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1 INTRODUCTION

At the European Organization for the Nuclear Research (CERN), physicists use particle
accelerators such as the Proton Synchrotron (PS), the Super Proton Synchrotron (SPS)
and the Large Hadron Collider (LHC) to study the fundamental properties of matter
(CERN, 2020a), by colliding beams of particles moving at relativistic speeds into spe-
cial fixed targets or against other beams moving in opposite direction. These machines
need to operate at extremely low pressures (CERN, 2020b) in order to reduce as much
as possible the probability of interaction between the accelerated beams and other extra-
neous particles present inside the pipeline where the beams move. The achievement of
those pressures is made difficult by the continuous flow of molecules releasing from
every surface exposed to vacuum, a phenomenon known as outgassing (Hudson, 1998,
p. 614). Since this process heavily depends on the nature and characteristics of the sur-
faces themselves, the selection of the most appropriate materials to use in such systems

is of extreme importance for their operational functionality (Lee, 1989).

Polymers are usually avoided in high vacuum (HV) and ultra-high vacuum (UHV) ap-
plications due to their high outgassing rates (LIGO, 2011), but few technical and engi-
neering plastics such as PEEK (polyether ether ketone) and the polyimides Vespel® and
Kapton® have nevertheless found applications in vacuum equipment due to technical,
manufacturing or economic reasons. The characterization of the outgassing behaviour of
these polymers under vacuum is therefore of great interest to the engineers responsible
for the achievement of the operational vacuum pressures inside particle accelerators.

The present thesis work offers an insight on the topic by presenting the results collected
during 14 months of internship that the author carried out at CERN between February
2019 and March 2020. The first sections of the document describe the theoretical con-
cepts, the materials, the equipment and the methodology utilized in a series of tests per-
formed to characterize the outgassing of PEEK, Kapton® and Vespel® polymers; the
analysis of the collected data, the discussion of their physical meaning and their de-
pendence on the characteristics and properties of the polymers constitute the central part
of the thesis, which is concluded with final considerations on the outgassing behaviour
of these polymeric materials during pump-down, and practical recommendations on the
selection, storage and handling of polymeric components before installation.
12



1.1 Background

1.1.1 The European Organization for Nuclear Research (CERN)

The European Organization for Nuclear Research, known internationally as CERNY, is a
scientific institution established in 1954 with the aim to promote the development of
nuclear physics in Europe (CERN, 2020c). For more than six decades, the organization
has provided infrastructure and other resources necessary to conduct research in funda-
mental physics, particularly in the field of particle physics. Because of this, the CERN
laboratory is site of a huge complex of particle accelerators and detectors (CERN,

2020d), of which a schematic representation is given in Figure 1.

LHC
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Figure 1. The accelerators complex at CERN (CERN, 2020e).

1 The acronym, standing for European Council for Nuclear Research (in French: "Conseil Européen pour
la Recherche Nucléaire"), was used for the first time during a UNESCO meeting held in 1951 in Paris,
when the foundation of an international institute for the development of atomic physics in Europe was
officially proposed. The council was established in 1952 with the signature of 11 countries, officially
adopting the acronym CERN for the new-born institution. The term “Council” was eventually changed
into “Organization” due to the expansion of the scope of the institute, but the original acronym was main-
tained as the de-facto name by which the research center is internationally known (CERN, 2020c).
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The complex is a connected succession of machines (the so called “accelerators chain”)
that allow to accelerate to increasingly higher energies beams of electrically charged
particles such as protons or lead ions. Linear accelerators (LINACSs) feed the first, rela-
tively small circular machines LEIR (Low Energy lon Ring) and PSB (Proton Synchro-
tron Booster, often simply referred to as Booster), from which the beams can be trans-
ferred to a series of interconnected accelerators of gradually greater size: the PS, the
SPS and the LHC. Experimental halls equipped with special collision targets and detec-
tors are present in almost every accelerator of the chain, allowing to conduct experi-
ments at several different energies: the Booster accelerates the beams to 1.4 GeV?, the
PS to 25 GeV and the SPS up to 450 GeV. Instead of using collision targets, the LHC
makes two beams circulating in opposite direction collide against each other at 4 de-
signed points, where the LHC experiments ALICE, ATLAS, CMS and LHCb are locat-
ed®: each beam of particles is accelerated up to an energy of 6.5 TeV, for a total energy
at the collision points of 13 TeV. With its circumference of 27 km, the Large Hadron
Collider is (as of the year 2020) both the most powerful and the largest particle accel-
erator in the world (CERN, 2020a).

Through the years, CERN accelerators have been used to test the predictions of the
Standard Model of particle physics, a theory developed in the 1970s that describes the
structure of everything that exists in the universe as made of a surprisingly small hum-
ber of basic fundamental particles (quarks, leptons and bosons), governed by four forces
(the strong force, the weak force, the electromagnetic force, and the gravitational force).
The discoveries of the W and Z boson in the 1980s and that of the Higgs boson in 2012
are perhaps the best-known examples of how CERN contributed to the validation of the
theory (CERN, 2020f; CERN, 2020g).

Currently, the laboratory is aiming not only to study in greater detail the particles de-
scribed by the Standard Model, but also to investigate the boundaries and limitations of
the theory, in the attempt to find evidence of new physics beyond it. Several are the rea-

2 The eV (electron Volt) and its multiples GeV (10° eV = 1.6 x 101° J) and TeV (102 eV = 1.6 x 107 J)
are units used in particle physics to describe the energies of moving particles and collisions, since the
Joule is very impractical for such cases. An eV is defined as the work done by an electric field to move a
particle with unitary charge (for example an electron or a proton) through a potential difference of 1 Volt
(Halliday, Resnick, & Walker, 2008, p. 771).

3 More information about the LHC experiments and their detectors is available on the following internet
page: https://home.cern/science/experiments.
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sons to do so. For example, the Standard Model does not explain what dark matter and
dark energy are, nor predicts their existence, although there is strong empirical evidence
for both. Another example is the notorious difficulty to incorporate General Relativity,
Einstein’s famous theory of gravity, into the same mathematical framework of quantum
mechanics — the theory at the core of the Standard Model — incompatibility which calls
for a revision of one theory or the other, or both (CERN, 2020g).

Although the main focus of CERN is particle physics, its research program is much
broader, encompassing experiments in nuclear physics, high-energy physics and con-
densed matter physics, as well as investigations on the behaviour of antimatter and radi-
oactive phenomena. To bring advances in all these fields, the laboratory needs sophisti-
cated equipment and tools delivering ultimate performance, the development of which
has often pushed forward the limits of technology and brought innovations into im-
portant scientific areas such as materials science and computing. Many of these innova-
tions have found applications in other scientific fields, industry and everyday life, like
the introduction of vacuum technologies used in electron microscopy and computer chip
manufacture, the development of powerful imaging techniques for medical diagnosis
and — perhaps the most famous contribution to modern society — the invention of the
World Wide Web (CERN, 2020f).

1.1.2 The Vacuum at CERN

As mentioned before, to avoid colliding with gas molecules inside an accelerator, the
beams of particles must move in a vacuum, thus each sector of the accelerators chain at
CERN is also a vacuum system with its own pressure requirements, ranging from the
low 10 mbar of the LINACs to the low 102 mbar of the ELENA ring (Bregliozzi,
2017, p. 2-16). As a whole, the CERN accelerators complex is one of the biggest vacu-
um systems in the world, comprising 128 km of vacuum pipelines overall, 104 km of
which are inside the LHC alone (Bregliozzi, 2017, p. 17), as a consequence of its three
separate vacuum systems: one for the beam pipes, one for insulating the cryogenically

cooled magnets and one for insulating the helium distribution line* (CERN, 2020b).

4 Superconductive dipole magnets are used to steer the beams of particles inside the curved sectors of the
LHC. These magnets are kept at 1.9 K (-271.3°C) by liquid helium and the vacuum serves as a thermal
insulator both for the helium distribution line and the magnets themself, reducing the amount of heat that
seeps from the surrounding room-temperature environment (CERN, 2020b).
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Attaining and keeping high vacuum or ultra-high vacuum inside such a vast system of
vessels and pipelines is a truly challenging task, requiring the prowess and commitment
of a team of mechanical engineers and specialized technicians, surface-physics special-
ists, thin-film coating experts and electroplating professionals, all dedicated to the de-
sign, construction, operation, maintenance and upgrade of high and ultra-high vacuum
systems for the accelerators and detectors of the complex (Chiggiato, 2018). This team
of people constitutes the Vacuum, Surfaces and Coatings (VSC) group of the CERN
Technology Department, a unit whose mandate is to provide all the required technolo-
gies and innovations necessary to run the accelerators under the best possible conditions
and make all the programmed experiments possible.

