is very small compared to the neutron absorbing cross section of "B.

For Neutron 3, -it does not see a open gap, but since on its path only a very thin layer of

"B exists, the probability of penetrating is also increased.

When scattering occurs in the aluminum matrix, neutrons still have a high
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probability of streaming around the boron clumps and manage through the material before

giving up their energy. This is considered as neutron streaming effect as illustrated by

Neutron 4.

In conclusion, neutrons have a better chance to penetrate this material without

being attenuated compared to a homogeneous material. The same loading of SIB, i.e.,

same area] density will give a higher transmission coefficient. The effective area] density

will be smaller than the calculated area] density.

Several numerical models have been investigated and developed to calculate the

transmission coefficient of a collimated neutron beam through BORAL plates. In Byrson,

Lee and Bum's paper [19], three schemes were summarized and calculated neutron

transmissions were compared to experimental results. The'first model was developed by

Burrus [3]. In this scheme, BORALplate is treated as sequential layers containing purely

absorbing particles. Walti used a unit-cell method to calculate the spatial self-shielding in

an isotropic lux environment [20]. After-the absorber-to-moderator flux ratio was

calculated with this model, an effective cross section and neutron transmission coefficient

was calculated for the BORAL using a volume and flux weighting. The third model was

designed for collimated beam and the structure of BORAL was modeled with a unit cell

which consisted of a spherical chunk centered in an aluminum cylinder. The transmission

coefficient of a collimated neutron beam incident normally on the face of the cylinder was

then obtained. The neutron transmission coefficients approximated with these models

were fairly cldse to the experiments, especially for the second and third model. These

results were also compared to the transmission coefficients obtained from a homogeneous
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model. For same I'B loading, higher transmission coefficients were observed as

expected.

Another study done by Wells [4] at Georgia Tech on a spent fuel shipping cask

made from B ORAL showed that intergranular channeling effect is a significant

phenomena forBORAL of the thickness typically used in spent fuel casks. The study

showed that the granulated boron carbide areal density of 0.040 g B1Blcm2 is equivalent to

a homogeneous areal density of 0.033 g'°B glcm2. The article concluded that the

channeling of neutrons between neutron absorber particles in fixed neutron poison

materials can reduce the criticality control effectiveness of the material.
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CHAPTER 3

EXPERIMENT SETUP AND TECHNIQUES

In order to investigate the neutron attenuation properties of boron containing

materials, three series of neutron shielding materials, namely zirconium diboride disks,

borated aluminum and BORAL sheets, were studied. The polyenergetic neutron

transmittance beam at the WVAR and a monoenergetic neutron beam at the University of

Michigan were utilized to measure the transmission coefficients of these materials. This

chapter describes experimental methods for this work and in Chapter 4, the same

experiments were simulated with MCNP to gain a better understanding of the physical

structure of these materials and their neutron attenuation properties. Results of both

experiments and simulations are presented in Chapter 5.

3.1 Material Properties

Boron, specifically the 10B isotope, has long been used as a neutron absorber.

Boron is naturally available in several forms: crystalline, amorphous and boron carbide.

Various boron shielding products are commercially supplied to nuclear industries.

* 3.1.1 Zirconlum Diboride

Zirconium diboride (ZrBJ) is a chemical compound of boron and zirconium, in

which the content of '`B could be natural or enriched. Eagle-Picher Boron provides the

industry nuclear gade zirconium powder and tile. Because of its uniform boron content
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andthe ability to be accurately ground to certain thickness, a series of hot pressed ZrB2

disks were used at UVAR as calibration specimens to measure the area] density of

unknown boron aluminum samples. The zirconium diboride sheets are very fragile and

as a result they are not used by the industry as shielding materials. In these experiments,

each ZrB2 specimen was mounted in a superpure aluminum block for the physical

protection of the delicate disk. The thickness of the aluminum block was chosen to

match the thickness of the thin unknown samples. The theoretical 11B areal density of

each zirconium diboride disk can be calculated by the following formula:

A = W p E-T, (3.1)

where A = "'B areal density, mg/cm2,

W= weight fraction of boron, wt %,

p material matrix density, mg/cmO,

E =B enrichment, wt eB%,

T = disk thickness,-cm.

3.1.2 Borated Aluminum

Borated aluminum is a neutron absorber made by Eagle-Picher Industries, Inc.,

which is used to build storage baskets for nuclear reactor fuel assemblies. The material is

fabricated under a quality assurance program. The compound used to produce the master

alloy is checked for the '0B enrichment by isotopic spectrography. The master alloy

contains between 4.5 wt.o and 52 wt.% boron. It is checked to ensure that the second
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phase is aluminum diboride. T7he 6351 aluminum alloy is prepared by melting the master

alloy, the boron content is adjusted by adding 1100 aluminum, and the other alloying

elements are added to obtain the desired chemical composition. The aluminum is cast

into ingots using a direct chill mold. As the ingots are poured, five samiples are taken at

the top, at 25%, 50%, 75% and at the bottom of the ingot in order to verify the chemistry

of the aluminum and the boron content. Billets are prepared from an ingot. From a billet,

different profiles of final borated aluminum products are extruded or rolled [21J.

* If the '°B is distributed uniformly in the aluminum, its theoretical areal density can

be calculated with the same formula, Eq. 3.1, used for the zirconium diboride. As an

example, one borated aliuminum sample used in this thesis work had a boron weight

fraction of 0.5%, density of 2.7 g/cm3, and "'B enrichment of 95%.

The track-etch imaging technique was used to study the microstructure of borated

aluminum. This technique is based on the exposure of the test material, placed in a close

contact with a solid state nuclear track detector (SSNTD), to ionizing radiation. The

reaction products, such as alpha particles, protons, and fission fragments, while passing

through the detector, create local damage zones in the SSNTD surface layer with several

nanometers in diameter (latent tracks). These tracks are then extended to several

micrometers under specific chemical treatment. The technique is especially useful for

micromapping of some doping or residual elements in the materials. The image obtained

from track-etch experiments indicates the surface effects of the test sample in micro scale,

whereas an neutron radiography image gives the line integral of neutrons through the test

sample in a macro scale.
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In order to determine the boron distribution in borated aluminum, the track-etch

imaging technique was applied at UVa 122]. The experiments were based on exposing

borated aluminum samples to thermal neutrons and detecting the I3B(n, a9Li reaction

Figure 3.1. The distribution of boron in aluminum alloys:
a)Al-6xxc, extruded, C. = 2.-% b)A,-IlIOhot-
rolled, C 4.5%.

products with SSNl'Ds. Figure .If shows the miicrostructure of borated alumninum. Ile

black dots are tracks created by alpha particles from the (n, a) reaction. T7herefore, each

*dot corresponds to a neutron-boron interaction. As seen here, the boron distribution of

extruded sample a) is fairly uniform compared to sample b). Sample b) is from a hot

rolled sample produced by using a different boron loading technique and shows the

deformation of boron distribution caused by the rolling process. The borated aluminum

samples used in later transmittance experiments were from the same process as sample a).

The Monte Carlo modeling of borated aluminum was also based on the unifonumly

distributed sample.
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3.1;3 BORAL

BORAL is a thermal neutron poison product of Brooks & Perkins, which has been

used extensively in a wide range of neutron absorbing and shielding applications.

Because of its good neutron shielding capabilities, BORAL is used around the world for

spent fuel shipping and storage containers. It has also been used on the inner section of

reactor shields, shutdown control rods, and as neutron curtains and shutters for thermial

columns.

BORAL has a very unique "sandwich" structure as shown in Figure 3.2. The

inner part of BORAL is a core of fine boron carbide particles, dispersed evenly

throughout a matrix of aluminum. The outer cladding or "skins" of the sandwich panel is

1100 alloy aluminum. Boron carbide is a compound having a high natural boron content

in a physically stable and chemically inert form. Macroscopically, the boron carbide

particles may appear to be uniformly distributed in the aluminum matrix.. However, the

microstructure of BORAL core was revealed to be very nonhomogeneous by using optical

microscopy method (23]. In Figure 3.3, boron carbide can be distinguished as dark grey

particles of various sizes. Two reactive phases surrounding the boron carbide particles

ae identified as AlBx compounds and Al-B-C compound. The existence of gaps among

the boron carbide chunks can be observed.
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I

Aluminum cladding

Con

Figure 3.2. The macro structure of BORAL

Figure 33. An optical micrograph of a BORAL sample with a 62% boron carbide
compact 1233. I
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BORALpanels can be furnished either in the flat panel form or fabricated into a

variety of plane geometrical shapes by standard metalworking methods and techniques.

The Whielding capability of BORAL is assured by wet chemical analysis or neutron

attenuation testing and is specified as a minimum of grams of '°B per square centimeter of

surface area. BORALpanels with thicknesses (including cladding) from 2.11 mm to 437

mm, used for high density spent fuel racks, have a constant core composition and

constant cladding thickness. '°B loading is from 0.025 g/cm2 to 0.060 g/cm2, respectively.

By simple calculation, for the panels with total cladding thickness of 0.512 mm, the core

`DB volume concentration is 0.156 gfcm2. According to a Brooks & Perkins report,

18 wt% '°B in natural boron, 28.28 wt% boron in boron carbide, and the boron carbide

density of 2.51 g/cn9, the boron carbide's volume ratio in the core region can be

calculated as 44.11% [2].

3.2 Experimental Setup

This section describes the experimental setup of the neutron gauging system used

to measure the neutron transmittance through the various shielding materials. The setup

described here is a typical neutron gauging system as discussed in the previous chapter,

which consists of threermajor components: the neutron source, sample object and the

detector.

3.2.1 Neutron Transmittance Beam Description --

The neutron source is the University of Virginia Reactor (UVAR), a 2 MW light-
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water pool reactor with partial graphite reflection. Figure 3.4 shows the detailed

configuration of the neutron transmittance beam port. It consists of an in-pool beam tube,

an air path in the graphite and concrete block in the access facility, which is immediately

on the other side of the pool wall, a beam tube in the shielding dolly, a lead shield at

beam exit and a beam stop.

,1 XA .

Figure 3.4. The UVAR nbutron transmittance beamport facility configuration.

The in-pool beam tube starts with a triangular nosepiece made of aluminum and

filled with solid graphite. The nosepiece is used to collect neutrons from a large area of

the reactor core and scatter them into the beam tube. Attached to the nosepiece is an air-

filled aluminum tube with an inner diameter of 12.7 cm. In order t6 suppress the gamma
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flux, the in-pool tube is not pointing directly at the core fuel elements.

The dry section of the neutron beam port that penetrates the reactor shielding wall

is then collimated into two neutron beams in the shielding dolly. Figure 3.5 shows the

design of beam tube through the shielding dolly. Three steel tubes were uiied and the

outer tube is filled with borated mortar and lead shot. The voids in the two inner tubes

form two collimated neutron beams. The space in between the tubes is filled with borated

mortar and lead shot to block neutrons and gamma photons. The center line distance

between the two beams is 4.7 cm and the area of each beam is 1 cm2 at the sample

position. Measurements with either one or two beams can be made simultaneously. The

thermal flux is about 5 x 104 n/crs for the upperbeam and 7 x 104 nlcm~s forthelower

beam. The cadmium ratio is measured to be approximately ten (10) measured with gold

foils.

Outer Tube

- -wo - o ;.'. . . . . .. : . .

7.62 no~it m iar=

\ d Shot

* onted Moglar

Figure 3.5. A diagram of the design in the shielding dolly which splits the neutron
transmittance beam into two separate beams.
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A series of zirconium diborde disks were measured for area] density at the

University of Michigan's monoenergetic beam facility illustrated in Figure 3.6. Neutrons

come out from the reactor and impinge upon a single crystal copper monochrometer.

Because of the Bragg scattering effect, for a certain neutron incident angle, neutrons will

be reflected to the same angle and the scattered.neutrons along this direction have the

same energy, which can be computed using de Broglie wavelength theory and Bragg's

Law [24].

Detector

Object

Mcommaa ator g 2 14/to

Mlcv n \co

Singec ystal copper

Figure 3.6. The monoenergetic neutron beam setup at the University of Michigan:

3.2.2 UTVa Euipment Setup

Figure 3.7 shows the equipment setup for the attenuation measurements at UVa.

The two separate beams exit the collimators, penetrate the sample and the transmitted

neutrons are detected by two independent BF3 neutron detectors. The detector tubes are

shielded with'borated aluminum to maintain the independence of each measurement.

Additional shielding behind the detectors acts as a beam stop.
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Figure 3.7. A schematic'side yview of equipment setup for the neutron transmission
measurements at TJ8.

*ITe sample object was carried in front of the beam by a transport carrier system

which consists of a roller track, plate holder, roller chain and gear drive, and a 400 step

stepper motor. A top view of the carrierrelative to th'e neutron beams and defectors is

shown in Figure 3.8. Neutron transtnittance data was collected using one or two
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independent counting systems, each consisting of a BF3 neutron detector, prearnplifier,

high voltage power supply, linear amplifier, and single channel analyzer (SCA). A third

BF3 neutron detector system was used as reference detector to monitor any changes in

neutron intensity due to small fluctuations in the reactor power. The signals from each

SCA were routed to a computer controlled counter-timer board.

' Ncutrons from Cotc

Test Sample

Nctzon Bea Stop '

0

Figure 3.8. A top view of the neutron gauging system setup used at UVa.
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3.2.3 Counting Techniques and Transmission Calculations

Several counting programs were developed by previous researchers to control the

whole neutron gauging system and acquire the transmitted neutron counts. For most

samples in this work, the counting time was 30 seconds to obtain good counting statistics.

The counting timewas doubled for thick samples (area] density>40 Ing I'B/cm2). For

every measurement, the counting time, raw counts and power counts were displayed on

the monitor and simultaneously recorded onto the hard disk. The power counts were used

to monitor the variation of reactor power and served as a correction factor in the

transmission calculation. Transmission coefficients were calculated by:

T=L = tAr) _p__b__) .(3.2)

'ow(bCab) power(.ak)

where,

C .v;,,,) r= raw counts of the tested object,

= count time for the tested object,

C, ,..OJ = raw counts of the neutron beam without being attenuated,

1,,,bJ, ) = couit time for the blank beam counts,

power counts acquired the same time as counting the sample,

tpowsjtjyj = power counts counting time when counting the sample,

= power counts acquired the same time as counting the blank beam,

tP¢,ze -a= power counts counting time when counting the blank beam.
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The background neutron counts in a one minute counting time interval were insignificant

compared to the counts from the reactor neutron beams and therefore, were not taken into

account in Eq. 3.2.
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CHAPTER4

MCNP SIMULATIONS

In a neutron gauging system, there are many different parameters that can affect

the physical variable we are interested in. For example, the neutron source could be

monoenergetic or polyenergetic, the test sample could vary in physical and chemical

composition and different detectors could be used. In any particular experimental setup,

most of the gauging system's components are fixed and therefore, it is hard to study the

relationship between the variable of interest, in this case the transmission coefficient

through different boron containing materials, and other parameters built in the system. In

an experiment it is difficult to isolate each component's contribution. On the other hand,

in a computer simulation each parameter can be controlled separately and its effect can be

studied individually while other parameters are kept constant.

