Chapter 4

Nylon Film of the Borexino Vessels

As discussed in the previous chapter, the two Borexino vestgeare among the most critical
parts of the experimental design. The Outer Vessel acts as adrier to dissolved radon gas
that might be produced by radioisotopes in the photomultiplier system and Stainless Steel
Sphere. The Inner Vessel, in addition to presenting a secontarrier to radon entering the
Fiducial Volume, also prevents the mixing of scintillator with bu er uid. These vessels must
neither leak nor allow radon to di use through; either possibility would raise the background
signal rate in Borexino su ciently to prevent meaningful ne utrino observations. As such,

there are a number of stringent requirements that the materal composing them must meet.

First, the vessels must be chemically compatible with the uids that will be used in Borex-
ino: pseudocumene scintillator and bu er solutions, and pasibly also a preliminary lling

with water. Needless to say, they must also be transparent athe wavelength of the scin-
tillation light produced within the Inner Vessel. A thin nyl on Im meets both of these
requirements. The good transmittance and low light scatteing of the nylon types selected
for Borexino, as well as the close match between their indexfarefraction (n = 1:53) with

that of pseudocumene (i = 1:505), has been thoroughly detailed elsewhere [12]. Detailsf

the chemical properties of nylons will be discussed below.

To prevent mechanical failure, the nylon Im making up the ve ssels must by design be able to

withstand a temperature gradient of up to 5 C between any two of the three volumes inside
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the Stainless Steel Sphere. The important issue is not the taperature di erence itself, but
the di erence in buoyancy it would cause between the di erert volumes of scintillator and
bu er uid. Such a temperature gradient has been calculated to result in stress on the Im
of up to 20 MPa [12]. Furthermore, stresses at this level may ause a phenomenon called

creep, an irreversible stretching of the Im that would lead to deformation of the vessels.

The Im must also not be brittle enough to crack during compli cated operations such as
vessel construction and installation. It is a major concernthat a Borexino prototype nylon
vessel installed in the Counting Test Facility experiencedmechanical failure in December
1999. Due to the inherent geometrical di culties entailed by building spherical vessels from
a at sheet of plastic, the nylon vessels are constructed frm a large number of separate
panels. During their construction and shipping, a great dedof folding and creasing occurred.
Additional stresses were put on them when the folded vesselsere installed into Borexino
and in ated into spheres. In both cases, two intersecting fdds in the Im, which yield a
point, might potentially have caused a puncture to form in the nylon. Cracking along a

crease, which appears to have been the cause of failure in tli&TF, was another possibility.

For these two reasons, it was vitally important for the vesse building group at Princeton
to understand the material properties of plastics such as nion. Parts of this chapter will
describe how varying the relative humidity of the environment at a constant temperature
a ects the material properties of two di erent types of nylo n, and whether the type of
environment (air versus pseudocumene) is relevant. From thse results, it was possible to
predict how the type of nylon used, the thickness of the nylonIm, and the humidity of the
Im's environment during construction, installation, and data acquisition would a ect the

material properties of the Borexino vessels.

Finally, the vessels must act as e ective barriers against adon di usion. To prevent radon
emanation from the Im itself, they must also have very low levels of intrinsic radioactive
impurities. Several studies have examined radon di usion hrough nylon, and from that

model have been able to determine the level of the radon progétor 2?°Ra in the Ims as
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well. As a complicating factor, nylon becomes much more permable to radon when very

humid.

4.1 Chemical properties of nylon

The word \nylon" refers to a large group of polymers that are built from carboxylic acids*®
and amines? They are therefore a type of polyamide? Many members of the nylon family
have the properties of chemical compatibility with pseudommene; high light transmittance
as a thin Im; and su cient material strength to make them goo d candidates for use as the

Borexino vessels.

4.1.1 Nomenclature and structure

Nylons may be grouped into two major families depending uportheir monomers. The AB
family is produced from amino acid® monomers, while nylons in the AABB family consist

of monomers comprising a dicarboxylic acid joined to a diamie. In brief, AB nylons result

carboxylic acid : an organic molecule on which at least one carbon is singly bonded to a hydroxy

O

I .

C , or as usually written
R/ \OH
inline to save space, R COOH. The molecule is an acid because the hydrogen of the hydroxy group may

dissociate: R COOH '-320 R COO +H".

A note on notation: Most organic molecules can be thought of as an undistinguished mass of carbon atoms
with chemically reactive \functional groups" sticking out. To a rst  approximation, the chemical properties
of the molecule depend upon the functional groups. When the exact arrangement of the carbon skeleton is
unimportant, it may be abbreviated as an \R group" with the letter R, as abo ve.

Zamine : an organic molecule which has at least one NH, functional group. The molecule is a base

( OH) group and doubly bonded to another oxygen (=O). That is,

since it may pick up a hydrogen: R NH, + H ™ szo R NHj.

3amide : an organic molecule which has separate sets of carbon atoms linked by an amidegroup, consisting
of a nitrogen atom and carbonyl (C=0). Thatis, R NHCO R’

“amino acid : an organic molecule with a carboxylic acid group and an amine group. That is,
H>N R COOH. Amino acids are well-known as the components of the proteins found in all living or-
ganisms.
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from the overall reaction
nHoN R COOH ! H—JfHN R CO-J+~OH + (n 1)H,0O (4.1)

while AABB nylons are produced via

nHo,N R NH, + nHOOC R® COOH !

H—fHN R NHCO R° CO-}+OH + (2n 1)H,0: (4.2)

As an additional complication, in some cases the product of lese reactions may, with the

release of water, form a closed ring; one end of the polymer tiches itself back to the other.

Several types of notation may be used to describe nylons. Asescribed in reference [103],
the one most frequently used is the PA systen?. In this system, AB nylons are labeled
PA-x, with x representing the amino acid monomer. AABB nylons are labeld PA-xy, with
X representing the diamine portion (the R reactant of Equation (4.2)) and y representing
the dicarboxylic acid portion (the R ©reactant) of the monomer. Most nylon monomers are
derivatives of straight-chain alkane$ with the functional groups at each end of the chain.
These are designated very simply by lettingx or y be the number of carbon atoms in each

component. For instance,
PA-6: an AB nylon with formula H —HN(CH 3)5CO -+ OH;

PA-66: an AABB nylon with formula H —HN(CH 2)sNHCO(CH »)4CO -+ OH;
PA-612: an AABB nylon with formula H —HN(CH 2)gNHCO(CH 2)10CO -J+— OH.
In place of \PA", often the word \nylon" is used: nylon-6 or nyl on-66. When spoken,

the pronunciation is in accord with the monomers: \nylon six-six" (not \nylon sixty-six"),

\nylon six-twelve," etc.

5PA stands for \polyamide."
Salkane : a hydrocarbon with only single bonds. A straight-chain alkane has all carb on atoms laid out
in a row, e. g, CH3CH,CH,CHj3 (n-butane).



Chapter 4. Nylon Film of the Borexino Vessels 147

Some monomers or monomer components, of course, are not sght-chain alkane deriva-
tives; in this case the symbols used in the PA nomenclature a somewhat arbitrary. For
instance, isophthalic acid and terephthalic acid, benzenalerivatives with the following re-

spective chemical structures, are symbolized as \I" and \T".

] i i
COH HOCOCOH

Hence the AABB nylon with monomers produced from terephthaic acid and the diamine

H2N(CH2)sNH2 would be termed PA-6T, or nylon-6T (shown below).

" O O #

| |
H —HN(CH 2)sNH—C C—OH
n

So far all the examples have beemomopolymers made up of only one type of monomer.
One may imagine a polymer built up from more than one kind of maomer; this is termed
a copolymer. This is represented with a forward slash in the PA nomenclatre; thus, a
nylon made from monomers of both PA-6 and PA-6T would be the coptymer PA-6/6T.

Note that the nomenclature does not give any speci cation ofthe relative amounts of each
type of monomer, nor their order within the chain. Furthermore, copolymers should not be
confused with blends| mixtures of di erent polymers. The blend PA-6/PA-66, consis ting

of chains of both PA-6 and PA-66 homopolymers, is a di erent crature than the copolymer

PA-6/66, in which each chain is made of both PA-6 and PA-66 monomes.

A nal contributor to the bulk properties of nylons is the num ber of monomersN making

up an average polymer chain in the material. This is usually @ the order of hundreds or
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thousands. It is impossible to produce nylon in bulk such thd every chain in the material
is the same length, soN is not a speci ¢ number, but instead has some distribution.
Values commonly used to characterize this distribution indude the number-average degree

p
of polymerization P, ny N, and the mass-average degree of polymerizatioR,
N=1

my N. Here,ny and my are the mole fraction and mass fraction, respectively, of tie
ggécies made oN monomers in the material.
P, is the rst moment hNi of the number distribution of N. In the limit of a large average
N (so that the mass of the H{ and {OH groups at either end of a chah may be neglected),
Pm P ny N2=P, = N2 =hNi, the ratio of the second moment to the rst moment.
Higherlflozrlder characteristic values for the number distribution may be de ned similarly.
Note that P, will tend toward the lower end of the distribution curve of n, while Py, will
tend toward the higher end. One measure of the broadness of éhnumber distribution is

therefore given by the polydispersity index(PDI), de ned as Py =P, N2 =hNiZ.

As a trivial example, consider a monomer, dimer, and trimer d nylon-6. The molar mass
of each species equals the number of monomers in the specit¢ispes the molar mass of
the repeating unit (113 amu), plus 18 amu for the H{ and {OH groups at either end. The
number-average and mass-average degrees of polymerizatiar these three molecules are,

respectively:

1 1 1
= — + — + — =
P, 3 1 3 2 3 3=2
131 244 357
= 725 * o5 + o 3L
Pm 732 1 732 2 732 3 23l

The polydispersity index for this system is about 1.15. Evenfor these small values ofN,
the error involved in neglecting the masses of the end groupsf the chains is negligible:

N2 =hNj =2:33and N2 =mNi’=1:17.
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4.1.2 Crystallinity

The polymer chains of nylon may be categorized as varying frm crystalline in one extreme,
to amorphousin the other. A sample of nylon may be characterized by the pecent crys-
tallinity w¢, usually expressed by weight; a typical value forw® is 50%. Amorphous and
crystalline regions are distributed at random throughout the sample. A polymer chain may
fold back on itself numerous times in the same crystal. Altenatively, it may begin in one
crystalline region, traverse an amorphous region, and endni a di erent crystalline region.
The crystalline and amorphous regions are therefore de nedby their internal structures

rather than the identity of the polymer chains within them.

In crystalline regions, polymer chains are arranged in a rigl structure, with hydrogen
bonds connecting amide hydrogens on one chain to oxygen at@snin the amide groups
on the adjacent chain. Two main crystalline structures, the and forms (described
in detail in [103]) have been well-characterized through X-rg di raction techniques. The
structure of amorphous nylon, on the other hand, is not well-inderstood. It is known that
in amorphous regions, many amide groups are not cross-hydreg-bonded. This allows
water molecules dissolved in the nylon to form hydrogen bond with these amide groups
instead. This phenomenon results in a transition temperatue, dependent upon the moisture
content of the nylon, at which amorphous nylon changes its plgsical characteristics; this

will be discussed further in Section 4.2.1.