The VSC group is responsible for a wide range of services and operations, including the
management of the logistic chain of the vacuum equipment, installation of vacuum
components, support on vacuum control systems and monitoring tools, characterization
of materials and surfaces in UHV, degassing analysis and treatments, simulation of dy-
namic pressure profiles, plasma characterization, coatings, electroplating, surface clean-
ing services and more (CERN, 2019). Research and development are also very im-
portant activities inside the group: a significant number of PhD and Technical Students
from universities all around the world are regularly integrated into its personnel with the
purpose of conducting studies on new materials, surface treatments, desorption phe-
nomena and measurement techniques, while project associates from several industrial
sectors constantly collaborate with the VSC group to develop more efficient and better
performing equipment designed to generate, improve, maintain and monitor the vacuum

inside the already existing and future accelerators.

The Beam Vacuum Operation (BVO) section of the VSC group is the most specialized
in the testing, installation, maintenance and in-situ treatment of components for the vac-
uum systems of the accelerators chain. Its members make sure that the vacuum require-
ments of each sector are achieved within specific time constraints and in accordance
with the experimental schedule of the laboratory. The task is particularly demanding in
the LHC, due to the exceptional length of its vacuum system and the very low pressure
requirements, in the range 10® — 101° mbar (Bregliozzi, 2017, p. 14-15). The BVO sec-
tion fulfils this task by applying the most effective available strategies, materials and
technologies to attain the most efficient pumping and reduce at the same time the out-

gassing from the internal surfaces of the vacuum vessels to the lowest possible levels.
16



1.2 Scope of the Thesis

During his internship as a Technical Student in the BVO section of the VSC group, the
author was given the task to investigate the outgassing behaviour of three selected pol-
ymeric materials, PEEK, Kapton® and Vespel®, and assess the impact of their applica-
tion in the HV and UHV systems of the accelerators complex at CERN. The outcomes
of the investigation developed into the present thesis work, whose fundamental aim is
the quantification of the specific outgassing rates of these materials during pump-down
as a function of time and certain properties of the materials themselves, in particular
thickness, moisture content and diffusion coefficient.

This will be done by attempting to fit the empirical data with curves computed using the
Fickian diffusion model, whose suitability to replicate and predict the outgassing behav-
iour of the selected polymeric materials will be also evaluated. Based on the results of
this assessment, a possible modification to the model will be presented, in the attempt to
provide a more accurate method to predict the outgassing rates of these three polymers

even for very long pump-down times.

2 LITERATURE REVIEW

2.1 Fundamentals of Vacuum Science

The term vacuum is generally used to denote a region of space in which the pressure is
significantly low compared to atmospheric pressure. This definition is quite broad, en-
compassing a wide range of values that in applications on earth can span approximately
15 orders of magnitude, from the low vacuum generated inside a vacuum cleaner, to the
ultra-high vacuum achieved in some particle accelerators, which is about the same as
the one found in the interplanetary space (Chambers, 2005, p. 1-2). The terms “low” and
“ultra-high” denote two of the five categories into which this extended pressure range is
traditionally divided, i.e. low, medium, high, ultra-high and extreme ultra-high vacuum,
whose upper and lower boundaries are summarized in Table 1. Although this division is
somewhat arbitrary, it is nevertheless convenient because it allows to quickly denote the
different physical phenomena that occur within the pressure ranges specified for each
category (Singh & Thomas, 1998, p. 4), most notably the behaviour and properties of
gases (Chambers, 2005, p. 7).
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Table 1. The five degrees of vacuum ordered by pressure range (Chambers, 2005, p. 7).

Region

Pressure range

Low (rough) vacuum

Atmospheric pressure to 1 hPa

Medium vacuum

1to 102 hPa

High vacuum (HV)

103 to 108 hPa

Ultrahigh vacuum (UHV)

108 to 102 hPa

Extreme high vacuum (XHV)

Less than 1012 hPa

2.1.1 Units

Being described in terms of pressure, its units are used to measure vacuum. The stand-
ard unit of pressure in the International System of Units (SI) is the pascal (symbol Pa),
defined as 1 Pa =1 N m?2 =1 kg m* s? (Bureau International des Poids et Mesures,
2019, p. 137). Due to historical reasons, however, several other units of pressure exist,
most notably the standard atmosphere (1 atm = 101325 Pa), used in oceanography and
chemistry, the torr (1 Torr = 133 Pa), also known as millimeter of mercury and very
common in meteorology, and the bar (1 bar = 10° Pa), which is widely employed in
several technical and engineering fields. The torr and the 10 submultiple of the bar, i.e.
the millibar (mbar), are still today very relevant to vacuum technology, and often adopt-
ed even in the published material on the subject (Chambers, 2005, p. 5-6). In particular,
the millibar is the unit utilized at CERN to measure the pressure in the accelerators and
in the laboratory test-benches used for vacuum-related experiments carried out by the
VSC group. Since 1 mbar = 102 Pa = 1 hPa, values expressed in millibars can be readily
translated into equivalent SI values without the need to apply any conversion factor,
thus the hectopascal will be used throughout this document to report the results collect-

ed during the measurements conducted at CERN for the purposes of this study.

2.1.2 Number Density, Ideal Gas Law and the Kinetic Theory of Gases

Even at the lowest achievable pressures, a vacuum is far from being completely empty:
that is, a perfect vacuum is more an abstract idealization than a physical reality. At an
altitudes of ca. 800 km above the ground, where artificial satellites normally orbit the
earth essentially frictionless, there are roughly 10% particles (molecules and single at-
oms) per m*, while in the space between the planets there are still about 107 particles per
m3. For reference, at the sea level on earth, 1 m® of air contains on average 2.5 - 10%°
particles (Chambers, 2005, p. 2). Thus, creating a vacuum in a certain region of space
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essentially means reducing the number of particles per unitary volume in that space, a
quantity called particle number density or simply number density, denoted in this doc-

ument with the symbol n and defined as:
n=— 2.1

where N is the number of particles present in a certain region of space of volume V.

Even at extremely low pressures found in typical HV and UHV systems, the ensemble
of particles in the evacuated space still behaves overall as a gas and can be described
quite well by the general gas equation of state (Singh & Thomas, 1998, p. 8-10), also
known as ideal® gas law (Jitschin, 2016b, p. 36):

pV = NKT 2.2

In the above, p represents the gas pressure, V the volume occupied by the gas, N the
number of particles present in the volume V, T the absolute temperature expressed in
kelvins and k = 1.381 - 10723 J K~ is the Boltzmann constant. Dividing both sides by

the volume V and taking into account Equation 1.1, the ideal gas law becomes:
p = nkT 2.3

Thus, for any given temperature, the pressure of a gaseous system can be directly relat-

ed to its number density.

There are other formulations of the ideal gas law, among which the most useful is per-
haps the one that links the pressure, volume and temperature of a gas with its amount,
expressed in number of moles v (Jitschin, 2016b, p. 36):

pV = vRT 2.4

Here v = N/N,, being N, = 6.022 - 102 mol* the Avogadro’s number, which is the
number of particles (atoms for monoatomic gases, molecules for polyatomic gases and
other compounds) contained in a mole of a certain substance, hence v represents the
number of moles in the volume V. The symbol R = 83.14 hPa L mol~*K™? is the uni-

versal gas constant, which makes the equation very handy to express concentration val-

5 Depending on their state, real gases behave more or less differently than what predicted by the ideal gas
law. Usually, the deviation is higher under higher pressure and at lower temperature, i.e. for higher num-
ber density values. On the other hands, the more rarefied a gas is, the better its behaviour approximates
that of an ideal gas (Jitschin, 2016b, p. 37).
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ues in pressure units and calculate concentration changes in in terms of mass flow rates.

Equation 2.4 represents the original version of the ideal gas law as formulated by
Clapeyron in the early 19" century and derived combining the results of experiments
conducted in the 17" and 18" century by Boyle, Mariotte, Charles, Avogadro and Gay-
Lussac on the macroscopic properties of gases (Clapeyron, 1834). On the other hand,
Equations 2.2 and 2.3 arose from a completely different theoretical framework based on
statistical methods and a series of assumptions and idealizations on the behaviour of the
microscopic particles constituting a substance in its gaseous state. Originally conceived
in the mid-19" century by Krénig (Jitschin, 2016b, p. 39), and later further developed
by Clausius, Maxwell, and Boltzmann at the end of the 19" century, this theoretical
framework, known as the kinetic theory of ideal gases, is of central importance in vacu-

um science and technology (Chambers, 2005, p. 26).