MCNP4A was used to model the neutron attenuation properties of the different

materials studied in this work. It was installed on an IBM RS/6000 model 340

workctation running on the AIX 32.5 operating system that is mainly used for the

computational analysis of nuclear engineering problems. In order to get good statistics, a

large number of particles are used in the Monte C.Arlo simulations and, therefore, the

computation times are significant. The UVa SP2 (Scalable POWERparallel System) was

used to handle large scale problems. Currently, the SP2 consists of 16 RSI6000s, each

known as a node, which can lower the computing time required to obtain the results of

the programs by spreading the work over several of the processing nodes.
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4.1 MCNP Basics [25]

To simulate a real world event with MCNP, some input files are needed to initiate

the program and start the Monte Carlo simulation. The main input file provided by the

user has all the necessary descriptions of the real transport problem, including the

physical setup, sample materials, and source descriptions, etc. It has the following form:

Message Block

Blank Line Delimiter

Title Card

Cell Cards

Blank Line Delimiter

Surface Cards

Blank Line Delimiter

Data-Cards

Blank Line Terminator

Anything else

The message block at the beginning of an input file is optional and it can be used

to avoid retyping an often-repeated message. However, the title card, which occupies

columns 1 - 80 of a line, is required for every problem and it is used as a title in various

places in the MCNP output. To describe the geometric setup of a probleimi; MCNP

divides the three-dimensional region into some appropriate cells in a selected Cartesian

coordinate system (right-handed system is often chosen). Using the cell specifications,

MCNP is able to track particles through the geometry; The information of cells are
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supplied in the cell cards block. Each cell is defined by the intersections, unions, or

complements of the regions' bounding surfaces, which are predefined in the surface cards

block of the input file. MCNP allows the user to define first- and second- degree surfaces

and some special fourth-degree surfaces (elliptical tori). The flexibility to construct

combinatorial geometry of MCNP is superior than many other Monte Carlo codes.

Information about the sample materials, source definitions, tally cards and other relevant

data are listed in the data cards block. More details on data collection for all these cards

construction of this project are discussed in the following sections of this chapter.

The output file from MCNP contains the tally information specified by the user in

the input file and standard summary information in ledger tables to give the user a better

idea of how the problem ran. This information can give insight into the physics of the

problem and the adequacy of the Monte Carlo simulation. The output file also keeps a

log of the messages while the program is running, so if any error occurs, the user can

debug the input deck by reading the information listed in this file.

MCNP also supports two plotting capabilities. PLOT is used to plot two-

dimensional slices of a problem geometry specified in the input file. The MCPLOT can

plot the tally results produced by MCNP to help the user understand better the results:

The geometry plotter is very valuable for debugging geometries, especially complicated

geometries. The user's time can be saved by visually verifying the geometry setup using

the geometry plotter.
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4.2 Geometry

MCNP is a very generalized-geometry Monte Carlo transport code, which treats

any arbitrary three-dimensional configurations of materials in geometric cells bounded by

first- and second-degree surfaces and some fourth-degree surfaces (elliptical tori), in a

properly constructed Cartesian coordinate system. MCNP tracks particles through the

geometry by using the cell specifications. Each cell is surrounded by one or several

surfaces and by using intersections, unions and complements of the regions bound by

those surfaces, the cell can be defined. To specify a surface, certain information needs to

be supplied, such as the surface type, the coefficients to the analytic surface equations and

maybe some known points on that surface.

The experimental setup used in our neutron gauging system has a very simple

geometry. As shown in Figure 3.7, it has three distinct regions, the source, the shielding

material and the detector. Since the neutron transmission coefficient is the only concern

in this study, the details of the neutron beam coming out of the reactor core, which has a

complex geometry, were not simulated. Instead, a simplified parallel neutron plane

.source with estimated energy spectrum was used to simulate the UVAR beam. For the

same reason, the details of the BF3 neutron detector used in the experimental work was

not modeled. Only the number of neutrons penetrating through the sample within a

certain interested area, which is the same as the area of the detector, was tallied. Three

different shielding materials were modeled to study their neutron attenuation properties.

The first two materials, zirconium diboride disks with aluninum shims and borated

aluminum, had a relatively straightforward structure, and therefore the descriptions of the
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geometry were simple. The third material, BORAL, whose core structure was a

macroscopic mixture of boron carbide chunks and aluminum matrix, was extremely

difficult to model. The following section provides the MCNP models of these three

materials excerpted from some input files.

The plane neutron source was located on the first surface of the object. The

detector was a void at the back of the objects. Without loss of reality and to simplify the

problem, the objects were treated as round disks. The thickness of the disks were

calculated for the different materials.

The set of cell cards for modeling of zirconium diboride disk with aluminum,

sbown in Figure 4.1, is given below:

1 1 -5.7273 1 -2 -3 $ ZrD2 disk region, density

2 2 -2.7000 3 -2 -4 $ Al shim

3 0 4 -5 -6 $detector

4 0 1:#2:43 $ outer region

Each row of the cell card consists of four parts of data. The first number is the cell

number. In this case, cell 1 is the ZrB; disk region, cell 2 stands for-the aluminum shim,

cell 3 is the detector region (void) used for tally the results and cell 4 is the outer region

of the objects. The second number in each line is the corresponding material number in

that cell and the description of that material is given in the data cards. If the material

number is 0, that region is treated as a void and particies will travel through it without any

interactions. Here, material number I is zirconium diboride and material number 2 is

1100 aluminum. The third number is the density of the material. A negative value is

interpreted as the mass density in units of glcn9, and a positive entry is interpreted as the
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atomic density in units of lO24atoms/cm3. The density number is omitted when that

region is void.

SurSuCC EL oA

Al

Cclii

Figure 4.1; The MCNP geometry setup for zirconium diboride disk with aluminum
shim.

The last series of numbers specifythe spacial geometry of that cell. By using Boolean

operators, intersection (no symbol - implicit), union (colon, ":") and complement (pound,

V"), on some predefined surfaces and cells, a new cell's position and shape can be

defined. Each surface in Eucidean geometry divides the whole space into two separate

regions. In order to differentiate one region from the other, the concept of sense was

introduced. A point (x, y, z) is defined as baving positive (or negative) sense with respect

to a surface when the expression for that surface evaluated at (x, y, z) is positive (or

negative). In the example above, cell I is the region that has a positive sense with respect

to surface 1, AND a negative sense to surface 2 AND a negative sense to surface 3. Cell

4 is the union of regions that outside of cell 1, 2 and 3. When a neutron enters this cell,

its history is ended.

MCNP provides a very convenient way to define first- and second-degree surfaces
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(and some fourth-degree surfaces) for the geometry setup. There are total 26 surface

types available in MCNP, and each of them has a unique mnemonic.. The following is a

surface definition example used in ZrB2 disks simulation:

1 py 0 $ source plane,lst surface of disk

2 cy 2.539 $ cylindrical surface, radius

3 py 0.01981 $ 2nd surface of disk, 1st surface of Al

4 py 0.55481 $ 2nd surface of Al

5 cy 0.5642 $ 1c=2 detector

6 py 0.56481 $ detector surface

The surface types, equations, their mnemonics, and the order of the card entries are given

in the MCNP manual [25]. The first number in each surface definition line specifies the

surface number which is used in the cell definitions. Tle second part is the mnemonic to

specify the surface type and the remaining card entries are the coefficients required by

that surface type. In the example above, "3 py o.o1981:' means surface 3 is a

plane normal to Y-axis located at y - 0.01981 cm. Surface 2 is a cylindrical surface

defining the outer surface of the objects.

The cdell and surface definitions of borated aluminum is even simpler, bccaus in

this case, enriched boron and aluminum is mixed together uniformly in the second phase

and is treated as an alloy. Cell '1 and cell 2 were combined for modeling the borated

aluminum.

However, because of the package structure of BORAL, the modeling of boron

carbide chunks randomly distributed in aluminum matrix is extremely difficult. The

repeated structure feature of MCNP was utilized to try to describe the structure of
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BORAL.

The primary goal of the repeated-structures capability in MCNP is to make it

possible to describe only once the cells and surfaces of any structure that appears more

than once in a geometry. A simple model of BORAL core with uni-sized spheres was

constructed as following:

c cell definitions
1 2 -2.71 1 -2 -3 imp:n=1
2 0 2 -3 -4 fill (O 0.1538.0) imp:n=1
3 2 -2.71 4 -3 -5 iMp:ri=1
4 0 -6 7 -8 9 -10 11 fill=2 lat=1 x1=1 imp:n=1
5 1 -2.51 -12 u=2 imp:n=1
6 2 -2.71 12 u=2 imp:n=l
7 0 -1:5:3 imp:n=O

c surface definitions
1 py 0
2 py 0.025.6
3 cy 2.5
4 py 0.2816
5 py 0.3072
6 px 0.0045
7. px -0.0D45
8 py 0.0045
B py -0.0045
10 pz 0.0045
11 pz -0.0045
12 so 0.00425

The first block defined the cells in this model and the second block gave ihe definitiois of

geometric surfaces. As discussed before, BORAL has three regions, two skins and one

core. Cell I and 3 defined the front and back skins, and cell 7 was the outside region.

Cell 2 was the core region, which was filled with boron carbide and aluminum. "fillya"

indicated that cell 2 was filled with universe 1, where universe 1 was defined by cell

4. Cell 4 was a cube with a length of 90 pm which was filled with universe 2. And

universe 2 was defined by cell 5 and 6. Cell 6 is boron carbide sphere which had a

diameter of 85 pm; Cell 5 was the region outside of the sphere, and the material was
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aluminum. So cell 4 was just an aluminum cube but the center was occupied by boron

carbide. Therefore, the core region defined by cell 2 was filled with this kind of cubes

one by one. This was a very crude model of BORAL core, because the irregular-

Al Ilia Core

At matrix

4Cp uticle

Figure 4.2. A crude model of BORAL core structure with MCNP.

shaped and various-sized B4C particles were represented by spheres of one size and there

was no randomness in the positioning of the spheres (Figure 4.2). The surfaces were

defined in the second block. Surface 12 defined a sphere to represent a B4C particle,

whose diameter was 85 pm, which is the reported average size of B4C particles in the

core 123]. It was calculated that the volume ration of B4C in the core was 44%, which

was equivalent to putting a sphere of 85 pm into a box with length of 90 pm. Surfaces 6

to 11 defined the required surfaces of this box.

When the cells are defined, a problem mode (type) card and the cell importances

are required in the input deck. For neutron transport study, mode n was used to specify

this problem type. MCNP also supports photon (mode p) and electron (mode e) transport

modes and the combinations of these three. An importance number was assigned to each

cell as a weight value for the particles in that cell, and the higher the importance value,
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the more weight fraction is given to the particles. When the importance of a cell is zero,

the particle's history will be terminated if it enters the cell. The importance cards play a

major role in some special Monte Carlo techniques-such as geometry splitting, Russian

roulette and weight cutoff. In the modeling conducted in this work, every cell except the

outer region is given equal importance, 1. Betlow is this part of input deck for the

simulation of zirconium diboride disks:

C * Problem run mode *****

mode n

C * Cell importances *****

imp:n 11 1 0

4.3 Materials

Material cards specify the isotopic composition of the rmaterials in the cells and

the cross section evaluations which are to be used. The following was the material

definition used for zirconium diboride simulation:

C ** Haterial Definitions *

ml 40000.50c -0.81410 $ Zr

5010.50c -0.10232 $ B-10, enrichment 0;5504

501*C.S5c -0.08358 $ B-11,

n2 13027.50c . $ Al

Two materials were used hiere. Material 1 is ZrB2; and material 2 is aluminum. The

material numbers were used in the previous cell.definitions. The material number is

followed by specifications of the constituents of this material, in the format of

Z4JDlfractionl Z4ID2fracion2...
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The ZAIDi is the nuclide identification number that has the form of ZZZ4AA.nnX, where

ZZZ is the atomic number, AAA is the atomic mass ( for naturally occurring elements;

AAA = 000), nn is the library identifier, and Xis the class of data (X = c for continuous-

energy neutron tables, X = d for discrete-reaction tables). Available cross section

libraries and nuclide AID numbers can be found in Appendix G in MCNP manual.

Fractioni is the atomic fraction (or weight fraction if entered as a negative number) of

constituent i in the material. In this example, material I was the ZrB2 compound, where

Zris natural zirconium and AB is 55.04% enriched. Weight ratios were input to model

zirconium diboride.

In the borated aluminum model, since the boron and aluminum were assumed to

be mixed together close to the atomic scale, a similar miterial definition using weight

ratios of the constituent elements was used. This was also the 6ase for the definition of

boron carbide (B4C) in BORAL core modeling.

4A Source Dfinltion.

To start any MCNP problem, a source definition has to be given in the source

cards section. Four different sources can be specified by using four cards: general source

(SDEF card), surface source (SSR card), criticality source (KCODE card), and user

supplied source. Some source distribution functions, which are specified on the SIn,

SPn, SDn and DSn cards, can be used.for all but the criticality sources. The source

geometry, the behavior of the particles emitted from the source and other source

characteristics need to be further defined with some detailed variables.
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In this work, neutron attenuation experimental data for different boron containing

materials were obtained using both monoenergetic and polyenergetic neutron beams.

Therefore, two kinds of neutron sources with different energy spectrums were constructed

and used in all the simulations to permit comparison of the MCNP results with the

experimental results. The monoenergetic beam at the University of Michigan was

relatively easy to model since the single energy is known, whereas, the polyenergetic

beam of the UVAR was very hard to simulate because the energy spectrum remains

unknown, even though the beam's geometric design is clear. Both beams were well

collimated and in the simulations, same geometries were used;

In the following section, a monoenergetic neutron beam setup is listed and used as

an example to illustrate how to set up the source cards in the input deck for MCNP.

Then, a discussion on the energy spectrum analysis of the UVAR beam is given.

The MCNP description of University of Michigan's monodirecitonal

monoenergetic beam is given as follows:

c : uniformly distributed monoenergetic(O.06eV) disk. source *

sdef pos=O 0 0 sur=l rad=dl dir=1 erg=6e-8 vec=O 1 0

sil 0.5642 . $ 1 cm2 area, radius

This defines a plane disk source located on surface 1, as seen in Figure 4.1. The center of

the source is on the origin. Neutrons are emitted with energy of 0.06 eV, pointing on the

positive Y axis direction. The required mnemonic sdef for the definition of general

source was followed by a series of source variables. The combination of these variables

described the characteristics of this source. A plane disk source was set up to represent
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the parallel beams with an area of.lcOm2 (radius = 0.5642 cm). Since the onlyphysical

quantity of concern was the transmission coefficient for sample object, the source's

physical location did not matter. To simplify the problem without changing the question

itself, the source was put right on the front surface of the object in the center position.

The sur value was set to a plane surface 1, which indicated the position of the particles.

was sampled on that plane. In some other applications, cell sources with volume -

distributions are needed and in those cases, the variable sur was set to zero. The

sampled value of pos was set to be 0 0 0, which was a point on plane surface 1. This

is crucial because MCNP, for the sake of speed, does not check it. Erroneous results may

be obtained if the point defined by pos is not on the source surface. The sampled

position of the particle was at a distane, from pos equal to the sampled value of rad.

rad was set to dl here, which means the radius variable was given by a probability

distribution. The corresponding information is given in the next line; siI 0.5642, is

interpreted as sil 0 0.5642 and provided the effect of card spi -21 1, which

means thepaiticleposition was sampled uniformly within radius 0 i5642 of point.O *0

0. The combination of dair and vec defines the required monodirectional source. The

vec value is 0 1 0, which defines a reference vector pointing in the positive Y axis

direction. The dir is the cosine of the angle between the sampled direction vector and

the reference vector. With a value of 1, indicating the angle is 0, the samiled particle

direction is parallel to the Y axis and points to the shielding objects.

To properly simulate the UVAR neutron gauging beain was ratherdifficult. The.

geometry presented in Chapter 3 is clear and the same setup was used as the
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monoenergetic beam listed above. Special effort was made to analyze the beam energy

spectrum. T7e transmission coefficients for a series zirconium diboride disks with known

area densities, ranging from 8 mgl.B/cm2 to 60 mg'0B/cm2, were measured using the

UVAR beam. In a semi-logarithmic plot of transmission coefficient versus areal density

(or thickness), a non-linear curve was seen, which means the attenuation coefficient was

not unique and the beam was polyenergetic. This confirms the non-exponential

attenuation theory, when multiple energies' neutrons are present. According to the

discussion of neutron attenuation theory in Chapter 2, .the attenuation follows the

exponential rule in a monoenergetic and monodirectional neutron beam, since the cross

section is unique for that particular neutron energy. The same semi-logarithmic plot will

show a straight line and the absolute value of the line's slope corresponds to the

macroscopic attenuation coefficient. There are several different ways to determine the.

neutron beam spectrum. One way to do this is to irradiate series of threshold foils and do

'activation analysis, but the problem with this is that this neutron beafn's flux is not high

enough and the irridlation has to be very long to get a statistically Valid answer. An

alternative way is to use MCNP to model the whole UVAR core. and beam setup to obtain

anacicurate beam spectrum: However, this is a very complicated and time consuming

job. 'On the other hand, since the experimental data of the transmission coefficients

contains the information of the beam energy characteristics, by fitting the curve with the a

series of straight lines, a quick and good decomposition of the continuous spectrum can

be obtained. Initial attempts were tried using a combination of two energies, each with a

"Maxwellian distribution, to fit the curve. After a few rounds of iteration, an acceptable
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resultvwas achieved but it was hard to improve the accuracy in this game by just guessing.