Copolymers tend to be more amorphous than homopolymers, siply because irregularities
in the polymer chains do not mesh together well. Common additves used to disturb the
formation of crystalline regions in PA-6 and PA-66 are isophthalic acid and terephthalic
acid, each containing a bulky and disruptive benzene ring. Their molecular structures are

depicted in Section 4.1.1.) The resulting nylon copolymer $ entirely amorphous.

For the purposes of Borexino, completely amorphous nylonsw® = 0) are more desirable

because they have much better transparency (less \haze") tAn partly crystalline nylons.
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Nevertheless, crystals do not present a problem in thin Imsif the maximum size of crys-
talline regions is much smaller than the wavelength of the nar-ultraviolet scintillation light
( 350 nm). Homopolymers may be created with such small crystal by very quick cooling
(\quenching") from the melt state, for instance by extrudin g nylon Im at relatively low

temperatures, so that the crystals do not have time to grow [D4].

4.1.3 Nylon hydrolysis

At high temperatures, the polymerization reactions Equations (4.1) and (4.2) are actually
equilibrium reactions. Since they are condensation reactins, Le Chatelier's Principle pre-
dicts that the addition of water to nylon will push the reacti ons back toward the left. This
would break the polymer chains down into monomers again withthe release of water, a
process called hydrolysis. Hydrolysis reduces the strengtof nylon and causes it to be-
come brittle as well. Fortunately, polymerization is also an exothermic process, so at room

temperature the forward direction of the polymerization reaction is heavily favored.

Though nylon-6 and nylon-66 are among the species most suscépe to hydrolysis, it is
not expected to be a problem in Borexino. Studies of nylon-66 gaked in water for some
time indicates that it becomes brittle after about 2 months at 66 C [12]. Using the rule-of-
thumb that reaction rates are slowed by a factor of two for a ten-degree temperature drop,
hydrolysis would be predicted to become a problem at the amtdnt 10 C temperature of
Borexino after about 8 years. This is far longer than the expeted 6{12 month duration of

a water- lling phase of detector operation, if it is even implemented.

4.1.4 Candidate materials for Borexino

Several dierent types of nylon Im have been manufactured during the history of the

Counting Test Facility and Borexino experiment.
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In 1992, C38F Im was produced from pellets of Durethan C38F, a nylon-6 copdymer
with proprietary formula manufactured by Bayer Corporatio n [105]. Films of 125, 100,
and 500 m thicknesses were extruded at the Miles-Mobay plant (also owed by Bayer)
in Pittsburgh, Pennsylvania, USA. The 500 m-thick Im was used for the CTF vessel in
CTF 1, due to the need of supporting the large buoyant load reslting from suspension
of a pseudocumene- lled vessel in water. The RMS deviation fsm this thickness was
about 30 m. To construct the CTF 2 vessel, the same C38F pellets were ¢buded in a
500 m thickness at a di erent location, the New Jersey Institute of Technology's Polymer
Processing Institute. No plants willing to produce 500 m-thick Im could be found at the

time of production of the CTF 3 vessel, so it was constructed fom leftover Miles-Mobay

C38F Im.

In 1998, three dierent Ims were extruded for testing purpo ses. In each case, pellets of
nylon were purchased from the producers, and extrusion wasahe at American Leistriz, a

company in New Jersey, USA [12]. They were as follows:

Capron (also called C100) was extruded from Capron B73ZP pellets made by Allied-
Signal/Honeywell [107]. These pellets are a homopolymer afylon-6, kept transparent

by quenching at extrusion time.

C90 Imis ablend of Capron B73ZP pellets (90%) with Selar PA3426(10%). Selar PA3426
(the \PA3426" designation is a product number, not a PA-system nomenclature) is
an amorphous nylon sold by DuPont [108] to be blended with nybn-6 for preventing
crystallization. It was noted that a concentration of Selar higher than 10% made the

Im unstable [12].

Sniamid extruded at Leistriz was made from Sniamid ADS40T pellets mawufactured by

Nyltech. Like C38F, ADS40T is a proprietary nylon-6 copolymer.

"The "B' in B73ZP indicates nylon-6. The number \73" refers to the viscos ity. *Z' means that the pellets
had been screened and dusted, and "P' that they had been washed to makehe material \food-grade" [106].



Chapter 4. Nylon Film of the Borexino Vessels 152

In the rest of this chapter, these materials will be referredto as Capron-Leistriz, C90-
Leistriz, and Sniamid-Leistriz in order to distinguish them from the materials used in the

Borexino vessels.

Two types of nylon Im were manufactured for use in Borexino:

Capron was used in the Borexino Outer Vessel. It was extruded [106,d] from Capron
B73ZP pellets (described above) in Pottsville, Pennsylvaia, USA at the Allied Signal
plant in 2001. The percentage of haze measured in the just-exided Im was 0.5{
1.5% (the latter after being soaked in water for 12 hours) [16]. The Im has an

average thickness of 125 8 m.

Sniamid was used for the Borexino Inner Vessel. It is a mixture [110] ©83% Sniamid
ADSA40T pellets (described above) and 17% Ultramid B2 pellets by BASF [112], ex-
truded at the mf-folien® plant [113] in Germany in 2001. B4 is a nylon-6 homopolymer
with an average molecular mass of 410*amu [111], implying an average degree of

polymerization of 350. It is not clear whether this average $ the value for P, or Pp,.

After extrusion, both of these Ims were sent to CleanFilm, Inc. in Islandia, New York, USA
for surface cleaning. Their method of cleaning used ultrastic methods to loosen patrticles,
which were then removed from the surface by suction. The Imswere then certi ed by
CleanFilm as meeting Level 25 of Military Standard 1246C [1%]. This level of cleanliness
corresponds to no more than 3mg of particulate matter distrbuted over the entire inner
surface of the Inner Vessel [44]. These materials will be refred to simply as Capron and

Sniamid throughout the rest of this chapter.

For future reference, it should also be noted that followinga series of corporate mergers
and spino s, Nyltech, Allied Signal, and the nylon businessof BASF are all currently part

of Honeywell Nylon Incorporated.

8The "B' in \B4" indicates nylon-6, while the "4' is a reference to the viscosity (greater, implying a higher
molecular mass, than that of Ultramid B3) [111].
9The company uses only lower-case letters in its name.
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4.2 Polymer mechanical properties

Amorphous nylons have a temperatureTy below the melting point at which a second-order
phase transition occurs [115]. This is known variously as th glass transition or relaxation.
For nylon-6, the melting point is at 220 C (although it may be supercooled to as low as
170 C before freezing) [103]. The glass transition temperaturas in the range 0 {50 C for

amorphous nylon-6, depending upon the moisture content of tb sample.

Above Ty, a plastic is relatively weak, but rubbery and pliable. At lower temperatures it
is stronger, but glassy and rather brittle. The glass transtion temperature is dependent
upon the exact composition of the plastic. Since plastics aa absorb moisture from their
environment, a change in the relative humidity of the plastic's environment will also a ect
the value of Ty. In fact, higher relative humidities generally imply lower transition tempera-
tures. Furthermore, it has been shown that nylon which is wakr-saturated (and therefore at
a temperature aboveTy) has a much higher radon di usivity than dry nylon [12]. Ther efore
the moisture content in the Borexino scintillator could have a big impact on the operational

behavior of the Borexino nylon vessels.

4.2.1 Glass transition in nylons

An idealized polymer, whose molecular chains consist of a ges of monomers linked by
single bonds, may exist in four dierent states [115]. At su ciently high temperature,

the substance is molten, and the polymer chains rotate and g past one another freely.
When cooled below the melting point, the polymer becomes crss-linked by hydrogen bonds
formed by water molecules between adjacent chains. Howevethe water molecules have
some freedom of movement, so the chains may still move and eixto di erent conformations

to some extent. Although now solid, the polymer is soft and plable; it can be stretched

and deformed easily. This phase of the polymer is referred tas the rubbery state.
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Further cooling prevents this breaking and reforming of hydrogen bonds, so the functional
groups on a chain are now semi-permanently xed to other substuents on an adjacent
chain. The polymer chains become trapped in their con guratons at the time of cooling.
In general these con gurations are random and chaotic. Thisis known as the glassy state
of the polymer. The transition between rubbery and glassy sates is a second-order phase
transition, which occurs at a speci ¢ temperature Tg and may be measured with standard
calorimetric methods. (As the transition is second-order, lowever, the change in physical
properties on either side of Ty is gradual.) An additional possible phase is a crystalline
phase in which all polymer chains are stacked in a regular laice. It is very dicult to
crystallize long polymer chains, so as noted in Section 4.2, a real plastic may contain
crystalline domains along with regions of polymer in the glasy or rubbery states. Or, as is

the case with the types of nylon considered here, it may be copietely amorphous.

The glass transition temperature Ty is a ected by a number of factors, including the average
number of monomers in each polymer chain and the concentrabin of other substances
dissolved in the polymer. For instance, a polymer composedfashort chains will have a

lower energetic barrier to conformation changes than a polgner made up of long chains of
the same monomer. The short chain polymer thus has a lower gt transition temperature.

This may be expressed by the semi-empirical formula [115]

Cq .

Tg(n) = To(1) YR

(4.3)

where Ty(n) is the glass transition temperature of a polymer chain ofn monomers;M s the
molecular mass of a monomeriTg(1 ) is the glass transition temperature for an in nitely
long chain of the same monomer; andCy is an empirical parameter depending upon the

monomer.

Nylons often contain plasticizers, substances which whenidsolved in the polymer reduce
its glass transition temperature. This makes the polymer les brittle and easier to handle
during the manufacturing process. So-called copolymers, fanstance, have di erent kinds

of monomers as plasticizers. Empirically, the glass transion temperature of the mixture
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is roughly equal to a weighted average of the glass transitio temperature of each con-
stituent [115]. However, the weighting is not necessarily guivalent to the weight fraction
of each component; it must be determined experimentally forthe speci ¢ polymers used in

the mix.

Water is also a plasticizer, and some empirical laws have beesuggested for the dependence
of Tg upon the moisture content of a polymer. These laws have two dawbacks: they are valid
only in limited ranges of water concentration, and they depead upon empirical parameters
which, again, must be measured for each polymer. It is therefre more useful simply to
make measurements relating the glass transition temperatte to the moisture content of
the desired plastic. The results of a small experiment perfoned for the Princeton Borexino
group are of interest in this context [116]. A di erential scanning calorimeter was used to
make measurements oTy for a 1 mg sample of 125 m thick nylon-6 Im dried in a silica gel
bottle for one day, and for a similar sample soaked in water foseveral hours. The value of
Ty was found to be 52C for the dry nylon, and 6 C for the wet nylon. This demonstrates

the existence of a value for moisture content at whichTy is equal to room temperature.

4.2.2 Tensile strength, Young modulus, and creep

Two major classes of mechanical properties, strength and litleness, are relevant to the
integrity of the Borexino vessels. Strength is the more stréghtforward to test; it can be

guanti ed either by the tensile strength  or by the Young modulus E. Measuring these
properties for a sample of nylon Im requires the construction of a graph of applied stress

as a function of the Im's fractional elongation (\strain™) .