The theory is based on few idealizations and assumptions (Singh & Thomas, 1998, p.

11) that can be summarized as follows:

e A gas is composed of a very large number of tiny particles that are in constant,
chaotic motion.

e The volume occupied by these particles is negligible compared to the total vol-
ume occupied by the gas, and the average distance between two particles is large
compared to their size.

e The particles continuously hit each other and the walls of the gas container, fol-
lowing the laws of classical mechanics.

e During these collisions, the total kinetic energy is conserved, that is, the particles
behave as perfect elastic spheres and they are assumed to exert no force on each

other at a distance.

Building upon these basic assumptions, the theory derives the macroscopic properties of
ideal gases from the microscopic motion of their individual particles: the temperature of
a gas is a measure of the kinetic energy of its particles (Singh & Thomas, 1998, p. 11-
12), while the pressure exerted by the gas on the walls of a container is due to the
change in momentum the particles undergo during their collisions with the walls, and it

is proportional to the rate of these collisions (Chambers, 2005, p. 33).

One of the central results of the kinetic theory of gases is the formulation of the Max-

well-Boltzmann probability distribution function of the speeds of the particles of a gas,
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which allows to compute the particles average speed knowing the mass m of a single

particle and the temperature of the gas (Chambers, 2005, p. 28-29):

8kT
mm

Since Nym = M and N,k = R, the above equation can also be written in terms of a gas

molar mass M by multiplying both numerator and denominator by Avogadro's number:

8RT
M

which allows to calculate the particles average speed in a slightly easier way than using
Equation 2.5, since it does not deal with the extremely small masses of the gas particles,
which are in the order of 1027-102% kg (Chambers, 2005, p. 29).

The rate of collisions between the particles of a gas and a unit area of a surface exposed
to it, also called impingement rate, depends on both the gas number density and its par-

ticles average speed, according to the following relationship (Chambers, 2005, p. 32):
j=— 2.7

By combining the latter with the previous equations, it is possible to express the im-
pingement rate of a gas as function of its pressure and molecular mass (Chambers, 2005,
p. 38-39):

j=— 2.8
2mmkT
Or, since m = M and k = X
Na Na
N
j= I 29
V2TMRT

Hence, for a specific temperature, the impingement rate is proportional to the pressure

of the gas and inversely proportional to the square root of its molecular/molar mass.

The theory also introduces the important concept of mean free path 4, which is the av-

erage distance travelled by a gas particle before colliding with another particle:
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V2nmd?

where d is the diameter of the particle and n is the number density (Singh & Thomas,

A= 2.10

1998, p. 17). By expressing n as the ratio p/kT, the mean free path can be rewritten as:

kT
\2prd?

This equation shows that the mean free path of gas particles is inversely proportional to

1= 2.11

the gas pressure, hence the more rarefied a gas, the longer the mean free path of its con-

stituting particles.

Understanding the actual meaning of the quantities p,n, ¥,j and A and their mutual
connection is of fundamental importance in vacuum technology, since it allows to cor-
rectly analyse a series of phenomena that are directly depending on them. A practical
example of how these quantities change with the different degrees of vacuum is given in
the Table 2 below.

Table 2. Values of n, j, 7 and A for N, at 273 K and various pressure levels (Chambers, 2005, p. 38).

p (hPa) n (m3) j(cm?s?) A 7 (ms?)
103 =1 atm 25-.10% 2.9-10%8 64 nm
1 (rough vacuum) 2.5-10% 2.9-10% 64 um
10" (medium vacuum) 2.5-109 2.9 -10Y 64 mm 454
10 (HV) 2510 2.9.104 64 m
10°° (UHV) 25102 2,910 640 km

2.1.3 Knudsen Number and Gas Flow Regimes

The flow of a gas in a duct is affected by both the pressure of the gas and the geometry
of the duct. Under standard conditions®, the gas particles have an extremely short mean
free path (see Table 2) and collide with each other much more often than with the walls
of the vessel they are moving through. Conversely, at pressures in the HV and UHV re-
gions, the mean free path becomes considerably larger than the characteristic dimen-

sions of typical vacuum vessels (such as their diameter), and thus collisions between the

® The International Union of Pure & Applied Chemistry (IUPAC) since 1982 has defined the standard
temperature and pressure (STP) as 273.15 K (0 °C) and 10° Pa (1 bar). Other organizations, however,
define the standard conditions slightly differently: the National Institute of Standards & Technology
(NIST) uses 293.15 K (20 °C) and 101.325 kPa (1 atm), for example (Mosher, 2016). In this document,
the expression “standard conditions” denotes the STP as defined by the ITUPAC.
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particles and the walls become much more frequent than the collisions between the par-
ticles themselves (Chambers, 2005, p. 41-42). These two opposite situations determine
distinct flow regimes, whose type can be determined by evaluating a ratio called Knud-

sen number, defined as (Livesey, 1998, p. 81-82):

Kn = 2.12

Q.| >

where 1 is the mean free path and d is the characteristic dimension of the vacuum duct.

Depending on the Knudsen number’, three different types of flow regimes can be identi-
fied (Jitschin, 20164, p. 83-84):

e Kn < 0.01: continuum flow. The mean free path is much smaller than the char-
acteristic dimension of the duct and the gas particles affect each other motion
through a great number of mutual collisions, which are much more frequent than
particle-wall collisions; the gas behaves like a continuum and its flow can be an-
alysed hydrodynamically.

e Kn > 0.5: molecular flow. The mean free path is of the same order or larger
than the characteristic dimension of the duct and therefore the particles very sel-
dom interact with each other; their motion is almost entirely determined by par-
ticle-wall collisions, resulting in random zig-zag paths from wall to wall that,
combined together, form the macroscopic flow. The normal laws of hydrody-
namics cannot be applied to this type of flow.

e (.01 < Kn < 0.5: transitional flow. The mean free path is slightly smaller than
the dimensions of the container and both particle-wall and particle-particle colli-
sions occur with similar frequency; the characteristics of the flow are somewhat

in between those of continuum and molecular flow.

The inner volumes of most HV and UHV pipelines are usually a few centimetres across,
which is comparable to the A of the most abundant atmospheric gases, such as nitrogen,
in the lower limit of the medium vacuum region (see Table 2). This implies that, once

reached pressures below 10 hPa (usually achieved in less than one minute with modern

" Different authors often report slightly different values of Kn, for example setting to 1 the lower limit for
molecular flow (see Chambers, 2005, p. 42 or Singh & Thomas, 1998, p. 27). This might also be due to
different choices for the characteristic dimension, for example the radius of a pipe instead of its diameter.
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pumping equipment for HV and UHV systems), Kn > 0.5 and so the residual gaseous

particles flow in the molecular regime.

2.1.4 Flow Measurement: Gas Throughput, Pumping Speed, Conductance

In the field of vacuum science and technology, it is common practice to express the flow
of gases as the product of pressure p and the volumetric flow rate V = dV /dt, since the
product pV is an indirect way to express the amount of gas in terms of number of mole-
cules or moles (see Equations 2.2 and 2.4). The product pV is called gas throughput and
is typically measured in units such as mbar L s* (Chambers, 2005, p. 79), which is the
de-facto standard unit used at the VSC group for this physical quantity.

Although not an SI unit, the litre is accepted for use together with Sl units by the Inter-
national Committee for Weights and Measures (Bureau International des Poids et
Mesures, 2019, p. 145), since it corresponds to an Sl sub-multiple of the cubic meter,
that is 1 L = 10° m® = 1 dm?, hence values given in mbar L s can readily be expressed

either as hPa L s* or as hPa dm?® s without using any conversion factor.

The volumetric flow rate V is often given the symbol S and called pumping speed, espe-
cially when it refers to the flow rate at the inlet of a pump or at the entrance of a pipe
that has a pump connected to its other end (Chambers, 2005, p. 80). Using the pumping

speed, the gas throughput Q can be written as:
Q=pV=>=Sp 2.13

When the inlet of a pump is directly connected to a vacuum chamber, the effective
pumping speed of the system is determined by the nominal volumetric pumping speed
of the pump. However, if some restrictive elements are interposed between the vacuum
chamber and the inlet of the pump, which is often the case, the effective pumping speed
at the outlet of the vacuum chamber is reduced by an amount that depends on how much

the intermediate elements restrict the flow, situation represented in Figure 2.