To optimize the fit, the method of non-linear least squares fitting to an arbitrary function

was utilized for this purpose. As was previously discussed, the transmission coefficient

for monoenergetic neutron particles can be described in a simple exponential form:

T I = e(. (4.1)
10

After discretizing the continuous neutron energy spectrum into a series of single energy

branches, the transmission coefficient takes the following form:

T r= I ix e ) 42
10 (4.2)

wheref, is the amount perventage of the id branch in the neutron beam. Four energy

branches were used to fit the experimental curve. Eight parameters were needed to be

approximated, namely, El, E;. E, Eofp ff, andf 4. *A detailed discussion on how to use

the nonlinearleast squares method to optimize the parameters can be found in Chapter 5.-

The following is the final source cards used in the input deck for the UVAR

polyenergetic neutron beam simulation:

sdef pos=0 Q 0 sur=l rad-dl dirr=1 erg=d2 vec=0 1 0

Bil 0.5642

si2 I S.47e-B 51.2e-8 125e-8 506e-8

sp2 0.960308 0.025959 0.007882 0.005851

Notice here the only difference from sirigle energy source is the addition of two lines used
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to describe the energy spectrum. erg=d2 implies that the value of the source energy was

sampled from distribution number 2. Source energy information and probability were

given in the si2 and sp2 cards. The 1 following si2 means discrete source energies

values were used, and therefore, the following four numbers after the 1 are the four

energies obtained from best curve fit. Accordingly, the sp2 card gave the probability of

each of energy branch. For example, about 96 of every 100 neutron particles emitted

from this source have an energy of 5A7e-8 MeV.

45 Tally Card

MCNP provides six standard neutron tallies that are easily modified to suit the

t . needs of different users. All tallies arm normalized on a per starting particle basis. The

tally card used in the simulation of zirconium diboride disks was as follows:

c **Tally card, count number of neutrons at 2nd surface of detector**

fl:n 6 -

The f 1 tally was chosen, because it gives the number of particles crossing asurface. The

quantity it estimates is:

Fl fAf f~ft E J(r, E, r, pl) dAdtdpdE, (4.3)

* which integrates over area (A), ankle (u), time (t) and energy (E). Since the result is

normalized, tht.transmission coefficient of the neutron shielding material can be read

directly from the output file. The relative error can also be obtained from the. output file.

At the beginning of this work, there was some confusion in selecting the proper
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tally. In MCNP fi is called the surface current tally and f2 is called the surface flux

tally. T7he f2 tally was used in some previous work, but actually it is a limiting case of

the cell flux as it is taking the particle entry angle into account. However, in a neutron

attenuation study, every particle that crosses the tally surface should be counted

regardless of the entry angle. Thus, f 1, the surface "current" tally, gives the correct

quantity and therefore it was chosen in all the simulations.

;
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CHAPTERS5

RESULTS AND ANALYSIS

This chapter presents the results of the experimental work and Monte Carlo

modeling studies. Most of the experiments were done using UVAR's polyenergetic

neutron transmittance beam. Some of the calibration data on the series of zirconium

diboride disks was acquired from University of Michigan's monoenergetic beam. The

experiments were simulated using MCNP4A on University of Virginia's SP2 computer.

The experimental and modeling results and discussions are given on each problem.

Exponential and non-exponential neutron attenuation properties are observed in different

beam facilities through thin and thick shielding materials. Tle validity of using

zirconium diboride disks with aluminum shims as the calibration series when measuring

the areal densities of borated aluminum coupons was confirmed. The procedures used to

measure the area! density of unknown bofated aluminum coupons are discussed. To

show the streaming factor, a series of BORAL sheets were measured.

5.1 ZrB23wthMonoenergetlcBeam

A series of zirconium diboride disks; listed in Table 5.1, were measured to

determine their areal densities and transmission coefficients at Universitvof Michigan

using a 0.06 eV monoenergetic neutron beam. Each disk was mounted in a superpure

Olu~minum block, and its thickness, diameter and density were accurately measured:

Every disk was uniquely marked and its identity maintained throughout the program. The
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Table 5.1. Zirconium diboride calibration specimen information.

ZrB2 disk Diameter Thickness Density Measured Areal
number (mm) (mm) (glcm') Density (mg'B/c 2)

3 50.78 0.1448 5.7334 8.39

7 50.78 0.1702 5.7238 9.58

5 50.78 0.1981 5.7273 11.18

25 50.78 0.2083 .5.6566 12.08

I 1 50.78 0.2565 5.6647 15.27

12 50.78 0.2743 5.6389 16.14

14 50.78 03480 5.7520 20.79

23 50.78 0.5004 5.7696 30.52

ZrB2 used here was 18.59 wt% total boron enriched to 55.04 wt%. 0"B. The background

count rate was subtracted from all measured count rates prior to computation of the

transmission coefficient. The standard deviation of the measured count rate was used to

determine the 95 percent confidence interval for the attenuation coefficient.

The same series of disks was modeled with MCNP to study the attenuation

properties and transmission coefficient. Based on the physical and chemical data of the

zirconium diboride disks, an MCNP input deck was constructed for every disk of this

array. Appendix I shows the input deck for disk No.3. The input decks were almost

-identical except for the surface cards definition, because the thickness of zirconium

diboride varied one from another, even though the aluminum holder thickness was a

constant. In the material card, weight ratio of Zr, 10f and "B was used for zirconium

* diboride. "B weight percent was 0.10232 (= 18.59 % x 55.04 % ), "B weight percent

was 0.08358 (= 18.59 % x ( 1 - 55.04 %)), and Zr weight percent was 0.81410 (= I -
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18.59%). As stated in Chapter 4, the cell structure of each disk setup was the same and

the source card defined a monoenergetic (0.06 eV) and monodirectional neutron source.

The number of transmitted neutrons through the object was tallied. The transmission

coefficient was obtained after each input deck was run individually on the SP2.

Figure 5.1 shows a semi-logarithmic plot of transmission coefficient versus ZrB2

thickness. Results from experiments and modeling were plotted together. The data

agreed well with each other within *10% error.

1.00

Expedment

+

. MCNP

E
2 Q

0.01 ., , . , ,. ,
0.01 0.02 0.03 0.04 0.05 0.06

ZrB2 disk thickness (cm)

Figure 5.l. A comparison of experimental and MCNP simulation transmission
coefficients of zirconium diboride disks.

The theoretical transmission coefficient of an alloy c6ntainint t°B maybe

calculated from the equation:
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I = I e It eNl = 0 - e ex =oe A 0  (5.1)

and the transmission coefficient, T, is:

T = e Ae (5.2)
10

where 10 is the intensity of the thermal neutron beami without alloy material present,

Iis the intensity of the thermal neutron beam with alloy mhterial present,

Nis the atom density of the 'FB neutron absorber (atoms/crIn),

* is the macroscopic absorption cross section of '0B (cmf-),

a is the microscopic absorption cross section of I'B (cmlatom or barns),

Xis the material thickness (cm),

A is the area] density of the 01.3 alloy (g "oBIcm 2),

N fis Avogadro's Number, 6.024 x.1023 atomstmole,.

Ao is the atomic mass of 'RB, 10.013 grams/mole,

p is the density of ICB in the illoy.

For a neutron beam with an energy of 0.06 eV, a is 2496 barns , and in this case, the

* density of ItB () is 0.5841 g '1cmd(= 5.708 g/cm x 18.59 wt.3 % x 55:0 wt'B%).

The theoretical calculation of the macroscopic cross section of '0 B, 2, is:

-

' FromENDF/B-VI cross secuon libraiy.
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6.O24xO23 atomsx2496xlO-2acm2xO.5841l-L9
mole an 87.7can -. (5.3)

A0  .10.013-18
mole

Both series of data were analyzed with linear regression method. The independent

variable is thickness and the dependent variable is ln(transmission coefficient). The

slope, constant and regression coefficient (R2) are listed in Table 5.2. Both regression-

coefficients were close to 1, which confirxned that the exponential attenuation rule

applied to the monoenergetic and monodirectional neutron beam. The physical meaning

of the absolute value of slope is the macroscopic attenuation coefficient. Both were

slightly greater than the theoretical value, because in the theoretical calculation, the

aluminum, I"B and zirconium were not taken into account. In the experiments and

simulations, these elements contributed to neutron attenuation by a scattering effect. In

the real disk setup, some glue was used to bind the zirconium diboride and aluminum

holder together; which gave an even higher attenuation coefficient; because glue is a high

hydrogen content material. The regression results othhe experimental data also had a

non-zero conistant, which implied some experimental errorin the measurements.
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Table 52. Linear regression results of the experimental and MCNP simulated
tiransmiission coefficients of ZrB2 using a 0.06 eV neutron beam.

Theoretical MCNP Experiment
(w/o aluminum)

R2  1' 0.99966 0.99943

Slope -87.7 -89.3 -93.6

Constant 0 - 0.00597 0.151

The agreement of experimental data and Monte Carlo simulations justified the

usage of MCNP to study a well-defined neutr6n gauging system. The geometry setup and

source descriptions in the MCNP input deck effectively simulated the real experimental

system. The material.definition of zirconium diboride with enriched 10B was at an atomic

scale, and the agreement of the results showed that this assumption was valid. The input

deck used here also served as a template for the successive-simulations. From another

point of view, since MCNP is a well-known and benchmarked program, the agreement

also verified the correctness of the experiments done at the University of Michigan.

5.2 UVAR Beam Energy Spectnuift Detennination

The UVAR neutron transmittance beam is used routinely to determine the areal

density of unknown boron containing materials. The nominal value of the measured

sample's areal density was obtained from a look-up table constructed using a series of

ZrB2 specimens with known areal densities. In this application, the spectrum of the

neutron beam was irrelevant, because the same neutron beam was used with the

calibration series and the unknown samplel. For this and the reasons mentioned earlier,
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this beam's spectrum was not measured. As described in Chapter 3, it was believed that

this transmittance beam was a well thermalized polyenergetic beam.

To study the neutron attenuation properties of materials in polyenergetic neutron

beans, the UVAR beam was used in experiments and modeled with MCNP. Therefore, a

quantitative knowledge of the beam spectrum was required.

Along with the zirconium dibode series used in the previous section, seven

additional zirconium diboride disks, transmission coefficients were measured with

UVAR's transmittance beam. The newly formed series covered a larger area] density

range with the greatest T.B areal density of about 60 mglcm2. Thephysical properties of

the new disks are listed in Table 53. The I0B enrichment in these disks and the

manufacturing procedure were the same as the previous series.

Table 53. Information on the additional zirconium diboride disks.

| ZrB2 disk Diameter Thickness Density
. number (cm) (cm) (gcn9)

56 5.075 0.0254 5.7222

60 5.075 0.0356 5.t8043

64 5.075 0.0424 5.7225

67 *5.075 0.0533 5.7992

71 5.075 0.0605 5.7809

74 5.029 0.0686 5.8935

78 5.029 0.0864 5.8576

. 81 5.029 0.1041 5.8915
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Figure 5.2 shows the measured tranimission coefficients versus the thickness in a

semi-logarithmic plot. As can be seen, the attenuation curve was not a straight line as

was the case in the previous experiment. This indicated that the polyenergetic

characteristic of the beam and agreed with the non-exponential attenuation theory

discussed in Chapter 2.

0
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Figure 5.2. The measured transmission coefficients of ZrB2 specimens with WVAR
polyenergetic beam.

With the help of MCNP, the ehergy spectrum of the neutron beam can be

estimated based from the experimental data. If the simulated transmission coefficients of

this series of zirconium diboride disks matched their corresponding experimental data for

a given source energy spectrum definition in the MCNP models, then this energy
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spectrum definition is an acceptable approximation of the real spectrum. Several

attempts were made to obtain a good approximation.

Since the geometry modeling of this gauging system and the material description

of zirconium diboride disks with aluminum holders with MCNP have been previously

shown to be effective, in the search of the energy spectrum, these parameters were kept.

the same as used in last section. In every iteration, the trial source energy spectrum was

used throughout the whole series, and transmisision coefficients were tallied and

compared to experimental data.

At first, two energies, one thermal component and one epithermal component,

were used to represent the spectrum. Four parameters were required, the two energies

and their relative-percentages. After several iterations on these four parameters, the best

fit result was obtained as shown in Figure 5.3. The source definition used was:

sdef pos=O 0 0 vur1 rad=dl dir=1 erg=d2 vec=o 1 0
sil 0.5642

si2 s 3 4

Vp2 0.96 0.04

sp3 -2 4.Se-8

spd -2 69.Oe-8

Both the thermal and epithermallcomponents were modeled with a Maxwellian fission

energy spectnmi, and the peak energies were 0.045 cV and 0.69 eV respectively. The

frequency distribution of these two energies are 96% and 4%. As seen in Figure 5.3, the

first and last points matched with the experimental data, but the middle points were not in

good agreement. This implied that two components were not enough to represent the

polyenergetic beam spectrum and more branches had to be added. However, whenever
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one energy branch was added in, two more parameters, the energy and its percentage,

were introduced. For example, to estimate with four branches, four energies and four

ratios need to be determined. In fact, since the sum of the four ratios is one, only three

ratios left. Still, there were seven parameters remaining. To adjust all of them manually

to get a best fit of the experimental data seemed to be impossible and unreasonable.
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Figure 53; A trial of using two energies in MCNP to match the experimental data.

In the previous section, exponential attenuation was observed and successfully

-modeled for a monoenergetic beam. The non-exponential transmission coefficient curve

was the resultofopolyenergeticcharacteristic of the beam. IXthe continuous spectrum was

discretized into the combination of multiple single energy beams, each disk's
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transmission coefficient is just the summation of the transmission coefficients for all

energies. The whole curve is the summation of a family of exponential curves.

Non-linear least squares method was utilized to fit the experimental data with an

arbitrary function [26]. When using a function y =Jfx) to fit a series of experimental data

(x., ye), the measure of goodness of fit x is defined as:

X2 I [ye - y(x) .(5.4)
0r2

where the a, are the uncertainties in the data points y,.

According to the method of least squares, the optimum values of the parameters aj are

obtained by minimizing X: with respect to each of the parameters simultaneously, i.e.,

2.Y. - Y(X) O (5s5)

It is rather difficult to derive an analytical expression for calculating the parameters of a

non-linear function y(x). Instead, 2 can be considered a continuous function of the n

parameters aj describing a bypersurface in n-dimensional space, and the space can then be

searched for the appropriate minimum value oftX. There are a number of ways of finding

the minimum value. A gradient search mhethod was used for this work. In this method,

all the parameters a, are incremented simultaneously, with the relative magnitudes

adjusted so that the resultant direction of travel in parameter space is along the gradient,

'i.e., the direction of maximum variation, of X. Reference 26 has the details of this
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algorithm.

A C-language program (Appendix II) was written to use this algorithm to search

for the optimum values of the fit curve. The form of the non-linear fit function is:

T = aoe -Ve + alert + a2e I + (l-aO-al-a2 )eCP. (5.6)

The input of this program was the series of the experimental data, i.e., pairsof

transmission coefficient and the corresponding thickness, the guessed initial values of the

parameters and the step length for each parameter. Since only 16 data points were

ivailable, the program cannot accurately determine the seven unknown parameters

simultaneously. Based on the trials of the two-energy approximation, the macroscopic

attenuation coefficients (u,), were estimated first and supplied to the program. The

program can then determine the optimized value of the a,. .The predicted transmission

coefficients were plotted against the experimental data for comparison. After several

rounds of iterations on p ts and al's, an acceptable fit function was constructed.