To produce this graph, a long, narrow strip of Im of length L is pulled from either end in
a process of controlled elongation. This can be done using aedlice called a Tinius-Olsen
machine, to be described in Section 4.3.3. At each moment, ltlo the elongation of the Im

and the applied force are measured. Plotting the stress (force per unit cross-sectional
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Stress
Stress

Strain Strain

Figure 4.1: Diagrams of stress-strain relationships for nydn Ims below the glass transition
temperature (left) and above it (right).

area) on the y-axis and the strain L=L on the x-axis yields a diagram something like

those shown in Figure 4.1.

The tensile strength of the Im  is simply calculated as the maximum force applied
divided by the Im's initial cross-sectional area. (This is to be distinguished from the
\tensile strength at break," which is de ned using the force applied at the time of mechanical
failure [117]; or the \yield strength,” which is de ned usin g the force applied at the rst point
on the stress-strain plot where d=d = 0 [118]; these three values are not all necessarily

identical.)

The Young modulus E is given by the slope of the stress versus strain relation, ¢ d . For

ideal elastic materials, which obey the classical Hooke's aw
=E; (4.4)

this derivative is a constant. In reality, E( ) =d =d is a function of the strain. As required
by the ASTM standard for testing the tensile properties of nylon Im [117], in this study
the value used forE was always the maximum value attained by the functionE( ). It is
important to note that both E and  are smaller for Ims in the rubbery state than for

Ims in the glassy state.
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As Figure 4.1 shows, nylon Ims also act qualitatively di er ent on either side of Ty. Glassy
Ims behave elastically, with a linear stress-strain relation up to a point of sudden, rapid
failure. Above Tg, nylon Ims are not elastic all the way to the point of failure . Before
failing, they will behave plastically, stretching for some time with no change required in the
applied force. This is an irreversible deformation. It shoud also be noted that for Ims in the
rubbery state, the transition between elastic and plastic kehaviors is gradual. This causes
a phenomenon called creep, a slow but irreversible deformen of the Im under constant
stress, even at a stress well below the tensile strength. Cep is an important phenomenon

to consider in load-bearing nylon vessels that are requiredd survive for several ( 10) years.

4.2.3 Grith model of brittle fracture

Some quantitative notion of brittleness can be obtained fran measurements of a thin Im's
fracture toughness, surface energy, and critical thicknes Fracture toughnessK . (also
referred to in the literature as the critical stress intensity factor) is a measure of a Im's
ability to resist cracking. This quantity is derived from A. A. Grith's model of brittle
fracture [119]. The Grith model is based upon the presumption that a cracked elastic
Im, stretched taut, will have its free energy U decreased if the crack spreads. Now,) is a
function of both the stress on the Im, and the size and geometry of the crack. Assuming
a linear crack of length c, therefore, the fracture stress ; above which the crack spreads is
given by setting @U=@=<0 and solving for . (The quantity ¢ is, naturally, always less

than the tensile strength  of an intact Im.)

In the simplest geometry, that of an in nitely wide sheet being stretched perpendicular to
the crack by a uniform stress , the free energy per unit Im thickness is [119]

2C2+

U= 2

2cC (4.5)

where is the surface energy per unit area. The term on the left is a mehanical energy

term, and the term on the right comes from the surface energy bthe Im. From this
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Figure 4.2: Convenient geometry for measuring the fracturetoughness of nylon Ims. A
strip of thin Im, width w and length L, has a centered crack of lengthc perpendicular to
the length. The strips used in this study had e ective dimensonsL = 23cm, w = 2.5¢cm,
and c ranging between 0.4 and 1.2cm.

equation, the stress at failure is

=2 E=c (4.6)
The fracture toughness for in-plane stress is de ned by
K2 2E; 4.7
so Equation (4.6) may be rewritten as
K2 = 5 2c: (4.8)

It is not practical to perform mechanical tests in this con g uration (very wide sheets of

nylon Im would be required), so a generalization of the formula is needed. Fortunately,
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this is relatively simple. For a strip of nite width w, with a centered crack of lengthc (as

shown in Figure 4.2), the equation becomes [119]
K2 =Y? 2c (4.9)
whereY is a geometrical factor of order one; speci cally,

w c
Y2 = —t — 4.1
Stan o (4.10)
In the limit c=w! 0, Y2 naturally reduces to = 2. It should be noted that in the literature,
the strip width and crack length are frequently designated 2v and 2c, respectively, giving

an extra factor of two in Equation (4.9).

This equation is only applicable to (in principle, atomically) thin cracks. However, values
of Y have been tabulated for many other geometries as well. For stance, for a circular
hole in an in nitely wide sheet of Im, Y2 =2= [119]. This is smaller than the value of
Y2 = =2 in Equation (4.8). From Equation (4.9), we see that for a material with a given
fracture toughnessK ¢, Y is inversely proportional to ¢: a smallerY implies a larger .
This corresponds to the real-life experience that a circularhole in a stressed Im is less

likely to spread than is a crack perpendicular to the direction of stress.

4.2.4 Surface energy and critical thickness

Not only should cracks be prevented from spreading, they musnot form in the rst place.
The most important mechanism by which they may form is through creasing in the Im.
In everyday experience, thin sheets of plastic (such as pltis grocery bags) may be creased
back upon themselves with no damage, while thicker chunks oplastic (such as circuit
boards) will snap. In addition, dimensional analysis of tworelevant quantities, the tensile
strength  (force per unit area) and the surface energy (energy per unit area) shows
that they di er by a factor of length. These facts suggest the introduction of a \critical

thickness," an approximate thickness above which a sheet gélastic folded back upon itself
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Figure 4.3: Coordinate system used for a folded sheet of Im.A dashed line indicates the
surface that separates stretched and compressed regions.

will crack. The following argument is due to C. Galbiati, a member of the Borexino group

at Princeton [116].

Consider a piece of plastic Im of thicknesst folded back upon itself, as shown in Figure 4.3.
Suppose for simplicity that the middle surface of the Im (dashed line in the gure) is not
stretched and that the radius of curvature of the fold on the auter surface ist. Then the
strain varies from 100% elongation on the outer surface to 1@ compression on the inner

surface. One may therefore make the approximation

2r
(r) = T 1: (4.11)
Now, the energyU required to perform the work of folding is given by the volumeintegral
L dV. Within the distorted portion of the Im, the strain is great er than that at the
yield stress almost everywhere. Assuming an ideally plasti material, therefore, the stress

may be replaced with  in the stretched region and with  { in the compressed region.
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Using the coordinate system shown in Figure 4.3, the integrbecomes

Utolding = 1 odz d rdr — 1 rdr — 1

3 2z (4.12)

The crux of the argument is to ask when the mechanical energy uk to this strain is equal to
the energy that would be required to crack the Im. This latte r value is simply the energy

of the two new surfaces that would be formed:
Ucracking =2 t  Z: (4.13)

Since the folding energy is proportional tot?, and the cracking energy tot, it is not ener-
getically favorable for very thin Ims to crack when creased Setting the two energies equal

yields the critical thickness,
terit =(8=)(2 = 1): (4.14)

Films of nylon that are signi cantly thicker will crack when folded back upon themselves.

4.3 Testing material properties of nylon Im

In outline, these tests were intended to measure the materiaproperties of several di erent
types of nylon at varying levels of relative humidity. It was also important to make sure
that there were no signi cant di erences between the propetties of nylon immersed in air

and pseudocumene at the same humidity.

Three types of nylon Im were tested in this study: two candidate Ims (Capron and
Sniamid) that were under consideration for use in the Borexno vessels, and a sample of
Im (C38F) used in construction of the Counting Test Facilit y (CTF) 1 and 3 vessels. (The

Im used in the CTF 2 vessel was chemically the same C38F nylonbut it was extruded at
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Figure 4.4: The Controlled Relative Humidity Facility. Fro m left to right, glove boxes C,
A, and B.

a di erent plant; no samples of it remained available for teging.) These Ims are described
in more detail in Section 4.1.4. The two Ims used in Borexino have an average thickness

of 125 8 m, while the C38F Im has an average thickness of 500 30 m.

4.3.1 The Controlled Relative Humidity Facility and nylon s amples

The Controlled Relative Humidity Facility (CRHF), in which most of the experimental
work took place, was a setup of three connected airtight glog boxes (Figure 4.4) lled with
nitrogen and maintained at a temperature of 22 1 C. The boxes were kept at a slight
positive pressure in order to prevent outside air from di using into the humidity-controlled
environment. This setup was constructed through the e orts of the Borexino group at
Princeton. Two polycarbonate glove boxes (labeled A and B) were manufactured by Terra
Universal, and the third (labeled C) was a larger custom-madebox. Boxes A and B were
used to hold nylon Im samples while they reached equilibriun at a particular relative
humidity. Box C contained a Tinius-Olsen machine (to be descibed in Section 4.3.3), used
for stress testing of the nylon samples. A small fan placed irthe connection between boxes

A and B ensured good air circulation and mixing within the CRHF.
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A Series 100 hygrometer from Nyad was used to measure relagvhumidity within the
CRHF. This is a capacitive sensor with a resolution of 1 ppm ofwater vapor by volume
in atmosphere. The sensor's accuracy is 50 ppm. (For compaon, a relative humidity
of 20% at 22 C corresponds to 2480 ppm of water vapor.) The Series 100 hygmeter
features a programmable analog output in the range 0-10V, whih was fed into a process
controller. This controller automatically opened a dry vent line of nitrogen gas from a
compressed nitrogen bottle when the humidity went above a maknum value, or a wet vent
line of nitrogen bubbled through a glass jar of water when thehumidity dropped below
a minimum value. The minimum and maximum values were usuallyset to be 15ppm
below and above the desired relative humidity level. Thus, he moisture content of the
CRHF could be stabilized to within about 30 ppm of the set point (0.008% of the maximum
possible humidity at 22 C).

At the beginning of the experiment, the CRHF was set to reach 2ro humidity as closely as
possible. A large number of nylon samples (to be described hmv) were placed in the glove
boxes, and left to reach equilibrium with the dry atmospherefor 15 days. Measurements of
material properties were performed as described in Sectia4.3.2 and 4.3.3, taking roughly
two working days. Then the humidity control was ramped up to the next level, and nylon

samples were given at least another 6 days to reach equilirim again before more measure-
ments were performed. This procedure was repeated at the rafive humidity levels of 0%,

10%, 20%, 40% and 60%.

At each relative humidity level, tests were made on four di erent types of nylon Im sample:
Capron, 125 m thick; Sniamid, 125 m thick; C38F, 500 m thick; and 125 m thick Capron
samples that were immersed in pseudocumene (these will befegred to as \Capron in PC").
The Capron and Sniamid types of nylon were the two contenderdor use in the Borexino
vessels. The thicker C38F came from the same batch of Im usedn the rst and third
versions of the Counting Test Facility; it was tested to ensue that the test conclusions were

reasonably independent of the thickness of the nylon sampge
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For each of the four types of sample, 80 small (3cm 3cm) strips of Im and 320 large
(33cm  2.5cm) strips of Im were prepared. The small strips were to ke used for the
moisture content tests, and the large strips for tests of maerial properties. For the rst
three types of sample, the small strips of Im were placed on grforated racks in the glove
boxes, while the large strips were hung from the ceiling of give box A. This was done
to ensure that samples felt su cient air ow to reach equilib rium with the atmospheric
humidity on both sides. Samples for the \Capron in PC" condition, both large and small,
were placed in a tank of 16 of pseudocumene that was open to the atmosphere of glove
box B and in equilibrium with it. To prevent mix-ups, every sam ple was uniquely labeled

with a permanent marker.