In vacuum science, a quantitative analysis of this effect is done by introducing the con-
cept of conductance C of an element, which is a measure of the ease of flow of a gas
through that element. The latter could be, for example, an opening in a wall connecting
two adjacent chambers, a straight pipe, or simply a part of the chamber with a different

geometry.
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In Figure 2, assuming isothermal® steady flow from the chamber on the left to the pump
on the right, the gas throughput is proportional to the pressure differential between the

two volumes and the conductance of the pipe, that is:
Q=C(p—-p) 2.14

The conductance has therefore the same dimensions as the pumping speed, i.e. vol-

ume/time, and it is expressed in units such as L s or dm® s (Chambers, 2005, p. 80).

chamber

pump

N\
c

Figure 2. Gas flow between two volumes separated by a pipe. The pumping speed S at the vacuum cham-
ber results lower than S* at the pump because of the conductance C in between (Chambers, 2005, p. 82).

If multiple connecting elements with conductances C;, C,, ..., C,, are installed in parallel
between two volumes, the resulting combined conductance is given by the sum of the

individual conductances, i.e. (Chambers, 2005, p. 81):

C

parallel = Ci+C+ -+ Gy 2.15

If the connections are instead mounted in series, the resulting total conductance is calcu-
lated as the reciprocal of the sum of the reciprocals of the conductances of the individu-

al elements:

! = ! + ! + -+ ! 2.16
Cseries Cl CZ Cn .

The rule for the serial connection can also be used to estimate the effective pumping

speed at the outlet of a vacuum chamber connected to a pump of pumping speed Spmp

8 A process is said to be isothermal if changes in the system such as mass transfer or pressure/volume
variations do not involve changes in temperature (Afework, Hanania, Stenhouse, & Donev, 2018).
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through an element of conductance € (Jitschin, 20164, pp. 92-93):

1 1 1 Spump
T P L
Serr € Spump eI

S pump 2.17
1+272

Equation 2.17 shows that, if an element with a small conductance C is interposed be-
tween the vacuum chamber and the pump, the effective pumping speed at the chamber
outlet results greatly reduced. As a limiting case, if the conductance of the connecting
element is much smaller than the pumping speed, the contribution of the pump to the
overall pumping speed becomes negligible, and therefore:

Sepr = C  for C <KL Spump 2.18

But by Equation 2.13 and 2.14, this means also that:

Q= C(pchamber - ppump) = Seff Pchamber

(Pchamber - Ppump) =~ Pchamber 2.19
Ppump <K Pchamber » for C K Spump
And therefore:
Q = Seff Penamber = C Penampber » fOr € K Spump 2.20

Thus, by interposing a very small conductance between the pump and the vacuum
chamber, the gas throughput can be estimated with negligible error by simply multiply-
ing the pressure reading inside the vacuum chamber by the conductance of the ele-
ment(s) connecting the chamber with the pump, making in many cases the reading of
the pressure at the inlet of the pump superfluous. These are important results often ex-

ploited during laboratory measurements of outgassing rates.

Knowing the conductance of each connecting element in a vacuum system is therefore
of primary importance for the calculation of gas throughputs. Since the pumping speed
at the inlet of a pump is normally known, the conductance of an element could be em-
pirically determined by simply measuring accurately the pressure upstream and down-

stream of it. Combining Equations 2.13 and 2.14 gives, in fact:

C = Spump Ppump 291
Pchamber — Ppump .

However, for system design considerations, it is usually necessary to know the conduct-
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ance of a component beforehand, therefore its value must be calculated rather than
measured. The simplest case is the conductance of an aperture of area A in a thin wall
between two vacuum chambers. Assuming that the gas is in the molecular regime,
which is the case of interest in HV and UHV systems, the flow is not affected by mutual
interactions between molecules and the throughput can be entirely attributed to the dif-
ference in impingement rate between the two sides of the aperture (Chambers, 2005, p.
97). If p; and p, are the pressures on each side, applying Equations 2.2, 2.8 and the def-
inition of throughput leads to:

= V—deT

= A(i1 —jz)kT
_ A(py — p2)KT
2mmkT

T 2.22

= |—A
m (p1 —p2)

N

RT

= |——A
M (p1 —p2)

[\.)

Hence, by equation 2.14:

C= |—4 2.23

Thus, the conductance of an orifice can be calculate knowing the molar mass of a gas

and the area of the orifice.

For circular pipes and other types of ducts with constant cross section, it is necessary to
introduce the concept of transmission probability. In molecular flow, a gas particle that

crosses the inlet of a duct can undergo two possible situations, illustrated in Figure 3:

1. The initial direction of the particle allows it to directly reach the end of the duct
and exit to the other side, or
2. After crossing the inlet, the particle collides into the inner surface of the duct

and bounces away in one of several possible directions.
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3. Figure 3. Illustration of the three possible outcomes for a particle entering the inlet of a long
duct (Chambers, 2005, p. 99).

If L is the length of the duct and D is its other characteristic dimension (such as the di-
ameter, in a rounded pipe), the probability of the first outcome to occur clearly dimin-
ishes as the ratio L/D increases. On the other hand, if the particle collides with the inner
walls of the duct, it might immediately bounce elastically away in a direction that is the
specular reflection of its incoming direction, it might directly bounce away inelastically
in a direction slightly different than the reflected incoming direction, or it might briefly
stick on the surface and be released soon after in a direction determined by a probabilis-

tic law called Knudsen’s cosine law, whose formulation is (Greenwood, 2002):
nv\ 1
dn = (T) EA cosfdw 2.24

where dn is the molecular flux of gas particles from a surface element of area A
having directions within a small solid angle dw whose axis makes an angle g with
the normal to A. In more simple terms, this law states that, unlike in a specular re-
bound, the angle of release of a gas particle that sticks on a surface after a collision has
a higher probability to be released into a direction close to the normal to the surface,
rather than into a shallower trajectory. This implies that, after impinging the internal
walls of the duct the first time, the particle has a high probability to bounce randomly
many more times inside the duct before exiting from the outlet, and it has even a certain
probability to bounce back in the direction of the inlet of the duct, thus effectively con-

tributing to backflow.

If a certain number of molecules cross the inlet of a duct in a given amount of time, the
transmission probability represents the percentage of those particles that exit from the
outlet of the duct after having passed through it (Chambers, 2005, p. 98-100). Usually
denoted with the symbol «a, the transmission probability must be multiplied with the

conductance of the inlet of a duct in order to correctly compute its overall conductance:
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Cauct = ACinger 2.25

The transmission probability of apertures in very thin walls can be assumed as being
equal to 1, but a decreases as the ratio L/D increases. The exact computation of the
transmission probability is quite difficult, and it can be done analytically only for few
simple geometries®. However, several equations that allow to quickly calculate the value
of a with little error have been developed for some of the most common geometries
(Jitschin, 20164, p. 139). For example, for pipes with circular cross section either of the

following equations can be used:

L
a=1-5, ifL<D 2.26

4D
= —— ifL>D 2.27
a 3L if L>

2.2 Sorption Phenomena

The creation of a vacuum typically requires the removal of gases from a given vessel or
chamber, for example atmospheric air. Although relatively easy in principle, the task is
made difficult by the presence of gases adsorbed on every surface inside the vacuum
vessel and in some cases also by gases absorbed beneath the surfaces in the bulk of the
materials exposed to vacuum. The continuous release of these gases usually necessitates
continuous pumping even if the target is just to maintain a given high vacuum level in-
side a chamber (Hablanian, 1998, p. 59).

Gas particles are said to be adsorbed on a solid surface when, after impinging upon it,
they temporarily remain on the surface and therefore leave the gaseous phase. Of the
total impinging particles, the fraction of particles that adhere represents the sticking
probability s, and, by consequence, the probability for a particle to actually bounce back
from the surface right after the impact is (1 — s). The sticky probability is influenced by
the surface coverage fraction 6, that is the fraction of the total surface that is already

covered with adsorbed particles or, equivalently:

n
g 2.28

anTlO

° Monte-Carlo computer simulations are used to calculate the transmission probability through complex
geometries (Chiggiato, 2016, p. 10).
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In the above, i is the number of particles per unit area adsorbed on the surface, and
Mmono = N /A is the total number N of particles that would fully cover the surface of
area A if closely packed one adjacent to the other, thus forming a monomolecular layer,
or monolayer for short. For individual atoms or small molecules, 7,,,,, ~ 10*° cm™.
The sticky probability s is nearly constant when 6 < 0.5 — 0.6 (depending on the gas),
but it drops when 6 approaches 1, i.e. when almost all the surface is already covered
(Jousten, 20164, p. 229-235).