With ihe fourmacroscopic attenuation coefficients, next step was to find the

corresponding energy. Sinillar to the previous'section, MCNP simulations were

conducted on this series of ZWB2 disks with some selected monoenergetic neutron source.

The transmission coefficients were plotted as a function of areal density and the

macroscopic attenuation coefficient was obtained through exponential regression. The

coefficient was then compared to a coefficient known from the fit. The energy was

adjusted until these two coefficients matched. This process was repeated for all the four

attenuation coefficients. Finally, four energies were determined and, with theirrelative
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ratios obtained earlier from the curve fit, a source description (Section 4.4) for the

polyenergetic beam at UVAR was constructed. Using this energy definition, the whole

zirconium diboride series were again simulated with MCNP. The resulting transmission

coefficients were plotted against the experimental data as presented in Figure 5.4. As

expected, the two curves matched very well. This energy description of UVAR

transmittance.beam was also used for the later modeling of borated aluminum and

BORAL for comparisons of the simulations to the experimental data obtained using this

beam.

.E

CD
0
O
C
.2

C

1

0.1

0.01

. 0
Experiment

' 4 .MCNP

. ,.

., .. .. .* 9

I

0.001
0 0.02 0.04 0.06 0.08

ZV32 disk ttickness (cm)
0.1 . 0.12

Figure S.4. kc6mparison-of transmission coefficients of ZVB2 series from experiment
and from MCNP simulations with a best-fit energy spectrum.
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jOne thing notice-d here is that in the four energies that derived from the non-linear

least squares fit, the lowest energy is 0.0547 eV, instead of pure thermal energy 0.025 eV.

It is believed that the transmittance beam should be fairly thermal. Five independent

MCNP simulations with monoenergetic neutron source were con~ducted. Four derived

energies and the ideal thermal energy were used. The transmission coefficients are

plotted in Figure 5.5. Each curve showed an exponential attenuation. The lack of pure

thermal branch can be explained by carefully examining this plot. When the thickness is

about 0.06 cm (ad.-30mg 'Bfcm 2), the transmission ratio for 0.025 eV is less than 0.1%

and this value keeps dropping dramatically when thickness goes even higher. In the

experimental data; half of the points were from ZrB2 with a thickness greater.than 0;06

cm, where almost no neutrons with 0.025 eV energy can penetrate. Therefore, when

fitting these numbers, there appeared to be no 0.025 eV neutrons in the spectrum. The

first half of the data can fit well without 0.025 eV neutrons because the transmission

coefficients are fairly close for all energy branches. the effect of the 0.025 eV neutrons

can be replaced by other energies with a different weight ratio, in this case 0.0547 eV

with 96%. T1his eiplains why no 0.025 eV energy neutrons were, approximated although

they are believed to be present in the beam. The spectrum obtained with this method may

not be the real spectrum, but it can be considered as an effective one when studying the

attenuation properties of shielding ma~terials with areal densities greater than

8 mg'?B/cm2.
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Figure 5.S. A comparison of macroscopic absorption coefficients of zirconium diboride
for different neutron energies. Data was obtained from MCNP simulations.

S.3 Verification of the Effectiveness of Using Aluminum Shlms*

In the current borated aluminum areal density measurementprocedure, .the first

step is to measure the transmission coefficients of the series of zirconium diboride disks

with aluminum holders and construct a look-up table.

Bach zirconium diboride calibration disk was glued to a corresponding aluminum

holder. In the real measurement, sometimes the zirconium side faced the beam and

sometimes the aluminum side faced the beam. In order to make sure the order of the two

pieces in the setup did not affect the calibration curve, a verification.experiment was -
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conducted. The disk array listed in Table 5.1 was measured twice with the UVAR's

transmission beam to determine the transmission coefficients. The first series of

measurements were obtained with the zirconium side facing the beam and the disk array

was turned around for the second series of measurements. The transmission coefficients

versus the areal density were plotted for the two experiments in Figure 5.6. Within the.

range of experimental error, these two curves overlapped. This is to-say, the neutron

attenuation properties are the same for these two setups. This result can be expected

because in a material like this, 10f dominates the thermal neutron attenuation and other

elements' effect is insignificant. MCNP simulations were also done on the two setups

anid same curve overlapping was obtained.

7 . 1.00

_ . Zr)SJ

* . -i

dAlr

0.10-

0.01 ' ' ' .9 ' . '
5 10 15 20 25 30 35

Areal Denshy (mg B-1 DI=m'2)

Figure S.6. A comparison of the attenuation property for two different ZrB2 setups.
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The zirconium diboride disks were in aluminum holders for two main reasons.

First, the aluminum holders were used to protect the thin and fragile ZrB2 specimens and

to make it easier to work with them. Second, the aluminum holders served as shims. The

borated aluminum samples have a very high weight percent (- 99.5%)of -iluminum and

are much thicker than any of the ZrB, disks because of the aluminum. To measure any

given thickness of borated aluminum, each disk in the calibration array was shimmed to

about the same thickness with pure aluminum pieces. The idea was to make the two

different materials have close constituents, even though the constituents were in a

different chemical form.

The No. 3 through No. 23 ZrB2 specimens were measured to determine their

transmission coefficients with three different aluminum shim thickness, and the results

are shown in Figure 5.7. The first setup was the zirconium diboride disks with aluminum

holders, where the holders' thickness was 0.535 cm. Shim I total aluminum thickness

was 0.762 cm and Shim 2 total thickness was 1.905 cm. The effect of using the wrong

shim thickness can be illustrated by the following example. Assume the unknown sample

has the same thickness as Shim 2. If the measured transmission coefficient is 0.07 (7%o),

by using the look-up curve of Shim 2, an areal density of 17.25 mg "0Btcm 2 is obtained

and reported as the measured result. However, assume the calibration specimens were

not shimmed thick enough, e.g., Shim I was used, and the corresponding look-up curve

was constructed. Prom this curve, corresponding to a transmission coefficient of 7%, the

area density would be reported as 18.12 mg '031cm2. The relative error would be 5%,

where the shim difference was quite big, ;.143 cm. A similar comparison can be made
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between Shim 1 and just the aluminum bolder, and'tbe relative error of measured areal

density would be within 2%, if an inappropriate thickness (0.227 cm thinner) of -shim was

used. It can be concluded that although the. scattering cross section of aluminum is

relatively insignificant compared to the thermal absorption cross section of 'O'B, to have an

accurate measurement of areal density, the zirconium diboride specimens need to be

shimnmed to the correct thickness of the unknown samples to construct a good calibration

curve. On the otherbhand, if the total-thickness of test standards and alumidnum shims is

off only by a couple millimeters, the result is still acceptable (the error is within 2%6).

1.00

Z1B2 W. Al

- ~ShTM 1

b.oi
5 1D Is 20 25 s0 35

Area!Density (nv13-I 0/cA2)

Figure 5.7. A coinparison oif neutron attenuation of zirconium diboride with different
aluminum shims.
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S.4. Comparison of Jorated Aluminum and ZrB2

The legitimate way to measure the areal density of I0B in borated aluminum with

the calibration method, is to construct the calibration curve using a series of known areal

density of the same material, borated aluminum. However, the borated aluminum is not a

naturally occurring compound and the atomic structure of the alloy remains unclear.

Moreover, a truly uniform distribution of I°B in aluminum is hard to manufacture and the

fabricated product needs to be inspected for homogeneity. Although there is another way,

wet chemical analysis, to measure the areal density different from the neutron

transmittance method, it is slow and not very accurate. For these reasons, it is very

difficult to have an array of borated aluminum with known &real densities to serve as

calibration disks. On the contrary, zircohium diboride is a chemical compound whose

* formula is well-known and the uniformity of I'B is guaranteed. By a transmittance

measurement using a monoenergetic neutron beam, the areal density of a given piece of

zirconium diboride can be measured accurately. Then, the series of zirconium diboride:

disks with measured known areal density can be used as calibrationistandards for

measuringborated aluminum areal densities. Tbe basis for this is that zirconiumdiboride

disks with a proper thickness of aluminum holders have the same neutron attenuation

property as borated aluminum.

These two materials weremodeled with MCNP to compare theiriattenuation

properties. As shown in Eq. 3.1, the theoretical areal density (A) of '0B in an alloy by

multiplying the weight fraction boron (I) by the matrix density (o), the isotopic

enrichment (E) and.the thickness (2).
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Since the values for the four variables on the right hand side of the formula for

each zirconium dibonrdo disk were kiown, the I'B areal density could be calculated. For

example, disk No. 12:

A12 - 18.59%g boron x 5.6 389  x0 g 052 x 0.02743 an
g as3 g boron

1m IE (5.7)
=0.01583 B=1.83 mg B

cm2  cm2

To calculate the thickness of borated aluminum which has the same '°B areal density,

similar formula was used, but this time A is known and Tis unknown.

*0.015839 F B
T= A cn = 1.2335cm. (5.8)

IIVrg boron x 2.7. - x 9599 g 'OB
g cm3  g boron

This thickness was used in the input deckof borated aluminum model. From here, the

thickness of a pmper aluminum shim forZrB;No..12, whose thickuiess isJknown.

(0.02743 cm), can be calculated by:

TAI = 1.2335 an - 0.02743 cn = 0.9592 cm. . (5.9)

this thickness of aluminum shim and the thickness of ZrB2 disk were used in the model

of zirconium diboride. The same calculations were done for all the other'specimens and

after the data were collected, MCNP simulations were run on the two series..

Transmission coefficients were collected and plotted versus areal density as shown in
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Fligure 5.8. As can be seen, these two curves were almost identical;which means when

the 'DB areal density was the same, borated aluminum and zirconium diboride with an

aluminum shim have the same attenuation coefficient.

1-

a

s 0.

0.0

0
C 0.1
In

E
fn

0.01
5 10 15 20 25

Areal Denshty (mg B-i O/an2)
30

Figure S.8. A neutron attenuation comparison of zirconium diboride with aluminum and
borateda lurninun. (Results from MCNP simulations)

In order to verify the MCNP simulations, transmission experiments were

conducted on borated aluminum and zirconium diboride disks: Two borated aluminum

step wedges, illustrated in Figure 5.9, were provided byEagle-PicherBoron and were

used to measure the transmission coefficients in borated aluminum. In order to be able to

compare with zirconium diboride, aluminumn shims of the proper thickness were added to

match the thickness of each step of the borated aluminum wedge. The transmission
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coefficient of each step of the two step wedges was measured individually. Additional

measurements were made after stacking the two wedges together to cover a larger range

of area] densities.

1.240 cmi, L cm230c

- 0.945cim 0.630cm .0305cm

1.240¢ cm i 22S cm
* 0

0930 cm 0.625 cm L 230 m 0.300 cm

Figure 5.9. The dimensions of the two borated aluminum step wedges.

The borated aluminum pieces were checked for iGB uniformity with neutron radiography

technique. Figure 5.10 shows an image of piece A obtained from a CCD camera with the

UVAR's neutron radiography facility. Though limited by field of view and the neutron

flux, three of the four steps can be easily seen' The distribution of boron is fairly

homogeneous. Additional radiography images using a real-time neutron camera

confirmed the uniformity of both plates. The wet chemical analysis from Eagle-Picher

Boron.on this sample reported the weight ratio of boron is 0.637*0.022%. 4be maximum

and minimum value of the weight ratio arc 0.697% and 0.596%, respectively. The

theoretical 'GB area] density of each step can be calculated byEq. 3.1, where W- 0.637%.

The transmission coefficients of borated aluminum and zirconium diboride with
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aluminum are plotted in Figure 5.11. As known from previous experience, the

experimental error of wet chemical analysis is about *20%. The two series matched each

otherwell in this errorrange.

Figure 5.iO.: A neutron radios'copic iage of the borated aluminum-step wedge obtained
with a CCD camera. (Integration time =3000 s, Neutron flux = 3.6 x 10'
n/cmOS)

-.I-.4 '
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Figure 5.11. *A comparison of experimental results of borated aluminum and zirconium
* diboride with aluminum shim.

These two materials, borated aluminum and zirconium diboride with alumininum

shim, were in totally different chemical and physical form, the boron weight percent was

different, the '0B enrichment *as different, and aluminum exists in one material as a

separate block and the other as a constituent of the alloy. The bnly common points were

* the IDB areal density and the total thickness. With all the differences, the same neutron

attenuation property can be explained by ihe'same amount of 'RB, which provides the

major neutron removal by absorption. Neutrons are also attenuated by scattering by the

other elemnents, "B, Zr and Al. Their thermal neutron scattering cross sections are very

close, among them aluminum dominates the scattering because of the massive volume.
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The same object thickness gave about the same neutron scattering. In conclusion, it is

valid to use zirconium diboride disks with proper aluminum shims to measure the areal

density of borated aluminum. Also, no neutron streaming or channeling was observed in

borated aluminum, which is to say the effective or measured areal density of borated

aluminum is the same as its theoretically calculated areal density.

55 Comparison of BORAL and ZrB3

In order to compare the neutron attenuation ofBORAL with zirconium diboride

and borated aluminum, and to study the streaming effect of BORAL, several BORAL

plates purchased from Brooks & Perkins were collected and transmission coefficients

were measured in the UVAR's neutron transmittance beam. Information on these

BORAL plates is given in Table 5A. As seen in this table, only two plates' area]

densities were certified by the producer. In order to have a relatively large range of aral

density, the uncertified plates were also used in the experiments: Toget more data points,

some plates were stacked together to form a new thickness. Tible 5.5 lists the plate

combinatiois for the nine measurements. The effect on the neutron attenuation because

of the slight increment (-1 mm) of aluminum skins, when two or three plates were

stacked together, was assumed tobe insignificant based on the discussion in Section 5.3.
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Table 5.4. Information on the BORALplates used in neutron attenuation study.

BORAL Areal density Certified
plate (mgte1Bcm2) Number

number

1 >16.5 Not certified

2 >16.5 Not certified

3 >16.5 Not certified

4 >20 Not certified

5 >20 Not certified

32.6 SIN &03097-1

7 41.6 SIN 6-32244-2

8 . >50 Not certified

9 >50 Not certified

Table 5.5. A series of BORAL plates formed with known areal density for transmission
coefficients measurement.

. Measurement BORAL Areal density Corrected
number plate (mg'WB/cm 2) areal density

combination (mg' 0B/cm2)

. 1 >16.5 185

2 4 >20 .. 31

3 6 31.6 No correction

4 1+2 >33 * 37

. 5 144 >36.5 49.5

* 6 4+5 >40 62

7. 7 42.6 No correction

8 1+2+3 >49.5 55.5

8 >50 53
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Transmission coefficients are plotted in Figure 5.12 and compared to the results of

the series of zirconium diboride disks which were obtained earlier in Section 5.2. As

shown in Figure 5.12, the two transmission coefficients corresponding to the two known

area densityBORALplates fell on theZrB2 curve. However the datapoints from the

unknown plates and their combinations were off the ZrB2 curve, especially the

measurements involving plate 4 and 5 (ad. > 20 mg '0BIcm2). Further inspection of these

two plates showed that their physical thickness were close to that of the certified piece

which has an areal density of 31.6 mg 20Bfcr 2. Plate 4 and 5's core thickness were then

measured and their areal densities were calculated to be 3 1.O mg'Wc 2 by multiplying

ihe thickness by the core density (156 mg 10Bfcu 3), which is a nominal number from

Brooks & Perkins: Similar corrections were done on the other uncertified plates, which

showed the actual areal density of the 165 plates should be 18.5 and the 50 plates should

be 53, all in nig B/6cm 2. The transmission coefficients were replotted in Figure 5.13,

using the, corrected areal densities listed in the fourthcolumn of Table 5.5. The good

match of the transmission coefficient curves of ZrB2 and BORAL implied that when

having the same 10B areia density, tiese tWo materials have the same neutron attenuation

effect..