4.3.2 Tests of moisture content

For two reasons, it was desirable to test the water content othe nylon samples. First, there
was some question as to whether water content of the Ims was dinear function of the
relative humidity of the environment; second, the water cortent would give some indication
as to whether the nylon samples had actually reached equilittum. For consistency, the

water content was always expressed as a fraction of the dry ign mass.

The tests were performed with a Computrac 3000 moisture anaizer (Figure 4.5) produced
by Arizona Instruments [120]. Samples for the Computrac 300 must be placed inside a
vial with a special lid containing a rubber septum. To perform a measurement, a sample is
placed in the vial and the lid is sealed; the vial is then inseted into the Computrac 3000.
The instrument punctures the septum with a hollow needle andheats the vial to a preset
temperature. Gases escaping through the needle are analydkéor water vapor content until
the rate of escaping water vapor falls below a programmablewto value. The Computrac
3000 then reports the total mass of water in the sample by timentegration over the water

vapor content.
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Figure 4.5: The Computrac 3000 moisture analyzer made by Adona Instruments.

Humidity H >0 content [% by dry mass]
[%0] Capron Capron in PC Sniamid C38F
0 0.18 (0.01) 0.16 (0.01) 0.20 (0.02) 0.58 (0.05)
10 1.39 (0.05) 147 (0.01) 1.45 (0.03) 1.58 (0.07)
20 221 (0.10) 2.16 (0.09) 2.23 (0.07) 2.46 (0.07)
40 423 (0.13) 4.05 (0.16) 3.90 (0.15) 4.36 (0.14)
60 6.00 (0.29) 6.26 (0.14) 6.17 (0.20) 6.31 (0.42)

Table 4.1: Moisture content of the four types of nylon sampleas a function of relative
humidity in the surrounding atmosphere. These values were dtermined with the Compu-
trac 3000. The percentages are relative to the dry mass. Stétical errors are shown in

parentheses.
Humidity H 5,0 content [% by dry mass]
[%] Capron Capron in PC Sniamid C38F
0 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00)
10 0.55 (0.08) 0.49 (0.15) 0.71 (0.05) 0.84 (0.14)
20 0.93 (0.13) 148 (0.26) 1.08 (0.04) 1.37 (0.32)
40 224 (0.05) 241 (0.08) 2.15 (0.04) 2.76 (0.13)
60 3.72 (0.13) 3.83 (0.18) 3.55 (0.02) 4.18 (0.36)

Table 4.2 Moisture content of the four types of nylon sampleas a function of relative
humidity in the surrounding atmosphere. These values were dtermined by measuring the
mass gain in individually identi ed samples of nylon, so the values at a relative humidity
of 0% are all zero by de nition. The percentages are relativeto the dry mass. Statistical
errors are shown in parentheses.
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Figure 4.6: Moisture content (% by dry mass) of the four types of nylon samples as a
function of humidity, determined with the Computrac 3000.
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Figure 4.7: Moisture content (% by dry mass) of the four typesof nylon samples as a
function of humidity, determined by measuring the increasihng masses of individual samples.
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The nylon samples could not be exposed to air outside the convlled environment of the
CRHF, as this might skew the results. Therefore, to measure lte water content of a nylon
sample correctly, the procedure had to be complicated a bit.First, several clean vials and
lids, as well as new septa, were placed inside the CRHF via anirbock. The vials were left
to sit for at least an hour. Then at least three samples of eachype of nylon were placed
into vials. Each sample was a small piece (masses ranged beten 20-200 mg) of the 3cm
3cm nylon strips. The vials were sealed, as well as additiondblank" vials containing
only air from inside the glove boxes. Next the vials were remeed from the CRHF, and
the mass of water contained in each sample and blank was measat with the Computrac
3000. (The temperature of the Computrac 3000 oven was set to é 220 C, which is the
temperature suggested by Arizona Instruments for measurig moisture content in most
nylon brands. The cuto rate was set to be 0.30 g/s of water vapor.) From the mass of
water measured for each nylon sample, the average water massntained by a blank sample
was subtracted. Each nylon piece was then assumed to be dry dnvas weighed on a scale
with 10 g resolution. Dividing the mass of water in each nylon sample ¥ the dry mass

yielded the fractional water content. Results are given in Table 4.1 and Figure 4.6.

As an independent check on these measurements, water contsnof nylon samples at the
various relative humidities were measured based solely on ass di erences. Five samples
of each type of nylon were numbered and kept in the CRHF. At eabh humidity level, the

new mass of each sample was recorded. The fractional water ment in this case was
calculated as the di erence between each sample's current ass and its original dry mass
(at 0% relative humidity), divided by the original dry mass. These results are summarized

in Table 4.2 and Figure 4.7.

For the analysis of moisture content and the other properties discussed in later sections, the
results of every individual test were recorded in a spreadstet. A separate worksheet was
devoted to material properties at each relative humidity, as well as to the moisture content
results. From the results calculated on each worksheet, a sumary worksheet was compiled

containing the average values for each type of sample and mive humidity. Finally, the
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Origin data analysis package [121] was used to produce graplirom this summary worksheet.
Error bars given in tables and shown on the graphs are one-siganstatistical errors derived
from the spread of the data; no attempt was made to determine gstematic errors. However,
given the variability inherent in measuring bulk material p roperties, any systematic errors

are likely to be relatively unimportant.

The fractional moisture contents of the types of nylon, as a grcentage of dry weight,
are shown as functions of the relative humidity in Figures 46 and 4.7, and tabulated in
Tables 4.1 and 4.2. The functions are nearly linear, and vernsimilar for the four types of
nylon. As measured by the Computrac 3000, the C38F has signcantly higher moisture
content at zero relative humidity, which may be explained by a failure of the thicker Im

to reach equilibrium completely.

There are signi cant discrepancies between the values deteined with the Computrac 3000
(Table 4.1), and the values obtained by measuring the increging nylon masses (Table 4.2).
The latter set of data is in good agreement with similar data measured for 18 m-thick C38F
Im by Wbjcik and Zuzel in 2004, using the same method [45]. It seems unlikely that the
Computrac 3000 was miscalibrated; calibration measuremes were performed with it fre-
guently and the calibration error would have to be on the orde of 50%. Other explanations
seem to require that \dry" nylon has a level of 2% moisture content that is chemically
bound to the polymer and cannot be removed by heating. As the evironment becomes
more humid, this moisture content would somehow be releasea@s free water molecules,

dissolved in the nylon.

4.3.3 Tests of material strength

The Tinius-Olsen machine is a device with two jaws that can be nade to separate at
a constant rate (Figure 4.8a). Its jaws are attached to a loadcell measuring the force

between them. The Tinius-Olsen machine produces analog outgs that can be plugged
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Figure 4.8: (a) the Tinius-Olsen machine; (b) a graph of a stras-strain relationship pro-
duced with it.

into the axes of a plotting device, yielding a graph of the foce required to separate the jaws
as a function of their distance apart (Figure 4.8b). With the appropriate transformations,

this becomes a graph of the stress versus strain relationghi Such tests conform to the
ASTM standard D882 for measuring the strength of thin plastic sheeting [117]. They were

informally referred to as \pull tests."

For tests of strength, a 33cm  2.5cm sample of nylon Im was transferred from glove box
A into box C, where its ends were inserted into the jaws of the Tinius-Olsen machine. The
jaws are set to pull apart until the force between them reache a maximum. This is the
point of failure, at which a nylon Im will break if in the glas sy state, or stretch plastically
if in the plastic state. The maximum force, in Newtons, is shavn on a digital display on

the machine. From this value, the dimensions of the nylon Im, and the graph produced on
the plotting device, the tensile strength and Young modulusof the Im may be calculated.

At each humidity level, for each of the four types of nylon, three to ve nylon samples were

tested in this way.

A number of parameters may be set on the Tinius-Olsen machineincluding the rate at
which the jaws separate, and the vertical and horizontal sckes of the resulting graphs. For

these tests of tensile strength, the jaw separation rate waset to 250 mm/minute. The
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Humidity Tensile strength [MPa]
[%] Capron Capron in PC  Sniamid C38F
0 68.9 (8.8) 70.2 (1.9) 75.0 (0.9) 743 (2.7)

10 534 (4.3) 58.6 (3.7) 66.0 (12) 754 (2.7)
20 414 (1.7) 383  (0.3) 53.4 (1.8) 66.0 (1.4)
40 229 (0.9) 237 (05 259 (05) 255 (2.4)
60 189 (0.8) 185  (0.2) 205 (0.4) 17.6 (0.5)

Table 4.3: Tensile strengths, in MPa, of the four types of nybn sample as a function of rel-
ative humidity in the surrounding atmosphere. Statistical errors are shown in parentheses.

Humidity Young modulus [GPa]
[%0] Capron Capron in PC Sniamid C38F
0 1.66 (0.11) 161 (0.08) 1.64 (0.07) 1.27 (0.05)

10 1.29 (0.11) 1.38 (0.14) 159 (0.04) 1.32 (0.09)
20 1.02 (0.10) 0.90 (0.01) 1.22 (0.14) 1.21 (0.03)
40 0.51 (0.05) 0.57 (0.02) 0.61 (0.04) 0.54 (0.10)
60 0.42 (0.04) 0.42 (0.04) 0.42 (0.05) 0.34 (0.01)

Table 4.4: Young moduli, in GPa, of the four types of nylon sanple as a function of relative
humidity in the surrounding atmosphere. Statistical errors are shown in parentheses.

vertical scale of the graph was set to 10 or 5 for the 100 m thick nylon strips, and 50 or
20 for the 500 m thick strips. The horizontal scale was set to 50 (correspoding to 1 mm

of jaw separation being equivalent to 4 mm of horizontal sca on the graph).

Tensile strength for each sample was easily obtained by diding the maximum force ob-
tained during a pull test by the cross-sectional area of a nyla strip. (Note that the thickness

varied slightly from strip to strip; this quantity was measu red for each sample before the

pull test with a micrometer.)

The Young modulus was determined as follows: a tangent lined the plot of force versus
distance was constructed at the steepest part of the graph prduced by the Tinius-Olsen
machine. It was determined how far the nylon strip would have stretched if it obeyed
Hooke's Law perfectly; that is, if the slope had been this step all the way to the point of

maximum force. The strain of this hypothetical extension wes calculated as a fractional
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Figure 4.9: Tensile strength, in MPa, of the four types of nybbn samples as a function of
humidity.

Figure 4.10: Young moduli, in MPa, of the four types of nylon samples as a function of
humidity.
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change in length, = L=L. (It is important to note that L, the e ective length of each
strip, was 23 cm rather than the actual length of 33 cm, since &m on each end were held
rmly by the jaws of the Tinius-Olsen machine.) The Young modulus was calculated as the

tensile strength of this strip divided by the hypothetical strain

Tables 4.3 and 4.4 and the corresponding graphs (Figures 4.8nd 4.10) show that both
the tensile strength and the Young modulus decrease rapidlyas functions of the relative
humidity. At low values of relative humidity, the di erentt ypes of nylon have signi cantly
di erent values for these quantities. At 60% relative humidity, however, all types of ny-
lon behave similarly, with tensile strength of about 19 MPa and a Young modulus around
400 MPa. One can also estimate the humidity at which the glasdransition temperature Tg
crosses 22C. This humidity appears to be lowest for the Capron, around 1%, and highest

for the C38F, at perhaps 30%.