Gaseous particles may also get absorbed below the surface, by dissolving into the mate-
rial after adsorption on the surface. Both these phenomena are collectively referred to as
sorption processes. On the other hand, the outward release of trapped gaseous molecules
from the surface of some material is called desorption, while the term outgassing is a
more generic term used to encompass any form of release of gases from a material, such
as desorption, diffusion from the bulk and any other type of gas evolution from a sur-
face (ibid.).

2.2.1 Desorption

Depending on the chemical nature of the interacting gas and surface, a gas particle can
adhere to the surface either due to dipole or van der Waals forces (physisorption), or due
to stronger chemical linkage such as covalent bonds (chemisorption). The binding ener-
gy resulting from these forces is referred to as adsorption energy E,4s, Which is also
equivalent to the amount of energy that the adsorbed particles need to receive to desorb
from the surface, called desorption energy E,.;. While for physisorbed species in gen-
eral Ez., is less than 0.4 eV per particle, i.e. 40 kJ mol?, for chemisorbed species
E;.s ~ 0.8 —8 eV per particle, or 80 — 800 kJ mol™ (Jousten, 2016a, p. 229).

Desorption energies are of critical importance in vacuum technology, since they deter-
mine the rate at which adsorbed species are released from the internal surfaces of vacu-
um systems. Species with E.c < 71 kJ mol™ desorb from the surfaces very quickly,
becoming irrelevant in usually less than 30 minutes, while species with E ;. = 105 kJ
mol desorb so slowly that they do not cause an important pressure rise inside a vacuum
chamber. Molecules with E,,.¢ in between these two values constitute however a prob-
lem, since they can continue to degas from the surfaces of a vacuum chamber for very
long time. Unfortunately, the desorption energy of H.O molecules on stainless steel and

aluminium surfaces ranges between 80 kJ mol™ and 104 kJ mol, which means that the
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outgassing of water vapour from the walls of a previously vented vacuum chamber stays
significant for weeks even under continuous pumping, severely delaying the achieve-

ment of very low pressures (Jousten, 2016a, p. 240).

One way to speed up this process is intentionally increasing the temperature of the walls
of a vacuum chamber, a process called bakeout. By providing extra kinetic energy to the
adsorbed particles, the number of those whose vibrational energy at any given time is
greater than E 4, results increased, thus speeding up the overall desorption rate from the
surface. The latter is indeed dependent not only on the desorption energy, but also on
the number of adsorbed molecules per unit area 7 and on the temperature T of the sur-

face, according to the following relationship (Jousten, 2016a, p. 235-236):

. dn - (_Edes)
Jdes = (_> = —Vygone\ RT 2.29
dt des

In the above equation, v, is the oscillation frequency of the molecules, that can be cal-

culated as:

kT

Vo = 2.30

where h is the Planck constant, equal to 6.626 - 10* m? kg s, resulting in an oscilla-
tion frequency for T = 300 K of v, = 6.25 - 10*? s}, i.e. a period T, = 1.60 - 103 s.

Edes . .
Writing T = roe( RTeS), Equation 2.29 can be rewritten as:

. n
Jdes = _; 2.31
which integrated gives the number of desorbed particles as a function of time:

a(t) = fige © 2.32

where iy = om0, 1-€. 10 cm™? if a surface is completely saturated with a monolayer
of adsorbed molecules. Rearranging Equation 2.32 and taking the natural logarithm on
both sides, the time t necessary for a fraction of the monolayer f = #i/#, to desorb is

calculated as:
7l 1
t=—1ln—=171ln- 2.33

Ng f

Equations 2.29, 2.31, 2.32 and 2.33 are only descriptive of an ideal process, accounting

31



for just one unique desorption energy for a certain surface-species pair, and neglecting
the possibility for some of the desorbed particles to get readsorbed by the same surface
before getting pumped out from the vacuum chamber. Unfortunately, in most cases
readsorption occurs at least in part; moreover the desorption energies of species such as
H2O seem to take a multitude of values changing from site to site on the surface of a
vacuum vessel, resulting in empirically measured net desorption rates that do not follow

the expected exponential rule stated in Equation 2.29 (Jousten, 2016a, p. 237-241).

Indeed experiments show that, when mostly due to surface desorption, the pressure and
outgassing rates inside a vacuum chamber change according to a power rule resulting
from the cumulative effect of several exponential curves attributed to multiple desorp-
tion processes, each having different desorption energies®. The resulting pressure
curves take the form (Chambers, 2005, p. 63):

p=pot™" 2.34

where usually n takes values close to 1 and p, is the pressure at the unit time (Figure 4).

t
=
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Figure 4. Theoretical exponential pump-down curves for different desorption energies of H,O on steel,
and their cumulative effect resulting in a curve obeying a power rule (Chiggiato, 2017, p. 12).

10 There is still debate on the exact reason why the rates of desorption of water and other gaseous species
follow a power rule instead than an exponential rule. One of the most accepted explanations is that the
topological complexity of the surfaces causes the desorption energy to differ from point to point, resulting
in a series of concurrent desorption processes characterized by several different T values, whose cumula-
tive effect results in the empirically determined power rule. However, other explanations involving diffu-
sion processes have also been proposed (Jousten, 2016a, p. 241).
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Since gas throughput in a vacuum chamber is proportional to pressure (see Equation
2.13), if the pumping speed is constant, the specific desorption rates of the surfaces in-
side the chamber can be calculated by dividing the total gas throughput by the area A of

the desorbing surfaces, that is:

q=—= = qot_n 2.35

Being inferred from pressure readings, measured desorption rates per unit area, rather
than in terms of number of particles per second, are typically expressed in pressure-
volume units such as mbar L st cm™ (hPa dm? st cm2), in which case they are general-
ly referred to as specific outgassing rates, most often denoted by the symbol q. The co-
efficient g, in Equation 2.35 represents a specific outgassing rate value at the unit time

(usually 1 hour) that is characteristic of each material (Chiggiato, 2017, p. 6).

Pressure, specific and total outgassing rates are usually plotted against pump-down time
in graphs where the values of both the horizontal and the vertical axis are shown in log-
arithmic scale (log-log plot). In such graphs, curves that obey a power rule like Equa-
tions 2.34 and 2.35 display a characteristic straight line shape, whose steepness is de-
termined by the value of the exponent n. While pump-down curves dominated by sur-
face desorption processes typically follow the p = p,t~1 rule as shown in Figure 4, dif-
ferent curves are obtained if other concurrent outgassing phenomena, such as diffusion

of molecules from the bulk, occur inside the vacuum chamber during pump-down.

2.2.2 Diffusion

Atoms and molecules on the surface of a solid can get absorbed and diffuse from the
surface into the bulk and vice-versa, by moving through interstitial sites in the crystal-
line lattice or along grain boundaries inside the solid (Jousten, 2016a, p. 247). When the
rate at which these molecules arrive to the surface determines the rate of the desorption
process, the latter is referred to as diffusion-limited desorption (Chambers, 2005, p. 67).

An important example of this phenomenon is given by the stainless steel, which most
vacuum systems are made of: during their production process, all steels absorb high
quantities of hydrogen molecules from the atmosphere; the gas trapped inside slowly
migrates to the surface and constitutes the main source of residual gas in baked-out vac-

uum systems that have already achieved UHV pressures (Jousten, 2016a, p. 247).
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The migration of particles through the material is driven by a difference in the concen-
tration ¢ of the absorbed particles between different points inside the material, i.e. a
concentration gradient, and the process is governed by Fick’s two laws of diffusion, the
first of which is (Crank, 1975, p. 2):

) dc
]diffz_Da 2.36

which states that the rate of flow of diffusing particles in a direction x is proportional to
the concentration gradient along x, and that the flow occurs from points with higher
concentration to points with lower concentration, expressed by the negative sign. In the
above equation, the constant of proportionality D is called diffusion coefficient and has
units such as m? s or, more often, cm? s*. The concentration ¢ can be function of both
space and time (hence the use of the partial derivative), but, if the concentration along
the solid does not change with time, then Fick’s first law can be expressed as a total de-

rivative, in which case it describes a situation of steady flow across a material.