5-28

I *

C
4' 0.1-

E

1g 0.01

0.001
* 0

a

SORAL
-4-

4- ICertirsed plates
S

. .. ./

+ "I0

* 

4

00

* .

. . , - -

10 20 so 40

Aeal Derelty (ng B.10/c)A2
50 60 70
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Figure 5.13; A comparison of B ORAL plates with corrected area] density With ZrB2.

However, evidence from otherxesearcbers previous research 13][4][19] showed

that neutron channeling exists in BORAL and with same loading ofMB; BORAL will

give a higher transmiision than a homogentious material. But in the above experiments,

the streaming effect was not observed. It Was suspected the certified areal densities of '`B

fromBrooks& Perkins were effective areal density and the actual loading was higher.

ThI reported '°B density in the core is a constant, which can be calculated by:

Nominal 1OV areal = 0.156 Ig BIcm3. (5.10)
core thickness * I
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In order to determine the actual I' density, a piece of BORAL core was removed from a

BORAL sample. The mass of this piece was measured with a precise digital balance and

the volume was determined by measuring the displacement of water in a graduated

cylinder. The results were:

M ' 7.0378 g,

V,,,,,wd 2.70 cmn.

Then the core density is:

M,,,,,, = 7.0378 g = 2606
Pcorc ~ 2.70 CM 3  cm

Since,

PA I 2.7.1 glcm3 I PB4C = 2.51 glcm 3

Suppose the mass ratio of B4C in core is x, then,

X X PC I+ (1-X) X PA,! Pa,'

Thus,

x 0.52

PIOB = 2.6069 core xX 07828,or x 0.18 102
CM3 core B4C bbron

0.191
CM 3
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Compared to the effective 1°B loading, the actual loading is 22.3% (= 0.191- 0.156

/0.156) higher. In other words, to get an effective areal density the same as a

homogenous boron absorber, 22.3% more "0B has tobe loaded in BORAL because of the

streaming reduction among boron carbide chunks. This confirmed the experimental

results of Wells 14], who indicated that a 25% boron content deduction should be taken.

into account for B ORAL.

MCNP simulation of BORALwas also attempted. The model using the uni-sized

sphere discussed in Chapter 4 gave too much transmission. This can be explained by the

lack of randomness in B.4C particle size, shape and arrangement. Another model was also

based on the repeated structure. The difference was multiple sizes of spheres were

randomly put into one unit cubic cell. Then this cell was repeated in the BORAL core

region. However, there was no dramatic improvement in the results, and the transmission

ratio was still too high. The problem with this model is even though there is some

randomness in the unit cell, every layer of the core still had the same structure since-by

repeating that cell, the adjacent.layers were not statistically independent. To avoid the

statistical dependence of adjacent layers, the repeated structure feature of MCNP cannot.

be used. Another thought-of first distributing multiple sizes of micron-scale spheres

randomly in a centimeter-scale region and then feeding their coordinates to MCNP was

unrealistic because of the huge size of the input file. Since MCNP cannot-handle randoni

geometry, new techniquesand more powerful tools need to be developed to conduct this

type of simulation.
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CHAFTER 6

SUMMARY, CONCLUSIONS AND FUTURE WORK

6.1. Summary and Conclusions

The initial research goals for this thesis as listed in Chapter 1 were:

1) to study the neutron attenuation properties of zirconium diboride, borated

aluminum and BORAL and to investigate the streaming properties of B ORAL and

borated aluminum,

2) to verify the method of using ZrB2 disks with aluminum shimis to measure the

areal densities of borated aluminum samples,

3) to determine the energy spectrum of UVAR polyenergetic neutron

transmittance beam.

MCNP was demonstrated to be appropriate to model the neutron gauging system,

which consists of the neutron beam, the test object and the detector. The neutron

attenuation properties in monoenergeticbeam and polyenergeticbeam of three different

boron containing materials, namely zircolnum diboride; borated aluminum and BORAL,

were studied. Data was obtained from both experiments and Monte Carlo simulations.

Zirconiumr diboride is an atomic scale chemical compound whichhas a uniform

distribution of "RB. Its theoretical "93 areal density is the same as its measured areal

density. Borited aluminum is an alloy with boron distributed in aluminum in which the

boron is highly enriched in lB. Experiments and MCNP simulations showed that it has
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the same neutron attenuation property as zirconium diboride with an aluminum shim.

Therefore, borated aluminum with a uniform distribution of 10B can be treated as an

atomic scale mixture of boron atoms and aluminum atoms. The actual 1B areal density

can be calculated directly from the physical loading of "9B. This study showed that

BORAL has the same attenuation coefficient as zirconium diboride when the effective 3'3

areal density is used for BORAL. In other words, to get the same attenuation property for

BORAL plate as a homogeneous material, about 22% more IOB needs to be loaded. This

attenuation reduction result agreed with previous researchers' experimental results and

mathematical models.

The effectiveness of using ZrB2 disks to measure the areal density of borated

aluminum samples at UVa was verified since borated aluminum and zirconium diboride

with proper thickness of aluminum shim showed the same neutron attenuation properties.

Neutron attenuation for a monoenergetic and monodirectional beam follows

exponential attenuation rule. In a polyeniretic beani, non-exponential attenuation was

observed By using non-linear least squares method, an approximation of the UVAR's

nieutron tranimittahce beam energy s trum was obtained. Although the obtained

spectrum is not determiied as the true spectrum of neutron beam, it can be used

effectively in the study of neutron attenuation properties for materials with areal densities

greater than 8 mug 10B/c60.



6-3

62. Future Work.

A few suggestions of future work on this topic can be made as:

Refine the model of the BORAL core. Boron carbide particles with various size and

shape distribute randomly in the aluminum matrix. New techniques need to be developed

to describe this structure closely. Since MCNP cannot correctly handle random geometry

probleni, a more powerful Monte Carlo code is necessary for the studying of neutron

attenuation property of BORAL and BORAL like materials.

The non-linear least squares method could give a closer energy spectrum

approximation, if some thinner ZrB2 disks (ad.< 8 mg "BIcm2) can be made and their

transmission coefficients are added to the current experimental curve (Figure 5.2).

* To have a better picture of the energy spectrum of the neutron tradsmittance beam,

MCNP simulations on the wholeUVAR core and the beamport layout are necessary..

This will b ia mie consuming job, but it can be done.
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APPENDIX I

This appendix contains two sections. The first section is a complete sample input

deck of MCNP. nput decks for other simulations are constructed based 6n this input file.

Section 2 is a sample LoadLeveler script file used to submit MCNP job to SP2.

A.1.1 A Sample MCNP Input Deck for the Modeling of ZrBl In a Monoenergetic
Beam

Determination of neutr~on transmission coefficient
c ******************* *************************************
c ZrB2 Disk No.3, use monoenergetic neutron beam of MI(0.06eV)
C ****** Object Cell Volume Definitions ******
1 1 -5.7334 1 -2 -3 $ ZrB2 disk region, density
2 2 -2.7000 3 -2 -4 $ Al shim
3 0 4 -5 -6 i
4 0 11:12:13 $ outer region

C
1
2
3
4
5
6

***** object Surface Definitions
py 0 . * $ source plane,lst surface of disk
cy 2.539 $ cylindrical surface, radius
py 0.01448 $ 2nd surface of disk, 1st surface of Al
py 0.54948 $ 2nd surface of Al
cy 0.5642
py 0.55948

Material Definitions .
ml 40000.50c -0.81410 $ Zr

5010.50C -0.10232 $ B-i0, enrichment 0.5504
5011.55c -0.08358 $ B-ll *

mZ * 13027.50c 1
c ****** Problem run mode'
mode n
C * Source characteristics
C t uniformly dictributed monoenergetic(O.06eV) disk source *
sdef pos=O 0 0 surcl rad=dl dir=l erg=6e-8 vec=O 1 0
sil 0.5642 $ 1 cm2, radius.
c ****** Tally card, count number of transmitted neutrons *
fl:n 6
c ****** Cell importances ****
iMp:n I 1l.
eO le-ll le-10 le-9 le-8 le-7 le-6 le-5 le-4 le-3 le-2 .1 1 2
c ****** Number of particles *
nps 1000000
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A.1.2. A Sample Script Command File for Submitting Jobs to SP2

1 9 environment = 'LL_70OB=TRUE
1 9 initialdir = /home/jg6e/mcnp/sBmples
P 9 error werror.$(Cluster)
1 a output voutput.$(Cluster)
1 9 class = medium
I 9 jobtype = serial
i 9 notify.user ujg6egvirginia.edu
1 9 notification = always
4 9 queue

… _____________________________________________________-_____________.
set echo
date
incnp n=zO3mo
echo job done
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APPENDIX II

This appendix contains the code listing of the curve fitting program, which was

written in C It was designed to fit the experimental transmission coefficients data with

multiple exponential functions. The non-linear least squares fitting algorithms were used

for this purpose.

A.2M1. The CurvelnttlngProgram

*include cstdio.h>
{include <stdlib.h>
#include <cath.h>
#include cmalloc.h>

Declarations of function prototype
oi

void gridIst);
void gradist);
double fchisqO);
double functn();

1e
t Main function in charge of input, output and calling fitting *

functions.

Main)

double .*X, *Y. *simaY;
int nPts, nTerms, mode;
double *A, *deltaA, *sigmaA;
double *Yfit;
double chiSgr;

double chi;
double e;
int count;
int i;
FILE *inF,

inF fopent *data.dat', IV);

fscanf(inF, "%d %d %do, &nPts, &nTernms, &modej;
X= calloc (nPts, sizeof(double));
Y= callocnpts, sizeof (double));
Yfit = calloc(nPts, sizeof(double));
sigrnaY = calloc(nPts, sizeof(double))
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A - calloc(nTerms, sizeof(double));
deltaA = calloc(nTerms, sizeof(double));
sigmaA = dalloc(nTerms, sizeof(double));
for(i=O;icnTermsri++)
fscanf(inF, "%lf %lfO, &AMii, &deltaA[iJ);

for(iD=:i<nPts;1++)
fscanf(inF, ^%If %lf %lf^, &xii, &Yti3, &sigmaY[in);

for(i-O;icnPts;i++)
printf(tf %f\ne, X[i],Y[i3);

e=0.00000001;
count=0;
chimlOo:

while(1)(
count++;.
printf(ld ',count);
grmdls(X,Y,sigmaY, nPts, nTerms, mode, A, deltaA, sigmaA,

Yfit, &chiSqr);
*printf(f%lf tlf\n', chi, chiSqr);
if( (fabs(chiSqr-chi)/chi < e )11 count>2500 ) break;
chiechiSqr;
if(chi==O) chizO.ODOODl;

I

for(i=O;i<nTerms;i++)
printf(%f\n", Ali]);

for(i=O;i-EnPts;i++)
printf (%f %f\nfl, Xlil, Yfitli]);
fclose(inF);

J

* Fitting routine using grid-search with modificationg frbm Mevington
*1

void griaps( double XI], doubleX.Y[, double sigmaY[],..,
int nPts, int nTerms, int mode, .
double Al), double deltaAt3. double sigmaA[],
double Yfitll, double *chisqr)

int nFree;
int free;
int i;j;:
double chiSql, chiSq2, chiSq3;
double fn,save;
double delta;-
int flag;

nFree = nits - nTerms;
free = nFree;
*chiSqr = 0.0;
if(nFree <c 0) return;
for ( j=O: j<nTerms; j++) I
E*

* Evaluate chi square at first two search points.
*1.
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for ( ito; i<nPts; I++)
Ytittil-=-functn(X, I, A);

chiSql = fchisq( Y, sigmaY, nPts, nFree, mode,
fn = 0.0;
delta = deltaA[Jl;
flag = 0O
while(lflag) (

Afjl+=delta;
for (i=0; i<nPts; i++)

Yfitfil J functn(X, i, A);
chiSq2 - fchisq( Y, sigmaY, nPts, nFree, mod
if(chiSql < chiSq2)
flag - -1;

else if (chiSql > chiSq2)
flag = 1;

Yfit);

e, Yfit);

*-Reverse direction of search if
*/

if ( flag -1) (
delta -delta;
Alj]=+delta;
for(i=D; i<nPts; i++)

YfitMiI = functn(X,i, A);
save = chiSql;
chiSql= chiSq2:
chiSq2 = save;

}

chi square is increasing.

* Increment AMi until chi square increases.
*J

flag = 0;
while~lflag)(

fn++;.
A[J 4.=delta;
for(i=D; icnPts; $++)
Yfittil = functn ( X, i, A);

.. chiSq3 = fchisq( Y. sigmaY, nPts, nFree, mode, Yfit):
if(chiSq3 < chiSq2){

chiSql= chiSq2;
chiSq2 chiSq3;

3) .
else flag =1;

* Find minimum of parabola defined by last three points..

delta *= (1.0/ ( 1.0 * (chiSql - chiSq2)/(chisq3-- chiSq2)) +O.S);
AMj-=delta;.
sigmaAjl = deltaA[j)* sqrt(2.0/(free *(chiSq3- 2*chisq2 +

chiSql)));
deltaAIJ] = deltaAljl* fnl3.0;

* evalute fit and chi square for final parameters.
*1*
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for li =D;isnPts;i++)
Yfit[i] - functn(.X, i, A);

*chigqr = fchisq( Y. sigMaY, nPtS, nFree, mode, Yfit);
return;

)

/*
* Fitting routine using gradient-search with modifications from
* Bevington.
*/

void gradls( double Xi], double Yll, double sigmaY[],
int nPts, int nTerms, int mode,
double All, double deltaA[3, double sigmaA[l,
double Yfitil, double *chiSqr)

int nFree;
int free;
int i, j;
double chiSql, chiSq2, chiSq3;
double fn,save;
double.delta;
double sum;
int flag;
double *grad;

grad= calloc(nTerms, sizeof(double));

nFree = nPts - nTerms;
free = n~ree;
*chisqr = 0.0;
if(nFree c= 0) return;
for(i=0;i<nPts;i++)
Yfit[il = functn (X, i, A);

chiSql - fchisq( Y, sigmaY, nPts, nFree, mode, Yfit);

* Evaluate-gradieuit of chi square

sum= 0;;
for (j =0; jcnTerms; j+4) (
delta = 0.1 * deltaA[jl;
A[j] t- delta;

* for(i-= 0; icnPts;.i++)
Yfit(i] = functn(X, i, A);

AIJ] -= delta;
* grad[j] = chiSql - fchisq( Y; sigmaY, nPts, nFree, mode; Yfit);-

sum+= gradlj]*gradl[j;

for (j=0;J<nTerms;j++)
gradljl)= deltiA[j]* gradjlI/sqrtjsum);

/*
* Evaluate chi square at new point.
*/
flag=D; ..
.whlle Olflag){

for(j=O;j.~nTerms; j++)
Ajj]+=gradlj];

* for(i=O;i<nPts; i+4)
Yfitti3= functn(X, i, A7)
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chisq2 fchisq( Y, sigmaY, nPts, nrree, mode, Yfit);

* Make sure chi square decreases.
'1

if(chiSql<=chiSq2) {
for(J=O;jcnTerms;j++)(

AtjJ-=grad[j]~
gradljl/=2.0;

else' flag=1;

1'
* Increment parameters until chi square starts to increase.

flag 0;
vhile(Iflag)C

for(j=0;JcnTerms;j++)
Ajl]+=gradjj];

for(i=0;i<nPts;i++)
Yfitti) = functn(X, i, A);

chiSq3 = fchisq( Y, sigmaY, nPts, nFree, mode,.Yfit);
if(chiSq3<chiSq2)(

chiSqlgchiSq2;
chiSq2ichiSq3;

else flag 1;

" Find minimum of parabola defined by last three points.
*/

delta = 1.0/ ( 1.0 + (chiSql - ch1Sq2)/(chiSq3
for(j=O;jcnTerms;j++)
X1i1 -. x delta*grad[j];

for(i=O;icnPts;i++)
Yfitti] = functn(X, i, A);

*chisqr= fchisq( Y, sigmaY, nPts, nFree, mode,
If(cliisq2 < *chiSqr){

* for(J=:jO<nTerms;j++)
AIDl+= (delta-1.0)*giadljj;

for(i=0;i<nPts;i++)
.. YfitI - functn(X, i, A).'