It was observed during these strength tests that the qualitdaive behaviors of the nylon Ims
are also quite di erent at low and high values of relative humidity. Below the glass transition
point, nylon strips obey Hooke's Law rigorously until the point of failure, at which they
abruptly shatter. Above the transition point, strips act pl astically and may stretch for quite

some time without the measured force changing.

Finally, it should be noted that the material properties of Capron in air are very similar
to those of Capron soaked in pseudocumene. In other words, éhproperties of Capron Im
are determined solely by the relative humidity of its surroundings; pseudocumene does not
weaken the plastic in any way. This is of course very importai to the Borexino project, in

which the nylon vessels will experience both air and pseudagnene environments.

4.3.4 Tests of creep

Although the phenomenon of creep was not studied in parallewith the other measurements

of mechanical strength described above, several measurenie of creep were performed
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Material Stress Elongation

[MPa] [psi] (6 hours) (1 day)
3.4 500 1.7% 3.0%
Ci3n8F 7 1000 5.8% 9.8%
air 10 1500 11% 23%
12 1800 20% 44%
3.4 500 2.4% 2.2%
C?nSF 7 1000 3.4% 6.2%
water 10 1500 38% 68%
12 1800 120% 125%

Table 4.5: Results of creep from short-term measurements of 8F Im under various
constant loads in air and water environments. Elongation vdues are precise to about 1%.
Taken from reference [122].

Material Stress Elongation
[MPa] [psi] (10 days) (20 days) (50 days)
Sniamid- 1.7 250 0.9% 1.1% 0.8%
Leistriz in 3.4 500 1.4% 1.8% 1.4%
pseudocumene 5 750 3.2% 3.6% 3.6%
7 1000 6.2% 6.6% 7.0%

C90- 1.7 250 <0.5% <0.5% <0.5%

Leistriz in 3.4 500 1.7% 1.6% 1.8%
pseudocumene 5 750 3.6% 3.9% 4.1%
7 1000 5.7% 7.0% 7.3%

Table 4.6: Results of creep from long-term measurements of $amid-Leistriz and C90-
Leistriz Im under various constant loads, immersed in psewocumene in equilibrium with
outside air in the summer. Elongation values are precise to laout 0.5%. Taken from
reference [12].
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earlier on C38F, Sniamid-Leistriz, and C90-Leistriz Im (cf. Section 4.1.4). Some short-
term tests reported in [122] measured the amount of creep in% m-thick C38F Im under
various loads in both air and water. The results of these meagements are tabulated in
Table 4.5. Several important conclusions can be drawn. Firs the presence of water in
the environment seems to make a strong di erence at loads gager than 7 MPa. Second,
within a time scale of one day, the amount of elongation in nybn Im under constant stress
continues to increase rapidly. Finally, the amount of creepas a function of applied load
increases much faster than linearly, so it is important to keep the stress level as low as

possible.

Longer-term tests were also done. First, in the NSF proposal ppendix, two samples of the
same C38F Im were hung in water at temperatures of 23C and 8 C, respectively, with
constant loads of 7 MPa for four months. Both samples were setched by 10-15% in the
rst few days, but then remained at a constant length [122]. Tests in summer 1998 on
Sniamid-Leistriz and C90-Leistriz nylon Im samples immersed in pseudocumene exposed
to the humidity in normal air also show that the elongation of load-bearing Im reaches
a static value after an initial 10 day period of stretching. After 50 days, the maximum
fractional elongation achieved for the Sniamid-Leistriz Im was < 1% at a stress level of
1.7MPa, and 7% at a stress of 7MPa [12]. Very similar results were obtaing for the
C90-Leistriz Im (see Table 4.6). As with the short-term tests, the long-term creep values

are a strongly increasing function of the applied constant bad.

For comparison, the operational stress in Borexino will be &out 1.8 MPa [12]. Temperature
gradients between uids in the three volumes of pseudocumes may however cause stresses
up to an order of magnitude higher at the design limitof T =5 C. Itis therefore essential
that these temperature di erences be noticed and minimizedsomehow within a few hours.
The values tabulated in Table 4.5 point out the importance of keeping the pseudocumene

relatively dry during Borexino operation, in case of such a @cumstance.
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4.3.5 Tests of brittleness
Spreading of cracks in Im

Tests for fracture toughness and related quantities were gjhtly more involved than tests of
tensile strength. Each 33cm 2.5 cm nylon strip used in these tests was initially prepared
with a slit in the center, perpendicular to the length of the strip, as shown in Figure 4.2.
Slits were of lengthc = 4, 6, 8, or 10 mm, except for the thicker C38F samples, which wre
given slits of lengthc = 6, 8, 10, or 12mm. At each humidity level, for each of the fourtypes
of nylon, at least one sample with each size of slit was pulletb failure in the Tinius-Olsen

machine. The maximum force applied during each test was readed.

These measurements allowed several quantities related torittleness to be determined.

First, fracture toughness can be calculated from the formuh
_ P
Kie=Y § ¢ (4.15)

obtained from the theory of the Grith model described in Section 4.2.3. Surface energy
may be derived from the fracture toughness with the formula

Kt
= _lc. 4.16
2 (4.16)
where E is the Young modulus. (In these results, \surface energy" wi be reported as the
quantity 2 , the amount of energy required per unit area to form thetwo new surfaces of a

crack.) Finally, the critical thickness t¢; is calculated as

82
teit  — —: (4.17)

t
For each strip, the value of K| was calculated using the value of ; measured in a pull
test and the value of Y calculated from the size of the center slit. The quantity 2 was
determined for each individual strip using that strip's val ue of K| and the average Young

modulus E, obtained as described in the previous section, for the apmpriate sample type
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and relative humidity. Then K, and 2 were averaged over all strips of the same type
of nylon at the same humidity (regardless of slit size). The citical thickness tgj was
produced from the average value of ; for this humidity, determined as described in the

previous section, and the averaged values foK ;. and 2 for this humidity.

Some di culties were encountered with this method of analysis at higher values of relative
humidity. The Gri th theory of fracture toughness is well de ned only for elastic materials.
Above the glass transition point, nylon behaves plasticaly instead. Calculated results for
nylon Ims at higher values of relative humidity were dependent upon the slit size of the
sample. However, for the samples with larger slits, the stres at failure ; was signi cantly
below the tensile strength ; and still within the range of roughly elastic behavior. It was
therefore assumed that calculating fracture toughness usig these samples would still give
approximately correct results. Thus, at 40% and 60% humidiy, data from samples with

the smallest slit size were excluded from the preceding caldations.

The results show that the fracture toughness decreases forllaypes of nylon as relative
humidity increases (Table 4.7, Figure 4.11). Surface enesgalso appears to decrease (Ta-
ble 4.8, Figure 4.12), although the wider errors make the extpolation of a trend more
di cult. Finally, it is clear that the critical thickness of nylon is low (about 500-700 m)
at lower ambient humidity, and substantially larger (1.0-1.4 mm) above the glass transition
point (Table 4.9, Figure 4.13). In fact, the calculated critical thickness at low humidity
should be taken with a large grain of salt. Recall from Sectia 4.2.4 that the critical thick-
ness model is based upon the assumption of a Im that behaveslastically. Films in the
glassy state behave elastically, which would lower the trueritical thickness at low humidity
well below the calculated values. This helps to explain the racking failure of the CTF 2
vessel in 1999. This vessel was stored in a very dry nitrogentrmaosphere, and its thickness
of 500 m would have been dangerously close to the true critical thikness, if not above it,

at that humidity.
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Humidity Fracture toughness [MPa mm]
[%0] Capron Capron in PC Sniamid C38F
0 151.2 (22.1) 1315 (4.2) 1359 (6.8) 163.4 (13.0)
10 1255 (7.8) 120.0 (7.7) 126.3 (8.0) 159.8 (6.7)
20 108.5 (5.0) 113.7 (7.0) 117.0 (7.2) 149.9 (5.0
40 704 (32) 773 (39 811 (5.1) 86.0 (7.9
60 569 (4.7) 557 (2.0) 575 (3.7) 575 (5.3

Table 4.7: Fracture toughness, in MPamni™2, of the four types of nylon sample as a
function of relative humidity in the surrounding atmospher e. Statistical errors are shown

in parentheses.

Humidity Surface energy [kIm ?]
[%0] Capron Capron in PC Sniamid C38F
0 14.0 (4.3) 10.7 (0.7) 11.3 (1.1) 21.2 (3.2
10 12.2 (1.5) 104 (12.3) 101 (1.2) 194 (1.6)
20 11.6 (1.1) 14.4 (1.8) 11.3 (1.3) 186 (1.2
40 9.7 (0.9) 105 (1.1) 109 (1.4) 13.7 (2.5)
60 78 (1.3) 74 (0.5) 8.0 (11) 99 (1.8

Table 4.8: Surface energy, in kJm?, of the four types of nylon sample as a function of rel-
ative humidity in the surrounding atmosphere. Statistical errors are shown in parentheses.

Humidity Critical thickness [mm]
[%0] Capron Capron in PC Sniamid C38F
0 0.26 (0.09) 0.19 (0.01) 0.19 (0.02) 0.36 (0.06)
10 0.29 (0.04) 0.23 (0.03) 0.19 (0.02) 0.33 (0.03)
20 0.36 (0.04) 0.48 (0.06) 0.27 (0.03) 0.36 (0.02)
40 0.54 (0.05) 0.56 (0.06) 0.54 (0.07) 0.69 (0.14)
60 0.52 (0.09) 051 (0.04) 0.50 (0.07) 0.72 (0.13)

Table 4.9: Critical thickness, in mm, of the four types of nylon sample as a function of rel-
ative humidity in the surrounding atmosphere. Statistical errors are shown in parentheses.
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Figure 4.11: Fracture toughness, in MPamm™, of the four types of nylon samples as a
function of humidity.

Figure 4.12: Surface energy, in kJm?, of the four types of nylon samples as a function of
humidity.
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Figure 4.13: Critical thickness, in mm, of the four types of rylon samples as a function of
humidity.

Failure due to repeated mishandling

Two additional sets of tests were performed that did not invdve the Tinius-Olsen machine.
The rst was very qualitative, consisting of taking thin pie ces of Im and bending them
back and forth, by hand, along the same crease. It was obserddahat dry Im would quickly

snap in two, while Im that had been kept in a humid environment could be bent many
times. In the latter case, the worst that would happen to the Im was the development of
opaque white areas of crazing along the crease. Though undbstic, crazing does not a ect

the Im strength greatly.

The so-called packet tests were more quantitative tests of th ability of nylon Im to survive
repeated mishandling. Several nylon packets were producedonsisting of two circles of Im,
28 cm in diameter, glued together at the edges. To the centerfane circle could be attached
a plastic tube. These packets, like the other nylon sampleswere stored in the CRHF in
order to reach equilibrium. At each humidity level, several packets of each type were tested

in glove box B. (Packets were produced only with Capron and Sramid Ims.)