The second law describes instead how the concentration inside the material changes
with time under non-steady conditions, and its complete three-dimensional formulation
is (Crank, 1975, p. 4):

2.37

ac 626+ azc+azc
ot \ox2  0y? 0z2
If there is a concentration gradient only along one direction, let us say the x direction,

diffusion is one-dimensional and Equation 2.37 can be written in the simpler form:

2
9 _po%¢ 2.38
ot 0x?

Thus, at a point x inside a material, the concentration changes in time proportionally to

the second partial derivative of ¢ with respect to x.

The diffusion coefficient might change from point to point along the direction of the
flow, as it might occur in anisotropic materials or if the coefficient depends on the con-
centration of the diffusing substance. When D is position dependent, the second deriva-
tives on the right hand side of Equations 2.37 and 2.38 needs to be modified to take this
into account. In the one-dimensional case:

gc _ 9 (D @) 2.39

Jdt 0dx\ O0Ox
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Some particular solutions of Fick’s second law have been analytically found for specific
initial and boundary conditions, the most relevant of which, for this study, is the case of
a thin slab with an initial uniform distribution of diffusant in its bulk and exposed to
very low pressures inside a vacuum chamber. In this scenario, the surface of the side
walls is negligible compared to the surface of the main faces, which means that diffu-
sion will occur mostly along the direction normal to them, hence the process can be
mathematically treated as a one-dimensional case. Almost immediately after starting the
pump-down, the concentration of the diffusant outside the slab becomes much lower
than in the slab interior, and it can be essentially considered equal to zero. Additionally,
one can assume that the rate of diffusion of the particles to the surface is slower than
their rate of desorption from the surface to the vacuum space, so essentially after the
beginning of the pump-down, the surface of the slab can be considered free of diffusant,
i.e. essentially with zero concentration. Assuming that the diffusion coefficient D stays
constant, if O = [0, ] is the spatial domain of the points between the two faces of the
slab, c is the initial concentration of the diffusant in its interior before the beginning of

the pump-down and [ is its thickness, the problem may be summarized as follows:

c(x,0)=¢c, , x€Q=1]0,1] 2.40
c0,t)=c(Lt) =0 , t>0 241
ac(0,t) ac(l,t

08 o) o, 2.42

at at
o _p%  ew@D . 20 2.43
ot Coxz 0 XS b= '

With the given boundary and initial conditions, the solution to this differential equation
calculated at x = 0 leads to the following formula®! for calculating the specific outgas-

sing rates at the surface of the slab (Jousten, 20164, p. 248):

4D ~— (_Qi+1)2n2Dt
q :TCOZQ( 12 ) 2.44

i=0

1 In the source, instead of the total thickness , the half-thickness d = /2 is used to write the equivalents
of Equations 2.44 and 2.45. Finding the author easier to work with the full thickness in the following sec-
tions of this document, the coefficients of these two equations have been adjusted to take into account the
different choice for this parameter. Moreover, here the number density n has been replaced with a more
generic term ¢, since the same equation can be used to calculate outgassing rates also in moles s cm or
hPa L st cm™ by simply expressing the concentration in terms of molarity or n as the ratio p/kT.
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The above equation can be well approximated with negligible error by the following

two step equation, simpler to compute:

(4D i t«0.5
‘e i C0/16t for 5T _ 12 "
4D (-5 ’ 2D '
I Co€ T fort > 0.5t

where the parameter t represents an important time constant characterizing the decay of
the outgassing rates (ibid.). When plotted on a log-log graph, either of the two above
equations produces a curve like the one in Figure 5, featuring an initial g o« t~/2 be-

havior followed by an exponential decay.

Log q
|
|

Log t

Figure 5. Plot of diffusion-limited specific outgassing rate according to the Fickian diffusion model
(Chambers, 2005, p. 68).

Diffusion processes do not always obey the standard Fickian diffusion model. The so-
called glassy polymers often exhibit '‘anomalous' or 'non-Fickian' behaviour, especially
when the diffusing substance causes significant swelling or other structural changes in
the material (Crank, 1975, pp. 254-255). The reason for this behaviour is that these pol-
ymers barely present any tightly packed crystalline structures in their bulk, because
when cooling down from the melt phase they remain “frozen” in a glassy state which is
in volumetric and thermodynamic disequilibrium (Tant & Hill, 1999, p. 1-4). Within the
glassy state, the molecular chains of the polymer slowly “relax” as a diffusant penetrates
inside the amorphous phase of the material, altering the dynamics of the diffusion pro-

cess itself. Several mathematical models have been proposed by a number of authors to
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try to describe non-Fickian diffusion phenomena in these polymers, but no single model
is capable of explaining all the experimental observations (Crank, 1975, pp. 257-258).
Luckily, most of the observed non-Fickian behaviours arise only under high loads of
penetrants causing swelling and/or plasticization of the polymer, phenomena which are

not expected to be relevant for the present research work.

A different type of diffusion model, which stems from to the so-called free-volume the-
ories and extends beyond the classical simple Fickian model, is the so called dual-mode
sorption (DMS) model (Duda & Zielinski, 1996, p. 159), which might be of interest for
this study as it has been used with a certain amount of success to explain some moderate
discrepancies between the Fickian model and the diffusion dynamics observed in glassy
and semi-crystalline polymers. The DMS model, of which more than one version has
been proposed (Guo & Barbari, 2009), hypothesizes a dynamic equilibrium based on a
dual Fickian transport process by which molecules trapped inside micro-voids distribut-
ed throughout the glassy phase of the polymer (Langmuir population) can migrate into
the more rigid and dense regions of the material (Henry population) as the concentration

in the latter changes and vice-versa (ibid.).

2.3 Pumping Principles and Technologies

2.3.1 The Pump-Down Process

The pump-down, i.e. the removal of air or other gases from a vacuum chamber, is a
multi-stage process that start at atmospheric pressure and continues until the achieve-
ment of a certain target pressure, which depends on the requirements and purposes of
the vacuum system. Ideally, if only the initial gas content had to be removed, the pres-
sure inside a chamber could be reduced to lower and lower values by just adequately
extending the pump-down time. In reality, a series of phenomena including desorption,
diffusive processes and the possible presence of air leaks from outside the vacuum sys-
tem prevent the achievement of pressures below a certain limit, and usually require the
pumping action to be continued even after the achievement of the target pressure, just to
maintain it (Hablanian, 1998, p. 59).

Assuming that a pumping system operates in isothermal conditions, for mass conserva-
tion, the change of amount of gas inside a vacuum chamber of volume V during a small

interval of time dt must be equal to the amount of gas introduced into the volume by
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outgassing, leaks, etc., minus the amount of gas removed from the chamber by the ac-
tion of the pump. If Q;, represents the total mass flow rate accounting for outgassing,
leaks, etc. and Q,,,; = Sp is the gas throughput at the outlet of the vacuum chamber, the

above conditions can be expressed as a balance equation (Chambers, 2005, p. 108):

Vdp = Qin dt — Qo dt
= Qin dt — Sp dt

2.46

where V dp represent the change in amount of gas in the chamber, since the volume V' is

constant. Dividing both sides by dt the equation becomes:

dp
VE = Qi — Sp 2.47

Integrating Equation 2.47 leads to an expression to calculate the pressure as a function

of pumping time:

S .
p(t) = po e(-7t) 4 % 2.48

When the pressure is still high, i.e. at the beginning of the pump-down, the term Q;,,/pV

is very small compared to p, and Equation 2.48 essentially becomes:

p(©) = po e V) 249

which reflects the fact that the pressure drops quite quickly in the early stages of a

pump-down, especially after a period of time t = V/S. On the other hand, as t — oo, the

term p, exp (— % t) becomes negligible and Equation 2.48 becomes:

p(t > o) = % 2.50

Hence the pressure inside the vacuum chamber stabilizes nearby an asymptotic value.