*chisqr = chiSq2;

return;
.

- chiSq2)) +0.5;

Yfit);

/*.
* Evaluate reduced chi square for fit to data.
*l

double fchisq( double Y[], double sigmaYt],
int nPts, int nFree, int mode,
double Yfit(l)

double chiSq;

.
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double weight;
int free; .
int i;

chisq 0.;
if(nFree<=0)
return O;

1*
* Accumulate chi sCuare
*/

for( iwO; icnPts; i++) 1
if(mode < 0) {
if(Y[i]cO)
weight = 1.0 / (-Y[ij);
else if ( Y[i] -0)
weight = 1.0;
else weight 1.0/ Yll];

else if(mode = 0) {
weight 1.0;
3
else if(mode >0) (
*weight = 1.0 / (sigmaY[i]* sigmaY[iJ);

chiSq+= weight *(Yfil - Yfit[i3) *(Y[j] - YfitDi]);
I

Divide by number of degrees of freedom

free =nFree;
return chiSq/free;

f*
** Fitting function form.

*1

doubie functn( double X[), lnt i, double AN])

return AIO3*exp(-96.4*XliJ)+ A[1)*exp(-31*Xti])+ A[2]*exp(-20*X~i3)
+ (I - A[OJ - At[1]-- A121) * exp(-LO*Xi]));

}
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Jim,

Here is the revised figure for the Boral comparison. Min-Certified values that you
provided were used in the Boral fit calculations.

Scot Leuenroth
Sleuenrothcnetcony.com
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Ms. Rebecca Karas
Project Manager
Spent Fdel Project Office
United States Nuclear Regulatory Commission
11555 Rockville Pike
Rockville, MD 20852

Subject: Summary of NAC Boral Testing Program

Reference: 1. NAC Letter QA20010095, Smith to McGinty, February 5, 2001, re: Evaluation
results for ENSA Fuel Tube Pressure Testing

2. Conference Call, Smith, Pennington & Danner to Karas. August 10, 2001, re:
ENSA Fuel Tube Boral Blisters

3. NAC Letter QA20010537, Smith to Karas, September 7, 2001, re: Boral
Deformation (Blistering)

4. Conference Call, Thompson to Karas, February 21, 2002, re: NAC Boral Test
Piogram

5. Conference Call, Thompson to Kmas, March 8, 2002, re: NAC Boral Testing
Report

Dear Ms. Karas:

In accordance with the Reference 5 conference call discussions, NAC International (NAC) herewith
submits a non-proprietary summary report, "Evaluation of the Structural Fitness of Boral for Use in
NAC Spent Fuel Canisters," on the Boral testing recently completed by NAC.

Also, please note that NAC moved its corporate offices in mid-February. The new address is:

NAC International
3930 East Jones Bridge Road
Norcross, GA 30092

Please contact me if you have any questions or require any additional information.

Sincerely,

Thomas C. Thompson
Director, licensing
Engineering & Product Development

Enclosure

ED20020142
ATLANTA Mil WAllt;ri'. Y M kx& Ztxwrio Lt.vei Txtso Mosrci11 BO.STON SAN ft)'s AwKtN



V I, -, ..:" 1, .

Evaluation of the
Structural Fitness of BoraxI

for Use in
NAC Spent Fuel Canisters

March 2002

A

AS A



Evaluation of the Structural Fitness of Boraim for Use in NAC Spent Fuel Canistcrs

NAC International (NAQ) has recently completed a comprehensive testing program to evaluate the
structural fitness of Boralmi for use in NAC's PWR spent fuel storage and transportation canisters.
The testing program included nine separate tests that represented, or exceeded, the maximum design
basis conditions that the BoralP will experience during actual canister operations. Based on the
test results, NAC has concluded that BoraP" is structurally stable and will perform its function as a
neutron absorber under all canister operating conditions.

Boralm is manufactured and supplied by AAR Cargo Systems of Livonia, Michigan. Boralw' is a
composite laminate material that is used as a neutron absorber for criticality control in NAC's spent
fuel dual-purpose canisters and spent fuel transportation casks. Tbe outer layers (cladding) of
BoralP are series 1100 aluminum, which enclose a core mixture of series 1100 aluminum powder
and B4C powder.

The NAC BoralTP testing program was initiated as a result of "blistering" that occurred on Boraln'
sheets used in the Dual-Purpose Trillo (DPT) cask fabricated by NAC's licensee in Spain, Equipos
Nucleares, S.A. (ENSA), for its customer, Empresa Nacional de Residuos Radiactivos, S.A.
(ENRESA). The blisters arc deformations of the outeraluminum cladding. ENSA reported to NAC
in August 2001 that blisters were found on several BoralTh( sheets after performing acceptance tests
for the first DPT cask. At a later date, ENSA disassembled all of the fuel tubes and determined that
blisters were present on a total of 11 sheets, which were located in 10 different fuel tubes.

The testing sequence performed by ENSA included the following test conditions and operational
steps:

Hydrostatic Tests

The cask with basket was pressurized at 18 psig for a period of 40 minutes; atmospheric pressure
for 12 hours; pressurized to 131 psig for 10 minutes; then reduced to 101 psig for 30 minutes.

Dryine
After the hydrostatic tests were completed, the cask was opened and the basket was taken out of the
cask to dry. Accessible areas of the basket assembly were manually dried using dry cloth. The
basket was exposed to natural air drying for six days prior to vacuum drying.

Vacuum Drving

The basket was replaced in the cask, and the cask was vacuum dried for 24 hours at ambient
temperature. Following the 24 hours of vacuum drying, a vacuum of 11 rnbar was held for 10
minutes with no pressure increase.
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Thermal Test

Twenty-one heaters with a heat output of 1.285 kW each (total heat output of 27 kW) were used to
heat the cask. The duration of the heat-up was 44 hours. The temperature was measured by
two thermocouples located in two fuel tubes near the center of the basket, approximately halfway
down the tube length. The Maximum temperature, measured at the center of the basket, at
completion of the thermal test was 4380 F.

The blisters were the result of pressure in the BoralT " core. ENSA initially postulated that the
blisters were caused by hydrogen generated by a chemical or galvanic reaction. NAC's theory was
that water was forced into the relatively porous Boralim core during the high-pressure hydrostatic
tests, and the water flashed to steam during the thermal test. After conducting independent testing
programs, both ENSA and NAC now believe the blisters were caused by steam pressure. The steam
most likely resulted from localized high heat-up rates.

In response to the blistering occurrence at ENSA, NAC initiated a comprehensive test program to
assess the structural fitness of Boral"' for its function as a neutron absorber in NAC's spent fuel
storagel/ransportation canisters. Note that the BorallT used in the DPT cask is thicker than the
Boralmt used in the NAC-MPC and NAC-UMS0 PWR canisters (0.10 inch for the DPT cask, 0.075
inch for the MPUMSO), and the DPT acceptance test parameters were much different from the
conditions that BoralTm Vwill be exposed to during NAC spent fuel canister operations. Since NAC
was fabricating and delivering canisters to its customers, this NAC Boralm testing program was
designed specifically to evaluate and qualify BoralP for use in the NAC-MPC and NAC-UMSO
PWR canisters. The testing program simulated the operating environments, with conservative
margins, that BoraPT will experience during actual canister loading and closure operations for NAC
spent fuel canisters.

NAC's Project Plan for the evaluation defined the objectives for the testing program as:

- Identify any physical changes in BoralTm sheets when subjected to the conditions experienced in
the operations and testing of spent fuel storage/transportation canisters.

- Determine if the conditions typically experienced in loading, pressure testing and drying a spent
fuel canister could lead to blistering, deformation, delamination or other changes that could
reduce the functional effectiveness of the BoralT" sheets used in the NAC-MPC or NAC-UMSO
systems.

- Obtain results and backup data to support NAC's evaluation of the structural fitness of Boral"
to perform its intended function.

The NAC testing program was designed to determine if BoralP' is structurally capable of
withstanding the environmental conditions inside an NAC PWR spent fuel canister. The most
severe conditions occur while the fuel is being loaded in the canister in the spent fuel pool and
during the canister closure, draining and drying operations. These conditions include: water
pressure during fuel loading (for a 40-foot deep pool, the water pressure at the bottom is 17.3 psig);
the hydrostatic pressure test of the shield lid weld of 21 psig; and the heat-up of the
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Boralsm after the water is drained from the canister and the canister is vacuum dried (maximum of
30'F/hr for design basis fuel of 23 kWlcanister). The tests were designed to simulate the design
basis limits as described in the applicable NAC-MPC and NAC-UMSO Final Safety Analysis
Reports (FSARs). Significant margins were added to the test values to assure conservatism. The
conditions that occur during the fuel loading and canister closure operations were evaluated and
were found to bound any other conditions during normal interim storage at the ISFSI or during
normal transport conditions.

The testing program was implemented in three phases:

Phase I - Engineering Tests

Seven engineering tests were performed. The test samples included bare BoraIW sheet segments
(approximately 8 inches x 8 inches) and BoralTI enclosed in stainless steel "panels." The panel is a
mock-up of a fuel tube wall, fabricated in a manner similar to the NAC fuel tube design for Yankee
Rowe and Connecticut Yankee (continuous weld around the sheath with clipped comers). 'These
tests were performed to establish test parameters and procedures for the later Quality Assurance
(QA ) Program-compliant tests and to develop benchmark data to verify the reasonableness of the
QA test results. The samples used in the engineering tests included BoralTm material with different
characteristics, such as passivated samples and samples with different thicknesses and different
boron areal densities. The tests focused on the specific BoralT thickness that is used in NAC PWR
canisters, although two of the engineering tests included samples of the thicker ENSA BoragI
sheets. The tests showed that BoralP1 absorbs water when subjected to hydrostatic pressure, but all
of the water escapes when the BoralP is heated at the maximum design heat-up rate. None of the
engineering tests, including tests at heat-up rates significantly higher than the maximum design
basis, caused blisters or other deformation in the bare samples or enclosed Boralm sheets.

Note that the engineering tests were considered informational and were not required to meet all
NAC Quality Procedure requirements. However, each Phase 1 test was governed by an NAC
prepared test procedure and was performed in accordance with the QA program of the testing
organization.

Phase 2- QA Compliant Tcsts otBoralo Sheet Samples

The Phase 2 testing was the data verification step. Four BoralP'" samples, approximately 8 inches x
8 inches, were used. The test parameters and sequence were similar to Phase I tests. The purpose of
the Phase 2 tests was to verify the performance data of Borage in a QA compliant test. The samples
were taken from the working inventory of material used in the Maine Yankee project (a standard
NAC-UMSO PWR design). TLis material is similar to the BoraT"' that will be used in the NAC--
MPC canister projects (Yankee Rowe and Connecticut Yankee). The Phase 2 tests were performed
at greater-than-design-basis hydrostatic pressure and heat-up rates. No blisters or other deformation
occurred in the Phase.2 samples. The Phase 2 tests verified the data compiled in the engineering
tests and confirmed the structural integrity of BoralTm in canister operating conditions.
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Phase 3 - QA Compliant Test of an Enclosed BoralP Sheet

The Phase 3 test was the acceptance test of the structural performance of Boralw' in the most
conservative NAC PWR fuel tube design configuration. The fabricated panel represents the side of
a fuel tube. The panel was made bf a BoralP sheet, approximately 42 inches long, enclosed in a
stainless steel sheath. The sheath is identical to the cover sheath used in the fuel tube. The sheath is
continuously welded to a backing plate (the backing plate is thicker than a fuel tube wall for
stability and case of handling) and has clipped corners, proportionately sized, that model the design
of the Yankee Rowe and Connecticut Yankee NAC-MPC fuel tubes. Testing of the continuously
welded sheath is considered to envelop the NAC-UMSO stitch weld design, since the continuous
weld is more restrictive of water/steam flow and potentially could have a higher backlprssure
within the sheath.

NAC analyzed the effect of the cover sheath on the ability of watcr/steam to escape from the
BoraIT" in the fuel tube configuration in NAC Calculation EC 455-9564, "Boral Blister
Investigation -Technical Justification of Scale Model Test Specimen.' The calculation analyzed
the pressure increase resulting from vaporization of the trapped water in the BoraP' and the
stainless steel cover sheath and concluded that the cover sheath does not restrict the flow of water
from the enclosed Bora]" sheet in a fuel tube. The vaporization pressure poses no threat to the
integrity of the BoralT?" or the fuel tube structure. The calculation also provides the justification of
using a scale model section to approximate the performance of the fuel tube design.

The conclusion of Calculation EC 455-9564 was verified by the results of two separate engineering
tests using enclosed BoralTh- (in two different ovens, one under a vacuum), as well as the Phase 3
QA test. After the first panel engineering test, the cover sheath was removed and the Bora]Tm sheet
was visually examined. There were no blisters or other deformation the BoriTm: The second panel
tested in an engineering test was kept intact to show the sheath condition after testing (no damage or
deformation). The Phase 3 test, performed in accordance with the applicable provisions of NAC's
QA program, was the acceptance test for the NAC-MPC/UMSO fuel tube design. The cover sheath
on the Phase 3 panel was removed and the Boral"IT sheet was visually examined. There were no
blisters or other deformation to the BoraIWM.

The results of the extensive testing program performed by NAC demonstrate that BoralP is
structurally stable under the conditions that the BoralTm will experience during NAC canister
operations. Tests at values well above the maximum operating values confirmed that adequate
material performance margins exist.
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REPORT SUMMARY

BORALTm - a boron carbide/aluminum composite material - has been used widely for reactivity
control in nuclear fuel storage racks as well as in storage and transportation casks. Previous EPRI
testing has shown that BORAL can develop blisters under certain conditions representative of
cask loading and vacuum drying. The present project has confirmed the conclusions of the
previous tests and has led to identification of a mechanism for blister formation.

Background
Screening tests were performed and documented in EPRI report 1008441. These tests have
identified core porosity and the number of wetting and drying cycles as two key factors that
determine whether BORAL will develop blisters under conditions typical of cask loading and
subsequent vacuum drying. Based largely on these findings, AAR Manufacturing, the
manufacturer of BORAL, has instituted process controls and improvements intended to produce
an improved blister-resistant BORAL product.

Objectives
* To test the "improved," blister-resistant BORAL product under simulated multi-purpose

canister (MPC) wetting/vacuum drying conditions for many cycles.

* To conduct tests on BORAL from production lots that are blister prone and blister resistant in
order to investigate internal water distribution and how such distribution relates to blister
formation.

Approach
Investigators pursued the first objective by testing a series of AAR-supplied BORAL coupons
produced under the improved production process. In all, they tested eight coupons of improved
BORAL in both demineralized water and boric acid through seven wetting/drying cycles. The
effects of dry passivation prior to testing were also investigated. Dry passivation is defined as
bringing the coupons to 10000F over a 4-hr period followed by a 4-hr hold at 10000F. Since
aluminum oxidation increases with temperature, investigators surmised that dry passivation
might increase the extent of oxidation on the exposed surfaces of aluminum in the core.
Investigators pursued the second objective through side-by-side testing of blister-resistant and
blister-prone material. The blister-resistant material was from the same production lot as tested
above. The source of the blister-prone material was the same as the material tested under Phase I
of the previous test series.

Results
The "improved" BORAL exhibited superior blister resistance when compared with BORAL
tested previously. One coupon developed a small blister in the fifth cycle that grew to a much
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larger blister in the sixth cycle. Destructive examination revealed through-clad corrosion pits at
the location of the primary blister. It appears the pits provided a pathway for water ingress during
the fifth wetting cycle that caused a small primary blister to form during vacuum drying. During
wetting in the sixth cycle, a larger volume of water entered the primary blister, which caused a
much larger secondary blister during Cycle 6 drying.