Chapter 4. Nylon Film of the Borexino Vessels 180

Figure 4.14: Results of the packet tests: number of vacuum ayjes survived by each Capron
and Sniamid packet (referred to as \pillows" in the gure) at varying humidities.

For a packet test, a nylon packet was attached to a gas manifal comprising several valves
and vacuum pumps. The test consisted of repeated in ation aml de ation of the packet in
the following cycle:
1. In ate the packet at a positive pressure of 9torr for 90's;
2. De ate the packet for 90 s using a vacuum on the order of 50 tor absolute pressure;
3. Close the valves for 50s;
4. Evaluate the pressure in the packet.
The test is de ned to be over when the absolute pressure in sg4 of the cycle has exceeded

400 torr. At this point the number of cycles for which the packet survived was recorded.

Figure 4.14 shows the results of the packet tests for the Can and Sniamid packet. Un-
fortunately, this plot su ers from low statistics, so data p oints for the individual packets

have been plotted as well as the averages. Although the datara sketchy, it appears that
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the Sniamid packets fail sooner,i. e., in signi cantly fewer cycles, than the Capron pack-
ets. This can be correlated with the observation that the critical thickness of Capron is

marginally greater than that of Sniamid at all humidity leve Is.

4.4 Radioactive contamination of nylon surfaces

Because the nylon vessels are in intimate contact with the datillator in Borexino, it is
crucial that they be clean and low in radioactive contaminarts. One can imagine four ways
in which the vessels could cause (or fail to prevent) an una@ptably high event rate in the

scintillator:

The Inner Vessel may contain a level of radioactive contaminats su cient to over-

whelm the neutrino signal, even in the Fiducial Volume (\int rinsic radioactivity").

Radon produced by external sources may di use through the njon vessels into the

scintillator (\di usion").

Radium trapped in the nylon vessel material may produce rado that migrates into

the scintillator (\emanation™).

Radioactive particles (dust or adsorbed ions) adhering to he surface of the nylon Im

may come o into the scintillator (\washo ").

4.4.1 Intrinsic activity in nylon Im

Of these four possibilities, the rst is of the least concern Recall that and particles
travel no more than a few cm in pseudocumene; even rays will generally travel 10-20 cm.
The spatial resolution of the detector for 250 keV events (atthe lower end of the neutrino
window) will be on the order of 20cm, as can be estimated fromhe techniques of Chap-

ter 5. If the level of radioisotopes embedded in the Inner Vesel Im is high enough to
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Sample Bulk 22Ra  Surface??®Ra Total %°°Ra
[mBa/kg] [ Bg/m?] [mBag/kg]
Capron B73ZP (1st batch) 0.21 0.03 1.1 0.3 0.22 0.04
Capron B73ZP (2nd batch) 0.46 0.07 6.4 1.6 0.55 0.08
Sniamid blend < 0.021 < 0.8 0.016 0.004

Table 4.10: Radium activity in Borexino vessels Im deducedvia a mathematical model of
radon di usion from measurements made at Heidelberg [123]lt is believed that the second
batch of Capron Im was contaminated during extrusion, explaining the higher activities.

Sample Type ?%?°Ra 238y 232Th K
[ppt U equiv.] [ppt] [ppt] [ppb]
Sniamid pellets - 1.1 0.0 16 01 25 9
Sniamid  Im 1.3 0.3 28 0.1 3.8 02 -
Capron pellets - 046 004 11 01 25

Capron Im 18 3 - - -

Table 4.11: Summary of radioactive contamination in the two Borexino nylon vessel Ims.
226Ra contamination is derived from the Heidelberg measuremess, 238U and 232Th from
ICP-MS at Tama, and K concentrations from NAA at the Technical University of Munich
and the Missouri University Research Reactor. The values foK contamination from NAA
are in disagreement between the two sources; the larger vaduhas always been printed in
this table. The directly measured values for U and Th contamhation of Sniamid Im were
made on the pure ADS40T \Sniamid-Leistriz" Im extruded at Am erican Leistriz in 1998
(cf. Section 4.1.4), not on the 83%/17% ADS40T/Ultramid B4 blend extruded at mf-folien
in 2001 and used in the Borexino Inner Vessel.

overwhelm the neutrino signal in the Fiducial Volume, 125 cmaway, then radon emanation
is likely to be a far worse problem. A Monte Carlo estimate by L Cadonati, assuming Im
impurities (by mass) of 2 ppt 238U, 4 ppt 232Th, and 10 ppb potassium, yields an estimate
of < 0.01 counts/day in the Fiducial Volume due to emitted rays [12]. Even with the
revised contamination numbers given below, this value is sl less than 0.05 counts/day in

the Fiducial Volume.

Ultra-sensitive measurements done at Heidelberg based on aathematical model of radon
emanation [123] have yielded the measurements 6f°Ra activity shown in Table 4.10. (It

should be noted that if secular equilibrium in the 28U decay chain is assumed, 12.35Bq of
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226Ra activity per kilogram of Im is equivalentto 1 ppt 238U contamination.) A summary of
these measurements is given in Table 4.11. Also shown in theble are direct measurements
of the three troublesome elements by inductively coupled mss spectroscopy (ICP-MS) done
by Tama Chemicals [124] in 1999, and neutron activation analsis (NAA) performed by
R. von Hentig and T. Riedel in 1998-1999 [12, 63].

It is not known why the Capron Im is a factor of ten worse than t he Sniamid Im in Ra
contamination when the Capron pellets initially seemed beter. But by the time that the
radon emanation measurement on the Capron Im had been madethe Borexino Outer
Vessel had already been constructed from Capron, which at te time was the rst-choice
material due to its better pellet purity and its slight mecha nical advantages discussed in
Section 4.3. Since the Outer Vessel is 1.25 m from the scin@itor and 2.5 m from the Fiducial
Volume, this situation was judged to be tolerable. Only the Inner Vessel was constructed

from Sniamid Im.

4.4.2 Radon diusion through nylon

We now examine the e ectiveness of nylon Ims as a barrier to mdon gas. First consider
atoms of a stable noble gas di using into a medium. They obey kck's Law, which states

that the rate of di usion is proportional to the local impuri ty concentration gradient:
J+ Dr =0: (4.18)

Here,

J [atoms / (area  time)] is the molecular ux of the impurity,
[atoms / volume] is the local concentration of the impurity,

D [area / time] is the di usion coe cient.
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When combined with the continuity equation
r J+@ =0; (4.19)
this yields the di usion equation

@ =Dr?: (4.20)

Because the nylon Im of the vessels is very thin compared toheir radii, they may be treated
mathematically as thin sheets, in nite in extent. We assume a coordinate system in which
a sheet of Im extends in nitely in the yz-plane, with thickness d extending from x =0 to

x = d. Let the outside of a vessel be in the negativex direction. Then Equations (4.18)

and (4.20) may be restricted to one dimension:

J(x;1) D x(x;t) (4.21)

D x(xt): (4.22)

t(x;t)

These equations govern the di usion of stable substances tlough the vessels.

However, 22°Rn has a nite mean life = 5.516 days'®: without di usion, the radon con-

centration at any point would decay exponentially, following the equation
(= = (4.23)

The equation that must actually be used to nd the rate of radon di usion through nylon

takes both di usion and decay into account:

(=D o = (4.24)

An important length scale for this equation is the characteristic di usion length, D

(also written as 1= in some references). This is the mean distance that a radon am will

10 As a side note, throughout this thesis the symbol  (optionally with an identifying superscript) is used
to represent the mean life of an isotope, while the symbol ;-, (also with an optional superscript) is used
for the half-life. The two quantities are of course connected by the r elation ;- = log2 0:69315 .
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Material Reference Diusion constant Di usion length
D [cm?/s] * [em]

Nylon (dry) [125] 25 10 2 1.1 103

Nylon (wet) [125] 1:3 10 ° 25 102

Water [126] 10 ° 2

Pseudocumene [123] 210 ° 3

Air [127] 0.11 230

able 4.12: Di usion constants for ??Rn in various substances. The di usion length® =

D is the mean distance a radon atom will travel before it decays The di usion lengths
for 22°Rn (\thoron"), part of the 232Th decay chain, are not tabulated here, but are smaller
by two orders of magnitude.

travel in a medium with di usion constant D. Values ofD and "~ for radon in some relevant
materials are given in Table 4.12; the rst estimate of thesevalues was in fact made with
the Counting Test Facility [128]. Note that D for radon in nylon varies by almost three
orders of magnitude (and” by a factor of 25) depending upon the moisture content in the
nylon. The speci ¢ dependence has been studied and found toebrelatively at for nylon in

equilibrium with a relative humidity between 0-30% in the surrounding environment, but

steeply increasing above that [45].

In Borexino, the concentration of radon in solution outside the Outer Vessel will be es-
sentially constant, replenished by emanation from the phobmultiplier tubes and Stainless

Steel Sphere. Let this concentration be ¢. This gives the boundary condition
O;)= S o: (4.25)

S is the ratio of the solubility of radon in nylon (number of ato ms dissolved per unit volume)

to the solubility of radon in the uid outside the vessel.

We wish to nd the stationary solution, in which { = 0 at any point within the Outer
Vessel Im, and in which the concentration of radon in solution within the Inner Bu er is
also constant. This is the solution that will be reached asynptotically at times t . In
order to do so, we must rst determine the boundary condition at x = d. There are two

extreme possibilities: on one hand, radon may mix thorough/} in the Inner Bu er; on the
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other hand, there may be no mixing and the internal radon conentration radial pro le is
governed by radon di usion in pseudocumene. The former is tle worst case, so it is the

only one considered here.

If we assume that radon in the Inner Bu er mixes completely in a time scale much less than
the radon mean life, then the radon concentration in the Inne Buer 'B(t) is spatially
homogeneous. The total number of radon atoms in the Inner Buer, N'B = V!B B jg

given by the di erential equation

@N"B = NB= +4R2J3(d;1): (4.26)
Substituting in Equation (4.21), the stationary version of this equation becomes

VB B = 4R?D ,(d) (4.27)

(R, the radius of the Outer Vessel, is 5.5m). We equate (d) = S 'B, obtaining the (ugly)
boundary condition

VIB

(D)= ZR7sp

(d): (4.28)
The stationary solution to Equation (4.24) given the boundary conditions in Equations (4.25)
and (4.28) is

sinh[(xo X)="]
sinh (xo=")

wherexg = d+ “tanh (4 R 28°=V'B),

(x) =

(4.29)

For our purposes, it can be shown that 4R °S’=V'B 1, so we may make the approx-
imations sinh(xo=")  sinh(d=") and sinh[(xo d)="] 4R ?2S'=V'B. (A plot of this
approximation is shown in Figure 4.15a.) Therefore,

B (d) 4R %S
"o (0) VEsinh(d=) (4.30)

Alternatively, as in [12] and [125], we may de ne an \e ectiv e permeability" for the Im

d="
Pe = DS sy (4.31)
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Environment Rel. solubility Diusion const. E. permeabil ity V=g,

S D [cm?/s] Pe [cm?/s]
Nylonindry PC 1.0 25 10 2 6.1 10 16 38 102
Nylon in humid PC  0.15 1.3 10 ° 1.8 10 10 37 10°
Nylon in H,0 0.7 1.3 10 ° 87 1010 79 108