This value represents the ultimate pressure p,, achievable inside a pumping system once
reached steady flow, provided that all the residual gas sources inside the sample cham-
ber are known. For instance, if there are no leaks and the outgassing from the internal
surfaces is the only process releasing molecules into the vacuum chamber, then the ul-

timate pressure p,, is:

p, = Qoutgglssing — Cloutg;ssingA 251
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Where  qoutgassing 1S the specific outgassing rate of the surfaces inside the vacuum
chamber and A is the total internal area. Of course, if there are multiple residual gas
sources, the final pressure is given by the summation of the effects of the various gas
flows (Hablanian, 1998, p. 70):

Qin Qoutgl Qoutgz Qleaks
_\ Yin _ 2.52
Pu Z S s TTs 77s

2.3.2 Pumps and Pumping Technologies

The removal of gas from a vacuum chamber is carried out by the means of pumps, de-
vices that are capable of extracting gas molecules from a designated volume and pre-
vent their return back into it. Most pumps are capable of lowering the pressure to a val-
ue that is suitable for a specific purpose (Chambers, 2005, p. 119), but no pump is capa-
ble to deal with all the 15 orders of magnitude of vacuum that different applications re-
quire, and most pumping devices are efficient only within a specific pressure range
(Hablanian, 1998, p. 60). Thus, typically at least two types of pumps are employed to
obtain high vacuum: coarse pumps, also called roughing pumps, are used to evacuate
the initial content of gas from a chamber, while high-vacuum pumps, also said fine

pumps, are used to remove the gas evolving from the surfaces (ibid.).

Roughing pumps usually start operating at atmospheric pressure, and therefore they are
mostly efficient in the continuum flow regime. They are typically positive displacement
pumps, which means that they capture discrete amounts of gas from their inlet by the
cyclical movement of mechanical parts, then displace and compress the captured gas
away from the inlet and into an exhaust that release the pressurised gas to the atmos-
phere. Rotary vane pumps, scroll pumps, screw pumps and diaphragm pumps are just a

few examples of this type of pumps (Chambers, 2005, p. 119).

Positive displacement pumps are widely used either as stand-alone pumping devices to
create low and medium vacuums, or as fore pumps used to remove the initial bulk of air
from the pumped volume in high vacuum systems — the so-called “roughing” process —
and back-up other types of pumps which cannot exhaust the pumped air directly to the
atmosphere. Used in such a combination, they are usually referred as primary pumps.
The major limitation of positive displacement pumps is that they are capable of remov-

ing gases only in the range from 100 hPa to about 107 hPa, and therefore they are not
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capable of achieving high vacuum if used alone (Chambers, 2005, p. 120). Another im-
portant drawback is that, since they operate mechanical parts cyclically moving with
relatively high frequencies, most often they use synthetic oils or other liquids as cool-
ants, lubricants and to seal the moving parts in contact with each other thus to improve
compression ratios (Figure 6); these liquids might migrate in the form of vapor or drop-
lets to the pump inlet and from there contaminate the vacuum chamber (Jousten, et al.,
2016, p. 261).

inlet

exhaust flap

oll

pumping chamber

Figure 6. Sectional view of the interior a typical rotary vane pump (Chambers, 2005, p. 123).

Despite these limitations, positive displacement pumps are basically indispensable to
HV and UHV systems, since pumps which operate in the molecular flow regime usually

cannot achieve their operational pressure range on their own.

Fine pumps are fundamentally different than roughing pumps in that they are usually
not efficient if operated at pressures above the HV region. They may or may not have
mechanically moving parts and use several different physical and chemical principles to
remove gaseous molecules from a vacuum chamber. According to their working princi-
ple, they might be divided into two major categories: momentum transfer pumps and
capture pumps (Chambers, 2005, p. 119).

Momentum transfer pumps are devices that transport gases away from a vacuum cham-
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ber by providing gas molecules with a velocity component in the direction of the outlet
of the pump. The transfer of this velocity component, and therefore of momentum, is
carried out either by fast rotating rotors or blades, like in molecular drag pumps and tur-
bomolecular pumps, or by a high-velocity jet stream of a vapor or other fluid, like in

diffusion pumps (Hablanian, 1998, p. 60).

The turbomolecular pump (TMP) is perhaps the most widespread momentum transfer
pump in use today, owing its success to its clean, consistent and reliable operation
(Henning, 1998, p. 183).
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Figure 7. Cutaway view of a turbomolecular pump (Kurt J. Lesker Company®, n.d.).

Below the inlet, a TMP compresses gases by briefly “capturing” by adsorption the gas
molecules with a series of fast spinning rotors, whose blades travel with speeds up to
500 m s, comparable to the speeds of gas molecules. To achieve these speeds, the ro-
tors typically rotate at frequencies of 1000 Hz and beyond (Chiggiato, 2016, p. 52-54).

A stator whose blades are tilted in the opposite way is placed below each rotor (Figure
7). Once the molecules leave a rotating blade, they are scattered from its surface follow-
ing the cosine law (see Section 2.1.4), but with an additional velocity component that
increases the probability for the molecules to hit the bottom of a blade of the following
stator; the orientation of the latter maximises the likelihood that the molecules desorbing
from the stator are then captured again by the spinning rotor below it and so on, result-

ing in a cascade effect that effectively produces a net downstream flow in the direction
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of the outlet, where compression occurs.

To operate efficiently, these pumps require the mean free path of the gas molecules to
be similar to or larger than the distance between the blades, which occurs at pressures
below 102 hPa. For this reason, they are usually coupled with a positive displacement
roughing pump that is used at the initial stages of the pump-down to remove the gas
from atmospheric pressure to the medium vacuum region (Henning, 1998, p. 183-184).
Turbomolecular pumps can attain pressures in the range below 1071° hPa and maintain
constant pumping speed within their optimal operativity range, i.e. 102 — 101° hPa. The
major drawback of turbomolecular pumps is the fragility of their blades, which, due to
their high rotational speeds, can easily get damaged in case of abrupt exposure to pres-
sures above the HV region; additionally, in case of rotor deceleration due to power cut
or failure, they are not capable to prevent back streaming of contaminants from the
backing pump, demanding therefore the use of additional safety valves and dedicated
pressure sensors (Chiggiato, 2016, p. 54-55).

Capture pumps remove particles from the gas phase inside a vacuum chamber by trap-
ping them on surfaces exploiting physical or chemical processes such as condensation,
physisorption and chemisorption. These types of pumps have no outlets, since, once
trapped, the particles are stored in the condensed state on the designed surface, without
leaving the vacuum chamber (Chambers, 2005, p. 118-119). To be effective, therefore,
capture pumps need to trap the particles for periods of time longer than the operational
time of the device they remove the particles from: in the case of particle accelerators,
this might correspond to 2 or 3 years of continuous operational run (Elsen & Bordry,
2018). This is achieved by opportunely extending the particles average sojourn time on

the trapping surface, which is determined by the Frenkel law (Chiggiato, 2016, p. 55):
Ea S
r, = 1oeAF) 2.53

where E, 4, is the particle-surface adsorption energy and t, is the average oscillation
period of the molecules, which at 300 K is approximately 1013 s (see Section 2.2.1). By
Equation 2.53, the sojourn time can be extended either by increasing the adsorption en-

ergy, or by decreasing the temperature T of the surface.

The latter route is exploited by cryopumps, short for cryogenic pumps, which capture

molecules in the gaseous phase by condensation or, for certain gases with very low
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freezing point, by adsorption on surfaces held at very low temperature. The required
cooling is either achieved by small, laboratory sized refrigerator units, or, in installa-
tions such as particle accelerators, by large distribution lines of liquid nitrogen or liquid
helium (Chambers, 2005, p. 162). Due to the inevitable accumulation of molecules on
their pumping surfaces, cryopumps require periodic regeneration (carried out by heating
the pump to room temperature) to remove the adsorbed or condensed gases in order to
avoid the formation of an excessively thick deposit which would act as an insulating
layer, reducing the pumping efficiency. For the same reason, these pumps need to oper-
ate in the molecular regime in order not to clog too rapidly their capturing surfaces with
molecules, hence they can be used only as secondary pumps, in conjunction with other
types of pumps (Chiggiato, 2016, p. 66).

While cryopumps rely mainly on physisorption to operate, getter pumps use predomi-
nantly chemisorption to trap particles on a designed surface, using a combination of ad-
sorption, absorption and chemical bonding processes (Jousten, 2016b, p. 472). Exam-
ples of getter pumps are sublimation pumps, non-evaporable getters (NEGS) and sput-

ter-ion pumps, all used in UHV applications.