Destructive examination of other blisters from previous tests revealed similar through-clad
corrosion pits and/or clad penetrations from mechanical impact at the site of primary blisters.
Thus, a mechanism for possible blister formation, even in improved BORAL, has been identified
in which water enters the core region through a corrosion clad breach. The corrosion pits appear
to form on the surface of BORAL, where residual contamination from the production process has
not been thoroughly removed. This result highlights the need for thorough cleaning of the
BORAL sheets after production and maintaining a high state of cleanliness during the cask or
rack assembly process.

The importance of producing BORAL with controlled open porosity has been confirmed by
these tests. The improved BORAL exhibited greater water ingress during wetting which, it is
presumed, also facilitates water egress during vacuum drying, thereby avoiding blister formation.
Dry passivation, the process of heating the B ORAL to 10000F for four hours in air prior to
testing, appears to promote greater open porosity in the BORAL core.

EPRI Perspective
Preventing criticality during the storage and transportation of spent fuel has always been a
paramount criterion for cask designers. Boral has played an important role in achieving criticality
control in pools and casks for more than 20 years. Dry spent fuel storage, however, with its
required vacuum drying conditions has introduced new demands on the material. Accordingly, it
is important to understand and control the technology, such that there is a high confidence level
that blister formation will be avoided in this more strenuous service.

This report completes the second part of the EPRI testing program, which has been designed to
examine conditions that can lead to blistering. While there remain some unanswered questions,
the state of the technology is now believed to be such that the role of the fundamental variables is
reasonably well understood and the necessary manufacturing controls have been defined. With
this knowledge in hand, it is expected that the blistering problems with Boral can essentially be
avoided and that Boral can continue to be confidently used as a highly reliable and effective
neutron poison material.

Keywords
BORAL
BORAL Blistering
Criticality Control
Spent Fuel Storage Casks
Multi-Purpose Canisters
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1
INTRODUCTION

BORALTm is a boron carbide aluminum composite material manufactured by AAR
Manufacturing Group, Inc. (AAR). It is a material that has been widely used for criticality
control in storage racks as well as in storage and transportation casks for nuclear fuel. In these
applications it is typically used in plate form with approximate dimensions of 5 to 8 inches
in width, 12 feet in length and up to 0.125 inches in thickness. The plates of BORAL are
housed in the walls of storage cells in either fuel racks or cask baskets to control the reactivity
of the stored fuel.

The plates of BORAL are formed by sequentially hot rolling an ingot to final gage and by
trimming to final size with a shear. The ingot is prepared by filling a short extruded square
section of 1100 alloy aluminum tube with a homogeneous mixture of aluminum powder and
boron carbide. Before filling with the mixture, a bottom cover is welded to the square section.
After filling, a top cover plate is welded in place. The ingots are heated to a temperature below
the melting point of aluminum in an air atmosphere in an oven. When the ingots have achieved
temperature, they are hot rolled to final gage via several successive rolling passes. Typically two
or three finished plates of BORAL are cut from the final rolled ingot.

In its final form, a BORAL plate consists of a core material comprised of boron carbide
in an 1100 aluminum matrix with a cladding of 1100 aluminum on each flat face as shown
in Figure 1-1. The cladding is typically 0.010-0.015 inch thick. The core region is not 100%
of theoretical density but contains varying degrees of porosity. Historically, BORAL has been
observed to have between 1% and 8% porosity in the core region. Currently, AAR produces
BORAL with a core porosity toward the higher end of this range.

When BORAL is used for reactivity control in multi-purpose canisters (MPCs) for cask storage,
it is exposed to the spent fuel pool water during canister loading. Subsequently, it is subjected to
heating and vacuum drying prior to backfill of the MPC with helium. In EPRI-sponsored tests to
simulate this wetting/vacuum drying cycle, BORAL from some production lots have observed to
form relatively large blisters in the aluminum cladding [1]. BORAL from another production lot
was observed to be blister resistant after wetting in boric acid solution. This blister resistant
material was not tested in demineralized water.

Since the time of these initial tests, AAR has instituted some process changes and controls
that are believed to improve blister resistance [2]. The most important change involves longer
heating of the ingots at a higher heating temperature prior to rolling. The tests described in the
subsequent sections of this report build upon the previous EPRI test data reported EPRI in
Report 1008441. AAR provided some of the material and partial funding for this test program.
The objectives of the present test campaign are:
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Introduction

1. To test the "improved" BORAL product under simulated MPC wetting/vacuum drying
conditions for many cycles.

2. To conduct tests on BORAL from production lots that are blister prone and blister resistant to
investigate internal water distribution and how such distribution relates to blister formation.

The first of these objectives was pursued by testing a series of AAR supplied BORAL coupons
produced under the improved production process. Wetting was carried out in both demineralized
and boric acid. The effects of dry passivation in NETCO's laboratory prior to testing were also
investigated. Dry passivation is defined as bringing the coupons to 10000F over a 4 hour period
followed by a 4 hour hold at 10000 F. Since aluminum oxidation increases with temperature, dry
passivation may increase the extent of oxidation on the exposed surfaces of aluminum in the
core.

The second objective was pursued by side by side testing of blister resistant and blister prone
material. The blister resistant material was from the same production lot as tested above.
The source of the blister prone material was the same as the material tested under Phase 1 of the
previous test series [1].

' 1- : ' :' ' I ; - --:r. - -- : - - -- ; -

I

I ltIt't1WrLLA1vv 1; , W;>ra* _ .* ; j

. CLAD 1I1O00AI':.-:-:--: 110 IOAl -B 4C CORE-' '

Figure 1-1
BORALT Boron Carbide/Aluminum Composite

(Source: AAR Corporation)
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2
BORAL TEST MATRIX, TEST EQUIPMENT AND TEST
CONDITIONS

2.1 Series 1 Tests

In the first series of tests BORAL coupons from AAR production lot YK320ABC-N-M were
tested. These coupons were furnished full width (- 8 inches), nominally 0.075 inches thick and
were 16" long when received by NETCO. Prior to testing each coupon was trimmed to a length
of 12 inches to accommodate the wetting vessels.

The test matrix for the Series 1 tests is shown in Table 2-1. Half of the coupons were subjected
to dry passivation prior to testing. It is noted in Table 2-1 that coupons were prepared from
4 panels of BORAL identified as YK320356-2, YK320412-1, YK320412-2 and YK320578-1.
It is also noted that 2 of the panels, YK320412-1 and YK320412-2, were rolled from the same
ingot. The rational for selecting the coupons for dry passivation prior to testing was as follows:
Two coupons from each panel were selected for pre-test passivation and two panels were
selected for testing in the non-passivated state. Of each pair of coupons from each panel, one
coupon was tested in demin water and one was tested in 2500 ppm boric acid. In this manner,
the potential for variations from panel to panel and from ingot to ingot could be assessed.

Table 2-1
Series 1 Tests: Test Matrix and Coupon IDs

Coupon ID Passivated* Demin Water Boric Acid

YK320356-2-1 Y
YK320356-2-2 Y
YK320356-2-3 Y Y
YK320356-2-4 Y Y
YK320412-1-1 Y
YK320412-1-2 Y
YK320412-1-3 Y Y
YK320412-1-4 Y Y
YK320412-2-1 Y

YK320412-2-2
YK320412-2-3 Y Y
YK320412-2-4 Y Y
YK320578-1 -1 Y
YK320578-1-2 Y
YK320578-1-3 Y Y
YK320578-1-4 Y Y

2-1
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Boral Test Matrix, Test Equipment and Test Conditions

The coupons were originally scheduled for testing through five wetting/drying cycles. Due to
the development of a small blister on one coupon in Cycle 5, two additional cycles were added.
The test conditions were the same as the Part I Phase 1 (Series 5) and Phase 2 tests described in
Reference [I] and shown in Table 2-2.

Table 2-2
Summary of Test Conditions Series 1 and Series 2 Tests

Wetting Test Ramp and Hydro Test Vacuum Dry

Time, Temp, 0F Press Time, End Temp, Ramp Test 2 Test, Min. Pump on, T. °F Pump Press.,
hrs psig hrs OF Press.? Press. TetOm F Time, hrs In H2 0

96 100 16 17 200 16 21.5 10 2502 550' 14 3.3

1. Ramp rates limited to 0.7'F/min or less

2. Pressure is psig

2.2 Series 2 Segmented Coupon Tests

In the second series of tests, coupons from the YK320ABC-N-M production lot were selected
as the blister resistant coupons. In this nomenclature the digits associated with ABC refer to a
particular ingot from production lot YK320. N is the plate number rolled from ingot ABC and
can be 1, 2 or 3 depending on the plate width. M refers to the coupon number cut from plate N
that was rolled from ingot ABC in production lot YK320.

Blister prone coupons were cut from BORAL panels from which coupons were prepared
and tested in Phase I, as described in Reference [1]. Table 2-3 contains the test matrix for
the Series 2 tests. Eight coupons from each production lot were prepared; half of which were
subjected to dry passivation and half were not subjected to pre-test passivation. Half of the
passivated coupons were tested in demin water and half were tested in 2500 ppm boric acid.
Similarly, half of the non-passivated coupons were tested in demineralized water and half in
boric acid. The coupons prepared from the ENSA material were 12" long, full width (- 8.0 in)
and nominally 0.100 inches thick.

In this series of tests, all of the coupons were subjected to a wetting cycle and the wet weights
of the coupons were measured. Half of the coupons (as indicated by a I in the cycle column
of Table 2-3) were then cut in twelve pieces (- 2 x 4 inches) as shown in Figure 2-1. Each of
the segmented coupons was weighed and then subject to the vacuum drying cycle shown in
Table 2-3. The other halves of the full size coupons were also vacuum dried. All coupons were
subjected to weight measurements post vacuum drying. The remaining full size coupons were
subjected to a second wetting cycle, weighed, segmented, the segments weighed, vacuum dried
and the segments reweighed.

The test equipment used for these tests is as described in Reference [1].

2-2
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Boral Test Matrix, Test Equipment and Test Conditions

Table 2-3
Test IDs and Test Matrix: Segmented Coupon Test

Abbreviated Dry Fluid2  Cycles' Coupon ID
Test ID Passivation or Panel Source

1YK Y B 1 YK 320 386-2-1 AAR

3 YK Y B 2 YK 320 523-2-1 AAR

5 YK Y P 1 YK 320 580-2-1 AAR

7YK Y P 2 YK 320 617-1-1 AAR

9YK N P 1 YK 320 356-2-5 AAR

11YK N P 2 YK 320 386-2-4 AAR

13YK N B 1 YK 320 617-1-4 AAR

15YK N B 2 YK 320 578-1-5 MR

7HE N B 1 HE89000 11-2 ENSA'

8HE N B 2 HE89000 4-2 ENSA'

9HE N P 1 HE890003-1 ENSA'

11HE Y B 1 HE890008-2 ENSA'

12HE Y B 2 HE890009-2 ENSA'

13HE Y P 1 HE890007-2 ENSA'

14HE Y P 2 HE890005-2 ENSA'

15HE N P 2 HE890003-2 ENSA'

'Virgin BORAL with mill finish and no surface oxidation
2 Fluid B - demin water P - 2500 ppm boric acid
3Number of wetting cycles prior to segmenting
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Boral Test Matrix, Test Equipment and Test Conditions

4 4" 1 4" Do1 2" 4 2" -2]
r 7 1

t
1 2

it 5 3 4
2" 6

2I' 7 8

It 9 10
2" I

___________________j12

Figure 2-1
Grid and Numbering System for Segmented Coupons

2-1



EPRI Licensed Material

3
TEST RESULTS

3.1 Series 1 Seven Cycle Tests

3.1.1 Core Porosity

Each of the sixteen coupons was weighed as received prior to testing. In each cycle, all coupons
were weighed after wetting and after vacuum drying. The difference in weight as-wetted versus
as-dried is plotted in Figures 3-1 and 3-2 for each of the seven test cycles. Each of the bars in
these figures represents the average weight change of four coupons. The weight change is
proportional to the volume of water retained in the core porosity during the wetting cycle.
To place these data in perspective, each coupon weighs about 300 gms so that a 1.0% weight
change corresponds to 3.0 grams or approximately 3 cm3 of water.

z

I- | 1'assivated
| MNonPassi;vatd I

Cycle I Cycle 2 Cycle 3 Cycle 4 Cycle 5 Cycle 6 Cycle 7
TEST CYCLE

Figure 3-1
Coupon Weight Change After Vacuum Drying (BWR Test)
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TEST CYCLE

Figure 3-2
Coupon Weight Change After Vacuum Drying (PWR Test)

The core open porosity is related to the difference between the post wetting weight and the post
vacuum drying weight by the following equation:

P%=- F V xl 00 Equation 3-1

where

Wf= weight of fluid absorbed

pf = density of fluid absorbed

F = fractional core volume of the BORAL

V = volume of the coupon

The open core porosity as calculated by Equation 3-1 is plotted in Figures 3-3 and 3-4.

With respect to Figures 3-3 and 3-4, the following was noted:

* The open porosity increases in each of the first three cycles. This may be due to a plastic
deformation of the internal porosity as the entrained water flashes to steam

* Passivation tends to increase the water uptake and presumably the open porosity

* After the fourth cycle in boric acid the open porosity appears to stabilize

* In demin water the open porosity decreases with subsequent cycles after cycle 3. This is
likely due to corrosion on the pore surfaces. After seven cycles the porosity appears to be
asymptotically approaching a constant value.
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Open Porosity versus Wetting/Drying Cycle: BWR Conditions
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Figure 3-4
Open Porosity versus Wetting Drying Cycle: PWR Conditions
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Test Results

3.1.2 Coupon Thickness Measurements

In the Phase 2 tests described in Reference [1], the thickness of the coupons were measured at
nine locations each after each of three wetting/drying cycles. After the first drying cycle all
coupons from both production batches showed a significant (up to 3.0%) increase in thickness
after the first wetting/dry cycle and a small increase after the second and third cycles. Since the
Phase 2 tests were conducted in boric acid only, the increase in thickness is not attributable to
oxidation. Rather, the thickness increase was attributed to plastic deformation of the aluminum
cores or the water entrained in the open pores flashing to steam.

Accordingly, the thickness of all coupons in the present test series after the first five wetting/
drying cycles were measured at nine locations each. Figure 3-5 shows the results for the BWR
test condition. It is believed that most of the increase in thickness is due to the development
of a heavy oxide film on all coupon surfaces. This conclusion is based on the data for the
PWR test conditions that are shown in Figure 3-6. Here the change in thickness is within the
repeatability of the measurements that is + 0.3%. No oxidation was observed on these coupons
that were exposed to the boric acid solution. The low pH conditions do not favor the formation
of oxides [1].

W

U

iA 1,50%
I.J

r-

0 1.00%

13Passivated
1° Non-Passivatedl

Cycle I Cycle 2 Cycle 3 Cycle 4 Cycle 5
TEST CYCLE

Figure 3-5
Average Change in Thickness versus Cycle: BWR Test Conditions
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Figure 3-6
Average Change In Thickness versus Cycle: PWR Test Conditions

3.1.3 Anatomy of a Blister and Destructive Examination

The Series 1 tests were originally planned to have a duration of 5 cycles. After the fifth cycle,
one coupon, YK 320412-2-2, developed a small blister. Accordingly, two additional test cycles
were completed. Figure 3-7 shows the blister that formed on the back of the coupon after cycle 5.
The coupon was run through cycle 6 with the rest of the coupons and developed a large
coincident blister on the front of the coupon that resulted in a breach of the clad (Figure 3-9).
The original blister on the back of the coupon grew substantially after drying cycle 6
(see Figure 3-8).