Table 4.13: Predicted ratios of radon concentration in the hner Vessel to that in the
Outer Bu er under the pessimistic assumption of complete miking. Recall that the Outer
and Inner Vessel radii are 5.5m and 4.25m respectively, andagh vessel has a thickness
of d = 125 m. The values of S and D come from those tabulated for nylon 6 in refer-
ence [125], except for the \nylon in humid PC" environment, in which S is calculated from
the value at 100% relative humidity in Table 1 of reference [%], scaled for an environment
of pseudocumene rather than N.

and express this result as

1B 4R2

—= s e (4.32)

Combining this result with the analogous result at the Inner Vessel (radiusr = 4.25m),
using V'® =4 (R® r3)=3, and letting the two vessel thicknesses be the same valu =
125 m, we have

vV gRZ

2
o) 5Pe (1:04 10" cm 4 P2: (4.33)

Even in the worst-case scenario of complete mixing inside msi nylon vessels, Table 4.13
shows that we can expect a reduction of 10’ in the radon concentration from the Outer
Bu er volume to the scintillator in the Inner Vessel. To meet the requirement of no more
than one count per day due to radon in the Fiducial Volume, we ten require a radon
concentration of no more than 1.5Bg/m? in the Outer Bu er (a total radon count rate of
about 900 Bq over its 580 n%). Typical uranium concentration in dust is about 3 ppm =
35Bg/kg [129], so with the assumption of secular equilibrium in the dust, this would be
about 25kg dust. If it were distributed as a thin layer settled onto the bottom surface
of the Stainless Steel Sphere (horizontal projection in thexy-plane is 150 nf), and using

an estimated density for rock dust of 5g/cn?, the layer of dust would be 30 m thick.
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Although that number sounds small, it is more typical of the amount of dust in a seldom-
cleaned basement than in a nominally class-10000 clean roorithis result shows that radon
di usion from the Outer Bu er into the scintillator is not ex pected to be a problem in

Borexino.

4.4.3 Radon emanation from nylon

Emanation of radon from the nylon vessels is a bit more of a catern. Formally, emanation
may be treated in a similar way to di usion. In this case an additional term is added to
Equation (4.24) to describe the rate at which new radon atomsare produced by the decay

of 226Ra embedded in the nylon. That is,
where A is the radium decay event rate per unit volume [atoms / (volume time)].

Due to the long mean life 0f??°Ra ( R2 = 2310yr), A is essentially constant. However, in the
experience of the Borexino project, radium in nylon is not lkely to be in secular equilibrium
with its progenitor uranium, due to their di erent chemical properties. Its abundance in

the vessels must therefore be measured directly with sensite counting techniques [123].

Let us once again assume the pessimistic case of complete mig, and nd the resulting
stationary solution for the Inner Vessel. (The general timedependent solution is treated in
reference [123].) Suppose that the respective equilibriumadon concentrations in the Inner
Bu er and scintillator, 'B and 'V, are negligible compared toA . Then the solution must
be symmetric about x = d=2, go to zero atx = 0 and x = d, and in the limit of a thick
slab of nylon, go to a constant value at the center:d!{im (d=2) = A . The required result

is found to be

cosh[k d=2)="]
cosh@d=2")

(x)= A (4.35)

A plot of this function is shown in Figure 4.15b.
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Figure 4.15. Concentrations of radon in the nylon Im for (a) diusion (left), and (b)
emanation (right). In both cases, the x-coordinate is plotted in units of the Im thickness,
d =125 m. The surfaces of the Im are shown as vertical lines atx=d = 0 and x=d = 1.
In the case of diusion from outside (x < 0), the value of S is taken to be 3 for purposes
of illustration. The upper curve is that for wet nylon ( "=d = 2:0), the lower curve is that
for dry nylon ("=d = 0:088), and the middle curve is an intermediate case €d = 0:25)
corresponding to a relative humidity of about 55%. In the cag of radon emanation, the
upper curve is that for dry nylon (most of the radon remains trapped in the Im), and
the lowest curve is that for wet nylon. The horizontal bar at =A = 1 shows the radon
concentration that would be obtained with no di usion (all r adon remaining trapped).

This solution yields a ux into the scintillator of
J(d)= D x(d)= A tanh(d=2): (4.36)

Substituting into the stationary form of Equation (4.26) an d replacing R with r and V'8
with VIV =4 r 3=3 gives the expected equilibrium concentration of radon in he scintillator,

V= 3Ar tanh (d=2"): (4.37)

To nd the equilibrium activity per unit volume in the scinti llator A"V, we must divide
again by the mean life . In the limit ° d, we then have the activity in the scintillator
being A 3A’=r: it is proportional to the di usion length. On the other hand , in the
limit © d, the activity in the scintillator becomes A" 3Ad=2r (that is, half the radon
generated in the Im ends up in the scintillator), and only th e thickness of the Im is

relevant.

From Table 4.10, the measured equilibrium??°Ra activity in Sniamid (given its density

of 1.14g/cm® that may be extracted from [123]) is A = 18:2mBg/m3. The predicted
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Figure 4.16: Expected radon decay event rate in the FiduciaMolume due to radon emana-
tion from the Sniamid Im making up the Inner Vessel. The rate, in decays per day (dpd),
is shown as a function of relative humidity on the horizontal axis. Note the steep event rate
increase beyond about 30-40% relative humidity. Graph reprduced from [45].

radon concentration in the scintillator from emanation is then 'V = 0:06 atoms/m? for
dry Sniamid, and 0.38 atoms/m? for wet Sniamid. These atomic concentrations translate
to total count rates in the Fiducial Volume of 1.0 Rn decays/day and 7.0 Rn decays/day,
respectively. Recall also that each radon decay is followedithin a few hours by four more
events further down the 238U decay chain. Though these can be statistically subtractedoy
tagging the decays of the radon daughter$*Bi and ?1*Po that occur in rapid succession,
it will still be most important to keep the Inner Vessel dry once it has been lled with

scintillator.

One may ask how the expected rate of radon decays in the Fidual Volume behaves as the
relative humidity changes. This can be predicted using the kown behavior of the di usion
constant of radon in nylon. A graph of the expected radon decg rate as a function of

relative humidity, assuming complete mixing, is reproduceal from [45] in Figure 4.16. It can
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be seen that the expected radon activity stays at a manageabl level of 2 counts/day up

to a relative humidity around 40%, above which it steeply increases.

One may also ask whether there is any danger from emanation of?°Rn (\thoron"), a
product of the 232Th decay chain. Assuming secular equilibrium in that chain and us-
ing the 2%2Th concentration in Sniamid from Table 4.11 gives a??°Rn production rate of
A = 17.1mBg/m 3, almost the same as the production rate of?22Rn. The mean life is
= 80.2s, so the worst-case di usion length in wet nylon is™ = 2.7 m. These gures
yield a predicted worst-case??°Rn activity of 0.3 ?2°Rn decays/day in the Fiducial Volume
with the assumption of complete mixing. Though that assumption is unrealistic due to
the short half-life of 22°Rn, it may make some sense for the longest-lived decay product
212pp ( ,-, = 10.6 h) and its daughters, some of whose energies fall intde neutrino energy

window.

4.4.4 Desorption of radioactive contaminants from nylon

A potential danger that should not be underestimated is the problem of 22?Rn daughter
isotopes adhering to the surface of the Borexino vessels, drater \washing o " into the
scintillator (desorption). These atoms are not intrinsic to the nylon Im, but instead have
attached themselves to it during vessel construction. Dumg the few-year period between
the beginning of vessel construction and the beginning of B@xino uid operations, these
atoms will have decayed into?1°Pb. It is the longest-lived 222Rn daughter, with a half-life

of 1, =22:3yr.

210pp jtself is not a problem for Borexino, since the endpoint ofits ~ spectrum is only 64 keV.
However, its immediate decay product,?1°Bi, has a spectrum endpoint of 1.162 MeV,
completely overlapping the neutrino window. This product will be formed at an almost
constant rate, dependent upon the original amount of?1°Pb adhering to the nylon Im,

throughout the lifetime of the experiment. The same is true d the next isotope in the
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decay chain,?!%Po (although as an particle emitter, it is less dangerous, for its decays

may be mostly excluded from the data set by = separation.)

Two questions about2°Pb must therefore be answered to determine whether it will bea
problem for Borexino. First, what is the initial surface density of 21°Pb atoms on the Inner
Vessel Im surface? Second, given the planned lling scheméor the experiment ( lling with

water from the bottom, followed by lIling with pseudocumene from above), what fraction
of these atoms will remain attached to the Im during the water lling ( i. e., not be drained

with the water), and then later detach into the scintillator ?

It should be noted that some concentration of?1°Pb and 2!°Po atoms will also be added
to the scintillator due to wash-o from the surfaces of the Borexino storage tanks, lling
stations and Iters. This section will discuss only the 21°Pb atoms originally adhering to

the nylon Im; other surfaces are discussed in detail in refeence [46].

Expected surface concentration of  2°Pb/Po

The concentration of radon daughters is roughly constant nar the center of a room. Toward
the edges of the room, the walls, oor and ceiling act as a sinklt is impossible to analytically

describe the situation, as the room may contain convection grrents that move atoms about
independently of di usion. However, we suppose that near tke surfaces in the room, the
air is static so that the concentration of each species can belescribed by Fick's Law,

Equation (4.18):

J+ Dr =0:

If the concentration away from the room walls ¢ is constant in time and space, then the
solution to the one-dimensional di usion equation, Equation (4.22), near a wall is given
by (xX)= o 1 e * , where" is roughly the thickness of the static air layer. Then,

J(0) = D o= (the negative sign simply describes the direction of ow). Dening a
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\deposition velocity" as vq D=", we may rewrite the rate of deposition onto a surface as

J = vg o. Therefore, the accumulated surface density of!°Pb atoms will be
X6
(**°Pb) = iVat; (4.38)
i=1

where

(?19PDb) is the surface density of?'°Pb atoms,
i is the concentration in air of the it" species inf 218Po, 214Pb, 214Bj, 214Po, 210Ppg,

t is the elapsed time during which the surface is exposed to air

In practice, it is di cult to measure the individual concent ration of each isotope. As in [47],

we may instead rewrite Equation (4.38) as follows:
(?Pb) = k ovgt (4.39)

where ¢ is the room concentration of radon itself,vq is a weighted average of the deposition
velocities for each species, and is the necessary proportionality constant. An e ective

deposition velocity may be de ned asvg  kvg.

From an experiment done with 5cm  5cm pieces of nylon Imina2m 2m 3m

test clean room with a high radon concentration [130], an e etive deposition velocity
vo=3 10 8m/s was derived [47], three orders of magnitude smaller tharthe average
deposition velocity for radon daughters in a normal room. The small value ofk causing
this is most likely due to the atoms never reaching the nylon arface, instead being removed
by the air lters. Therefore we expect v to scale inversely with ¢, the number of clean
room volumes Itered per unit time. Unfortunately this numb er was not available for the
test clean room. Measurement of the ow rate of a HEPA Iter id entical to that in the test

clean room yielded 90 10cfm [131], giving a value for ¢ of (3:5 0:4) 10 3s 1. Inthe

Borexino vessel construction clean room, ; = 0:0365s ! [44], so we expecty there to be

smaller by a factor of 10:vg 3 10 °m/s.
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The typical radon activity in the vessel construction clean room was maintained at 1.5{
2 Bg/m 3 through the use of an activated charcoal vacuum swing adsoton lter [44, 132],
for a concentration of about 1¢ Rn atoms/m3. The nylon vessels, during construction,
were kept sandwiched between two other sheets of Im as muchsapossible. Even in the
nal stages of assembly, they remained covered by plastic sfeting when not being actively
worked upon. We may estimate that the average exposure timedr any individual surface
area on the Inner Vessel was only about 1 hour [44]. Assuminght value of vy obtained
above, the resulting estimated?1°Pb surface density will be on the order of 10 atoms/n%,
for a total of 2500 21°%Pb atoms on the inner surface of the Inner Vessel. In a worst-
case scenario (complete desorption into pseudocumene anddrough mixing), these would

contribute 0.07 decays/day in the Fiducial Volume from eachof 21°Pb and 21°Po.