The clad from the blister shown in Figure 3-8 was cut away from the coupon with a high speed
Dremel cut off wheel. Figure 3-10 shows the inside of the removed clad (right side) next to the
exposed core material. It is noted that on the front side of the coupon the clad is still tightly
bonded to the core. The blister on the front is the result of deformation of both the clad and core.
The crack in the clad on the front side extends completely through the core and is visible from
the back side of the coupon as shown in Figure 3-11. Both the core material in Figure 3-11
and the clad in Figure 3-12 have a line of white deposits running across the width of the blister.
These deposits are characteristic of dried boric acid. The deposits are heavier on the clad side
than on the core side.
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Figure 3-7
Blister on Back Side of Coupon YK320412-2-2 Which Formed After Drying Cycle 5
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Figure 3-8
Blister in Figure 3-7 After Drying Cycle 6 on Back Side

3-6



EPRI Licensed Alaterial

Test Results

Figure 3-9
Blister Coincident with Blister In Figure 3-7 on Front Side

Figure 3-10
Blister on Back Side of Coupon YK320412-2-2 with Clad Removed
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Figure 3-11
Close-up of Core in Figure 3-10

Figure 3-12
Close-up of Inside of Clad in Figure 3-10
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In order to determine whether the whitish deposits extended under the clad beyond the blister,
the clad was scored at two locations with a cutoff wheel and the clad peeled back. Figure 3-13
shows that the white deposits do not extend beyond the blister affected zone.

* #- ; �,

� I
,

(*7)

� ""s-
'ii..

Figure 3-13
Core Material Beyond Blister Affected Area

The clad material on the front and back side of the blister location was examined under
magnification and four local areas on the blister front side showed clad penetrations, two
of which appeared to have been caused by mechanical impact and two by localized pitting
corrosion. One of the corrosion pits corresponded to the location of the small primary blister
that appeared after cycle 5. Figure 3-14 is a photomicrograph of the corrosion pit that measures
0.005 inches across and 0.016 inches deep. When the microscope is focused on the bottom of the
pit, boron carbide particles are visible. Based on the depth of the pit and the presence of boron
carbide, the pit clearly extends into the core of the BORAL. The other corrosion pit was of
similar size and depth. The two penetrations that were apparently caused by mechanical impacts
were somewhat larger in cross section and 0.012 inches deep.
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7. 77

~ ( ).:.a(

k 14

Figure 3-14
Corrosion Pit on Front Side of YK320412 2-2 Coincident with Primary Blister in Figure 3-7

3.2 Series 2 Segmented Coupon Tests

3.2.1 Water Retained

The results of the segmented coupon tests where the coupons were subjected to one
wetting/drying cycle are shown in Figure 3-15 and 3-16. In these figures, the water absorbed
during wvetting as a percentage of the segmented coupon dry weight is shown by segmented
location in the parent coupon from wvhich it was cut. Figure 3-15 shows the data for the blister
prone material (Lot HE). Figure 3-16 shows the data for the blister resistant material (Lot YK).
To place these data in perspective, the blister prone HE segmented coupons have a dry weight
about 36 grams each so that 1.0% weight loss during drying is about 360 mg or about 0.36 cm3

of water.

Figure 3-17 and 3-18 contain the results of the segmented coupons tests where the coupons were
subjected to two wvetting/drying cycles. Figure 3-17 is the data for the blister prone material;
Figure 3-l18 contains the data for the blister resistant material. Review of Figures 3-15 through
Figure 3-18 yields the following conclusions:

* The blister resistant material retains considerably more water than the blister prone material

* Pre-passivation increases water retained in the blister resistant material
* Pre-passivation has little effect on wvater retained in the blister prone material

* Water retained increases with the number of wetting cycles for both production lots of
BORAL.

* Water retained in the segment is a strong function of the length of edge exposed to water in
the parent coupon.
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Figure 3-15
Cycle One Segmented Coupon Results: Weight Change Lot HE Coupons
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Cycle One Segmented Coupon Results: Weight Change Lot YK Coupons
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Figure 3-17
Cycle Two Segmented Coupon Results: Weight Change Lot HE Coupons
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Cycle Two Segmented Coupon Results: Weight Change Lot YK Coupons
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With respect to this latter point, the data in Figures 3-15 through 3-18 have been replotted
versus number of inches of edge exposed to wetting in the parent coupon in Figures 3-19 and
3-20. For the purpose of these plots the average of the PWR and BWR water retained for the
passivated and non-passivated coupons has been computed for each production lot. For example,
each data point with six inches of edge exposed is the average of the eight corner coupons (four
from the BWR and four from the PWR tests). The PWR data were corrected for dried boric acid
deposits left in the internal pore volumes.

A review of Figures 3-19 and 3-20 confirms the conclusion that the water absorption
characteristics of the blister resistant material is 2 to 3 times that of the blister prone BORAL.
Presumably, water egress from the blister resistant material during heating is enhanced as well,
thereby precluding local internal pressure buildup and blister initiation. Dry passivation appears
to increase water absorption in the blister resistant material, particularly for the interior
segmented coupons that have no exposed edges during wetting. Dry passivation, on the other
hand, appears to have no significant effect on absorbed water in the blister prone material.

For both production lots of BORAL, the effect of previous wetting/drying cycles is similar.
The material subject to two wetting cycles absorbed more water than the material subjected to
one cycle, particularly the interior coupons with no edge exposure. It is speculated that some
plastic deformation of the aluminum surrounding the internal pores during the first drying cycle
increases the open porosity.
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Figure 3-19
Water Absorbed versus Length of Edge Exposed - Blister Resistant BORAL
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Figure 3-20
Water Absorbed versus Length of Edge Exposed - Blister Prone BORAL

3.2.2 Metallography

Metallography was attempted to determine differences in the pore structure of the two lots as
well as the effect of dry passivation on the internal porosity. Sections of material from both dry
passivated and non-passivated samples were cut from the two production lots with a Buehler
Isomet low speed saw. A high concentration diamond cut off wheel was used. The sections were
mounted and then ground and polished with silicon carbide paper with progressively finer grits.
Papers with 180, 220, 320, 400 and 600 grit were used. Following grinding the surfaces were
polished with a napless cloth and diamond grit.

The above techniques were not successful in providing useful metallographs. Highly polished
surfaces were achieved in the clad regions of the BORAL. The combination of the hard boron
carbide particles and extremely soft 1100 aluminum in the core region did not yield polished
surfaces that revealed much information about the internal porosity. It is believed that initial
cutting with the diamond blade tends to fill in pores in the aluminum matrix between boron
carbide particles. Similarly subsequent grinding and polishing tends to push the soft aluminum
into pore volumes as successive layers are removed. Perhaps electrolytic polishing and/or
chemical polishing would be more appropriate. These were not attempted.
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4
DISCUSSION OF RESULTS

4.1 Mechanism of Blister Formation

The data from the Series I tests clearly show that the current AAR manufacturing process
produces a BORAL which is resistant to the formation of blisters during MPC wetting and
vacuum drying conditions. Destructive examination of one blister that formed in cycle 5 and
grew into two large coincident blisters in cycle 6 provide evidence as to one of the main
mechanisms of blister formation. Corrosion pits, likely due to chemical contamination on the
clad surface, grew in depth in the first four wetting cycles, penetrating the clad during wetting
cycle 5 and providing a pathway for boric acid into the core. Perhaps penetration of the clad
occurred late in cycle 5 and/or the size of the pit or core porosity adjacent to the pit was such that
a small volume of boric acid entered the core. The coupons were dried in the horizontal position
with the back side down. In this position, the boric acid likely collected along the core/clad
interface on the backside of the coupon. Upon vacuum drying and heatup a small blister formed
on the back, its size limited by the volume of water that had penetrated the clad during wetting.

During the 6" wetting cycle, the entire internal volume of the small blister was likely filled with
boric acid. During the sixth drying cycle, the escape path (corrosion pit) was partially or fully
blocked (likely by dried boric acid), and this large volume of boric acid flashed to steam with
sufficient force to form large coincident blisters on both sides of the coupon. The force ruptured
the clad and cause a crack in the core. This result was atypical, as most blisters, particularly in a
cask basket configuration where the BORAL is constrained, form on only one side and do not
damage the core.

When the blister formed in the cycle 6, the coupon likely tilted on its side along with all coupons
above it in the stack. This caused any liquid boric acid remaining in the blister to run across its
width of the internal surfaces of the blister causing the stripe of white deposits on the clad side
and core side of the internal surfaces of the blister. The deposits were heaviest on the clad side
since this side was facing down during drying.

Why only coupon YK320412-2-2 developed a blister may be due to the small size of the
penetration and the sealing of open core porosity by dried boric acid in the fifth drying cycle.
Coincidently, coupon YK320412-2-2 was not subjected to pre-test dry passivation. It's
companion coupon YK320412-2-4 was subjected to dry passivation and did not form blisters.

To test this postulated blister mechanism, several additional blisters retained from the Part 1
Tests were subject to destructive testing. Figure 4-1 shows a primary and large secondary blister
and a coupon subjected to boric acid testing. Figure 4-2 shows the core material under this
blister. Dried boric acid deposits are clearly evident on the core in the area corresponding to the
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primary blister. Figure 4-3 shows the inside of the clad of the blister with dried boric acid
deposits at the site of the primary blister. Microscopic examination of the clad over the primary
blister in Figure 4-1 revealed a relatively large area of boron carbide and abraded clad
(Figure 4-4). One of the abrasions is relatively deep and appears to have penetrated the clad.
This appeared to have been caused by tramp boron carbide particles on the rollers during the
forming process.

Figure 4-1
Primary and Secondary Blisters on a Coupon Subjected to Boric Acid

Figure 4-2
Core Material Under the Blisters In Figure 4-1
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Figure 4-3
Clad Material Over the Blister In Figure 4-1

Figure 4-4
Breach In Clad Over Primary Blister In Figure 4-1

A primary and secondary blister that developed during testing in demineralized water was
destructively examined. Figure 4-5 shows this blister prior to destructive examination and
Figure 4-6 shows the clad and core material of the opened blister. In this case it appears the
primary blister formed in the interior of the core and not at the core/clad interface. At the site
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of the primary blister there is a hole in the core material as shown in Figure 4-7. Stuck to the clad
side at the site of the primary blister is a circular region of core material which is - 0.050 inches
thick of core material stuck to the clad. It appears that the primary blister initiated in the interior
of the core and not at the core/clad interface.

'N~ . . ..

Figure 4-5
Primary and Secondary Blister on a Coupon Subjected to Demineralized Water

Figure 4-6
Core and Clad Material Under Blister In Figure 4-5
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Figure 4-7
Hole in Core Material at Site of Primary Blister in Figure 4-5

The oxide film from the cladding around the primary blister and on the coincident area on the
back of the coupon was removed with nitric acid. Four corrosion pits were found. Figure 4-8 is a
photomicrograph of one of those pits that was coincident with the primary blister. Its depth is in
excess of 0.020 inches and boron carbide is evident in the bottom of the pit. Similar corrosion
pits were found on the back side of the coupon coincident with the other blisters in Figure 4-5.

Figure 4-8
Corrosion Pit in Clad on Back Side of Clad from Primary Blister in Figure 4-5
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Subsequently, several other blisters from additional coupons retained from the Part I tests were
destructively examined. In all cases through clad penetrations were identified in the clad at the
site of these blisters. Most of these penetrations were corrosion pits. Coincident with some of
these pits are dark stains on the surface of the clad. It is believed that these stains are residual
metallurgical oil from the rolling process. Previous back scatter SEM by NETCO of corrosion
pits on surveillance coupons has identified sodium, sulfur, chlorine, potassium, tin, iron and
copper in the stained areas [3]. All of these elements were found at the bottom of the pits except
chlorine and potassium. It has been postulated that had any aluminum chloride formed in the pit,
because it is highly soluble in water, would have gone into solution. It is noted that since the time
of the previous work [3], AAR has changed the metallurgical oil used for rolling.

4.2 Core Porosity

The data presented in Section 3-2 suggests that there had been significant variability in internal
porosity from production lot to production lot. It has previously been demonstrated that BORAL
with a relatively high open porosity (- 6.0% to 7.0%) is resistant to blister formation [1].
Figure 4-9 combines the data from the previous study [1] with the current data for the PWR test
conditions. Similar data for the PWR test conditions are shown in Figure 4-10. It is noted that
production lots JN and FD were only tested in boric acid.
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Figure 4-9
Data from the Previous Study with the Current Data for the PWR Test Conditions
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Figure 4-10
Data from the Previous Study with the Current Data for the BWR Test Conditions

From the data presented, it would appear that water enters the coupons through corrosion pits
and/or breaches in the clad due to mechanical impacts. This moisture supplements any moisture
that has migrated through the edges of the coupon during the wetting cycle. This additional
moisture may become sealed in the core region by corrosion during wetting and/or drying under
BWR conditions. Drying boric acid may provide a sealing mechanism under PWR conditions.
Whether the BORAL develops a blister during the subsequent vacuum drying conditions
depends on the nature of the open porosity. From the data developed it appears the larger the
porosity, the more open it is for water egress during vacuum drying. To the extent that dry
passivation increases the open porosity it should also improve water egress and improve blister
resistance.
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CONCLUSIONS AND RECOMMENDATIONS

The results of this test program have led to a clearer understanding of the current AAR BORAL
product, its potential for blister formation under cask drying conditions and the mechanism of
BORAL blister formation. The test results suggest that water that enters the BORAL through the
exposed edges of the coupon may not be sufficient to initiate blister formation provided the core
porosity is high. In this case, the core porosity facilitates water egress during vacuum drying
thereby precluding blister formation. A secondary source of water, such as that introduced
through a clad penetration, may be a key factor in forming a small primary blister during vacuum
drying. If the material is subjected to a second wetting/drying cycle, the additional water in the
volume of the primary blister can result in a much larger secondary blister or blisters and severe
plastic deformation of both the clad and core.

Destructive examination of archive coupons with blisters from the Part I Tests confirm that a
breach in the clad, usually in the form of a corrosion pit, is a likely condition for the development
of a primary blister. Previous testing by NETCO has shown that corrosion pits tend to form at
sites of residual impurities on the surface of BORAL [3]. One such source of residual impurities
on the surface of as-manufactured BORAL is the metallurgical oil used during hot rolling. It is
therefore recommended that a more thorough product cleaning process following manufacture be
implemented. Additionally, fabricators of fuel racks and dry storage casks should be advised of
the findings of this study and the importance of cleanliness during the assembly process be
emphasized.

The results of this test program also demonstrate that process changes and controls introduced by
AAR have led to improved blister resistance. The changes in ingot heating and rolling schedule
recently introduced by AAR appear to produce a product with higher core porosity and less
variability in porosity from ingot to ingot as well as from production lot to production lot. AAR
has determined that the optimal boron carbide loading for its current product is greater than 50
w/o, up to a maximum of 65 w/o, of the core. This provides a product with increased core
porosity, as there is physically less aluminum available to fill in the irregular volumes around
each boron carbide particle. Previously, boron carbide loadings of 50 w/o and less were
common. In such core loadings, there is more aluminum available to fill in around the boron
carbide particle irregularities resulting in low core porosity. The boron carbide loading of the
blister prone HE lot is 38 w/o. This can be compared with the boron carbide loading of 55 w/o
for the blister resistant YK lot [4].

To the extent that core porosity facilitates water egress during vacuum drying, dry passivation
should improve blister resistance as it increases core porosity. Whether the additional costs
associated with post-manufacture dry passivation or the benefits derived provide product
improvement for single drying cycle, storage-only applications is not known. If dry passivation
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is proposed for BORAL slated for transportation applications, it is recommended that testing
over many cycles up to and including the design cycle limit of the cask be completed.

The results of the present study confirm the conclusions of the Part 1 testing and provide
additional answers as to the mechanisms for blister formation. The previous work, described in
EPRI Report 1008441, consisted of a screening test program to determine what factors were
most influential in determining whether BORAL develops blisters during cask wetting/drying
conditions. It concluded that there are two primary factors. These include as-manufactured
BORAL core porosity and the number of wetting/drying cycles. The results of the Part 2 testing
confirm the importance of core porosity and provide additional information as to how it can
change during subsequent wetting/drying cycles. Further, the time required for pitting corrosion
initiated at the clad surface to penetrate the clad would appear to explain why blister formation
depends on the number of wetting/drying cycles.
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