210pp/Po desorption into water and pseudocumene from nylon

Various substances, including nylon, te on, and stainlesssteel, have been exposed to a
radon-laced atmosphere, and then soaked in water for di erehamounts of time to determine
what fraction of radon daughters are removed. The behavior bboth 21°Pb and ?°Po have
been studied; the former with a -ray germanium detector, and the latter with a silicon
surface barrier -particle detector. For the Ge detector, the data acquisition system and
software were purchased with the system; for the Si detectgrdata acquisition was performed

with a CAMAC crate controller and in-house custom software.

These tests with nylon samples exposed to radon for several anths have shown that a
ten-minute soak in deionized water is su cient to remove 75% d 2°Pb atoms from a nylon
surface [132]. Although it seems that 5{10% of the?'°Pb may be left even after ten days of
soaking in water, this measurement is statistically dubiows due to a low initial activity. In
any case, assuming the value fovg given above, at most 0.01 decays/day of lead should be
present in the Fiducial Volume if it is decided to |l the dete ctor with water for a few months

(an optional operation) before scintillator and bu er uid s are introduced. This is about
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a factor of four lower than the estimate of 0.04 decays/day arived at through a di erent
method of calculation in [44]. If the water- lling is not perf ormed, though, the expected

rate of 0.07 decays/day in the Fiducial Volume is neverthelss more than acceptable.

210pg is slower to come o in water, with the amount remaining exhibiting only a logarithmic
dependence on elapsed time. However, as mentioned already’Po events can be e ciently
discriminated by = separation so do not pose nearly as much of a problem. In any ent,
desorption of lead and polonium atoms from steel surfaces ithe Borexino lling stations

is expected to be more potentially dangerous than that from te nylon Im itself.

4.5 Solubility of water in pseudocumene

It was demonstrated in Section 4.3.2 that the moisture contat of nylon Im exposed to air
at a certain relative humidity is equal to that in nylon Im ex posed to pseudocumene at the
same relative humidity. That is, if a sample of air has 30% rehtive humidity, and a sample
of pseudocumene is exposed to air at 30% relative humidity,ie two samples are equivalent
environments as far as a strip of nylon is concerned. This sugests a few other questions

important in Borexino:
What is the maximum amount of water (the solubility) that can be dissolved in
pseudocumene?

Can this saturation level of water in pseudocumene be achied by holding the pseudo-

cumene in air at 100% relative humidity?

Is the water content of pseudocumene a linear function of theelative humidity of the

surrounding air?

What is the temperature dependence of the solubility of wate in pseudocumene?
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4.5.1 Water solubility in aromatic hydrocarbons

No previous tests of the solubility of water in pseudocumeneavere found in the literature.
However, the solubilities of water in similar aromatic hydrocarbons such as benzene @Elg,
molecular mass = 781 amu) and ethylbenzene (GH11, molecular mass = 1071 amu) have
been measured, and even t to a function of temperature. The slubility of water in a
hydrocarbon is usually expressed as a mole fractiory,. If X,, is much less than one, this
value can be converted to a mass fraction simply by multiplyng by the ratio of the molecular

mass of water (18.0 amu) to that of the hydrocarbon.

One semi-empirical formula that has been derived to expresshie temperature dependence

of Xy Is given by
|ogXW =A+B=T+CT (4.40)

(\Mlog" is the natural logarithm, and T is the temperature in Kelvins). For benzene, the
coe cients have been determined to beA = 1:64055,B = 202941K, and C =9:00544
10 3K 1[133]. At 22 C, this formula yields x,, = 2:84 10 3 (655 ppm), and at 10 C (the

approximate temperature in the Gran Sasso underground lab)x,, = 1:91 10 3 (439 ppm).

A di erent semi-empirical formula has been put forth to describe a divergent high-temperature
behavior of the water solubility at the temperature T3 of the three-phase critical end point.

This formula is given by!!

Tac T T
logxw= + — 1 + 1 — + 1 —
9w T T Tac

(4.41)
The coe cients of this equation for water in ethylbenzene (with Ts; = 568:1K) are given
as = 037215, = 44626, = 0:38596, and = 2:59850 [134]. At 22C, Equa-
tion (4.41) for the solubility of water in ethylbenzene vyields x,, = 2:34 10 2 (394 ppm),

and at 10 C, xyy =1:54 10 3 (258 ppm).

" Neglecting terms of order (T=Ts.)? and higher, at low temperatures this formula may be rewritten in
the form of Equation (4.40) by setting A = + 4+ ,B= T3,andC= (=3+ )=Ts.
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From these data, assuming that the value ofx,, for water in pseudocumene is similar to that
for water in benzene or ethylbenzene, we would predict a watecontent of 350{430 ppm in

saturated pseudocumene at room temperature.

4.5.2 Experimental tests of water solubility in pseudocume ne

The water content of the tank of pseudocumene in glove box B othe Controlled Relative
Humidity Facility (described in Section 4.3.2) was measurel at each of the reference relative
humidity levels, 0%, 10%, 20%, 40%, and 60%. This was done gnlith the Computrac
3000, not by measuring the sample masses, since the mass iease was expected to be too
small to determine accurately. In this case, the temperatue of the Computrac 3000 oven
was set at 50C, as recommended by Arizona Instruments for measurementsfanoisture
content in aromatic compounds. The cuto rate for each measuement was set to be the

same as for the nylon measurements, 0.3Q/s of water vapor.

The fractional water content of pseudocumene is much smalltethan in nylon at the same
relative humidity, so it was necessary to be more careful. Fist a blank sample of air was
measured with the Computrac 3000. Then the same vial was re-nasured without opening,
thereby purging virtually all water vapor from the air insid e. At this point a few m” of
pseudocumene from the tank in glove box B were placed into theial through the septum
(a syringe was used so that the vial need not be opened). The s& vial was measured
twice more, and the sum of water collected in these two measaments was assumed to be
the water contained in the pseudocumene. Finally, a fth measurement was made on the
vial to check for consistency. It was assumed that the minusgle mass of water measured in
the second and fth steps was due to di usion, and therefore $iould be subtracted from the
mass of water measured in the pseudocumene in the third and fwth steps. If the water
content measured in the second or fth step was much more tharilO g, the septum of the
vial was presumed to be damaged and the measurement was disdad. At least three data

points were collected in this way at each relative humidity.
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Humidity Moisture content

[%] [ppm H20]

0 1.1 (3.2)
10 37.8 (4.3)
20 75.7 (4.8)
40 171.0 (13.7)
60 277.6 (1.9)

Table 4.14: Moisture content of pseudocumene as a functionfaelative humidity in the
surrounding atmosphere. These values were determined witlthe Computrac 3000. The
percentages are relative to the dry mass. Statistical errcg are shown in parentheses.

Figure 4.17: Moisture content (ppm) of pseudocumene as a furion of humidity.
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Results are tabulated in Table 4.14. The fractional moisture content of the pseudocumene,
in ppm, is shown as a function of the relative humidity in Figure 4.17. It is close to linear,
as expected. A 2 t of the pseudocumene data in Table 4.14 to a linear functiongives the
expected value of water content in pseudocumene at 100% relge humidity as 465 ppm.
At 10 C, the saturation content of water in both benzene and ethylkenzene is a factor very
close to 1.5 times smaller than that at 22 C. If the same holds true for pseudocumene, than

its water content at 100% relative humidity and 10 C should be 310 ppm.

4.6 Conclusions regarding the nylon Ims

It should be clear from the results of this chapter that in order to handle the nylon Im
without danger of it cracking, the Im must (1) be above the gl ass transition point (in its
plastic phase), and (2) be signi cantly thinner than the cri tical thickness at that point. Both
Capron and Sniamid Ims appear satisfactory with regard to the second point when limited
to a thickness of 125 m. The 500 m C38F Im that was used in the CTF2 prototype vessel
was near or above its critical thickness at low humidity. In fact, that vessel was stored for
a long time in an atmosphere of dry nitrogen. The concept of dtical thickness explains its

cracking failure well.

At room temperature, in order to have a large margin of safety the rst requirement can
be satis ed by staying at a high controlled relative humidity. All types of nylon appear to
have completed the glass to plastic transition at humidity greater than about 40%. Thus,
during construction of the Borexino vessels, the clean roonin Jadwin Hall, which is at a
constant temperature of 18 C, was held at a relative humidity of 45 to 50%. Humidity in
the underground lab at Gran Sasso was chosen to be even higheat 50 to 60%, since the
lab is colder than room temperature, about 10C. During construction, installation, and
in ation of the nylon vessels, the room humidity was supplemented by constantly spraying

the accessible Im surfaces with atomizers containing deinized water.
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Once Borexino has been lled with pseudocumene scintillato, the possibility of dehydrating
the pseudocumene is foreseen. With the vessels fully in at& the probability of creases
developing is low. It therefore makes sense to worry more alub possible deformation of the
vessels than about brittle failure. In the glassy state, nybn is stronger and less susceptible
to irreversible deformation (creep). An additional very important bene t to this idea is that
dry nylon Im presents much more of a barrier to the di usion a nd emanation of dissolved
radon gas. A good nal recommendation for the operating humdity would seem to be
about 30%: at this level, the expected activity due to emanaton from the Inner Vessel
has not yet started to increase sharply. The Im is reasonaby strong (30-40 MPa tensile
strength) but not yet too brittle (400-500 m critical thickness). A level of 30% relative
humidity represents a good compromise between the increadeadon emanation and lower

tensile strength at higher humidities, and the increased bittleness when the Im is dry.

To implement this humidity level, the pseudocumene moistue content should be xed at
30% of its saturation value at 10 C. That is, it should be set at roughly 95 ppm. This may
be monitored with the Nyad hygrometer and the Computrac 300Q both of which will be
present at Gran Sasso. In fact, the moisture content may actally be increased a bit from
this value, since the nylon Im tends to remain in the glass phase at higher humidities when

the temperature is low.

The nal selection of the nylon types used in the Borexino vesels was ultimately made for
chronological reasons. Originally, it appeared that Capran was the better choice due to
its superior performance in the packet tests and its margin#ly greater critical thickness.
The Outer Vessel is in fact made of Capron. However, measureaemts undertaken by the
Borexino Heidelberg group [123] show that the Sniamid will enanate less radon than the
Capron by a factor of ten. Both Capron and Sniamid are within acceptable limits for
mechanical properties; however, it is important for Borexino to be as radiopure as possible,

so the Inner Vessel was constructed from Sniamid instead.