Sublimation pumps work by deposition of a layer of reactive metal (getter) on selected
surfaces inside a vacuum chamber. The metal is usually titanium, deposited by a high
temperature source such as a filament traversed by a strong current. The titanium subli-
mates from the solid state directly into the vapor phase, depositing onto the nearby tar-
get surface, which acquires pumping capability. The high reactivity of the metal assures
that impinging molecules of a wide range of gases are trapped on the surface through
chemisorption, but as the coverage of the surface increases, the pumping speed of the
surface decreases, thus the sublimation process needs to be repeated regularly (flashing)
in order to maintain an high average rate of pumping. Sublimation pumps cannot oper-
ate at pressures above 10 hPa, since under these conditions a strongly bonded surface
layer of titanium oxides and nitrides forms on the surface of the sublimator itself, pre-

venting most of the sublimation process to happen (Singleton, 1998, p. 243-244).

Non evaporable getters, usually abbreviated as NEGs, function upon the same principle
of the sublimation pumps, capturing a wide range of residual gases occurring in UHV
vacuum chambers by binding them chemically on some very reactive surface. NEGs

can either be applied as cartridges and strips inside special devices or locations exposed
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to the vacuum, or directly deposited on the internal surfaces of a vacuum chamber. In
this second case, the difference with the layers deposited by a sublimation pump is that
NEGs coatings are usually applied ex-situ only once via magnetron sputtering deposi-
tion. This technique exploits the sputtering of atoms from a target material to a substrate
caused by the impacts of ionized atoms or molecules of an inert gas (i.e. a plasma) such
as argon onto the negatively charged target; both an electric and magnetic field are ap-
plied between the target and the substrate, causing the electrons in the plasma to move
in long spiral paths in the region between target and substrate, which results in a high
rate of secondary ionisation of the gas particles, and, by consequence, high impact and
deposition rates (Gould, Kasap, & Ray, 2017, p. 661-662).

A C— i
Figure 8. A vacuum chamber of the LHC after being coated with a thin NEG layer (CERN, n.d.).
Made of alloys of zirconium, titanium, hafnium and vanadium, all of which are very
reactive metals (Chiggiato, 2016, p. 62), NEGs form a passivated layer of carbides and
oxides on their surfaces upon exposure to air. However, this layer can be dissolved into
the substrate by a procedure called “activation” executable in-situ after installation, and
consisting in heating the material to a suitable temperature for a specific amount of
time, which depends on the particular NEG type: ca. 1 hour at 350-450°C for Zr-V-Fe
alloys typically available on the market (Chambers, 2005, p. 173-174), and ca. 24 hours
at 180-200°C for a Ti-Zr-V alloy specially developed at CERN for its accelerators
(Costa Pinto, 2013, p. 14). A similar thermal cycle can be used to regenerate the surface
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of the NEG once saturated with adsorbed particles: this process, called “reactivation”, is
repeatable several times, thus eliminating the need for multiple and frequent recoating

procedures.

NEG pumps are very effective at trapping residual gases such as Nz, Oz, CO2 and CO
through surface chemisorption. Additionally, they are also capable of trapping hydrogen
gas that, after being adsorbed on the surface as H> molecules, dissociates into individual
H atoms and diffuses into the bulk of the coating (Chambers, 2005, p. 174). This is par-
ticularly important since most turbomolecular pumps that are used to achieve UHV
pressures have a quite modest compression ratio value for H» gas and struggle to contain
back streaming of these molecules back into the evacuated volume (Chiggiato, 2016, p.
54). On the other hand NEGs are relatively inactive with noble gases and stable, non-
polar molecules such as CHas (methane), which represents their major limitation
(Jousten, 2016b, p. 476).

lon getter pumps, also called sputter-ion pumps or simply ion pumps, are devices that
exploit a gas discharge mechanism to create ions that are accelerated by a strong electric
field against a cathode made of a getter material such as titanium, were they remain im-
planted under a few atomic layers. As a secondary effect of these collisions, titanium
atoms in the cathode get sputtered into the surrounding surfaces, effectively creating a
getter coating on them. At the same time, some of the ionized particles neutralize their
charge upon colliding with the cathode and bounce back at high speed, implanting into
the surrounding surfaces, where they can get buried by successively sputtered atoms
coming from the cathode. H> molecules that have been implanted into some surface also
diffuse into the bulk thanks to their high solubility in metals (Jousten, 2016b, p. 494).

Because of this gettering implanting and diffusive combined action, ion pumps are ideal
to remove from a vacuum volume residual gases difficult to eliminate with other pump-
ing techniques such as methane and noble gases (Jousten, 2016b, p. 493) and for this
reason they are often used in combination with turbomolecular and NEG pumps on al-
ready baked systems, since they allow to attain extremely low pressures at the bottom
limit of the UHV region (Chambers, 2005, p. 176, 181).

Sputter ion pumps are usually assembled as arrays of several small units called Penning
cells, a particular kind of discharge cell that is used also in a type of vacuum gauges of

the same name, which will be discussed in the following section.
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2.4 Vacuum Measurements

Conducting measurements on a vacuum means identifying the properties of the rarefied
gaseous particles that are confined inside the sealed volume of a vacuum chamber. Alt-
hough the term “pressure” is usually employed to classify the magnitude of various
types of vacuum, it must be noted that, below a certain threshold, the concept of pres-
sure as force per unit area becomes nearly meaningless, especially when the gas be-
comes so rarefied that it stops behaving like a continuum medium. In the HV region and
below, the forces that the particles exert on the walls of the vacuum chamber are so mi-
nuscule that not only they are negligible, but they are very difficult to detect (Jousten,
2016c¢, p. 565). So, while it is still possible to use the concept of force on a surface to
directly measure the pressure in the rough vacuum region, most of the time in HV and
UHV applications the pressure is measured indirectly by devices exploiting a series of
physical phenomena that can be related to the number density of the gaseous species
inside the volume they are monitoring (Figure 9).

Mechanical (direct) vacuum gauges
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Figure 9. Direct and indirect methods to measure vacuum pressures (Jousten, 2016c, p. 566).

Therefore, in the field of vacuum technology, the measure of pressure is most often re-

lated to the counting of particles present in a certain region, i.e. their number density,
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according to the definition of pressure p = nkT given us by the kinetic theory of gases.

Beside the measurement of pressure, it is often very important to identify the composi-
tion of the gas mixture inside the evacuated volume, since it can provide information
about the nature and origin of the outgassing processes, allow to assess the cleanness of
the vacuum system and help discovering the presence of air leaks. Thus, specialized

equipment is also required to perform mass spectrometric analysis of the residual gases.

2.4.1 Pressure Measurement and Vacuum Gauges

No single gauge can measure pressures which span 15 orders of magnitude, from the
1000 hPa of the atmosphere down to the 1072 hPa created in some laboratories and par-
ticle accelerators. Therefore, several different types of gauges exist, each most suited to
measurements within a specific pressure range (Figure 10).

Pa 102 100 10°® 106 104 102 10 102 104
R — —
Capacitance
|
Spinning rotor ‘
|
Piezo
[ 1 [ [ | |
Pirani h
Penning
Bayard-Alpert
| Iy | p _/
Helmer, extractor
mbar 10 102 100 108 106 104 102 10 102

Figure 10. Operational range of the most common pressure gauges used in UHV (Baglin, 2019, p. 41).

The Pirani gauge is commonly used from atmospheric pressure down to ca. 10 hPa.
Its operating principle is based on the dependence of the thermal conductivity of gases
on the pressure, which is approximately linear in the region 102 — 107 hPa. In its most
accurate version, a resistor under vacuum is heated at a constant temperature, and the
heating current required to keep the temperature stable gives an indirect reading of the
pressure. Alternatively, the current can be kept constant and the variations in tempera-
ture can be measured instead (Jousten, 2016c¢, p. 594). Although useful to monitor pres-
sure changes in the medium vacuum region and as a reference at the start of most pump-
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down procedures, Pirani gauges are not accurate above ca. 10 hPa and below 107 hPa.

The Bayard-Alpert gauge, a type of hot cathode gauge, can be used to perform pressure
measurement from about 10® hPa down to about 102 hPa. Electrons emitted by a hot
filament (the cathode) are accelerated by the electrical field generated by a positively
charged cylindrical grid (the anode); most of the electrons pass through the grid several
times before being captured by the anode, tracing intricate paths and colliding on their
way with some of the gas molecules inside the grid, ionizing them. The gas ions are
then attracted by the central collector wire which is kept at a ground potential, creating a
current i;,,s Which is proportional (by a factor K) to the electron current crossing the

grid i, and the gas density, i.e. the pressure (Chambers, 2005, p. 206-207):
lions = Kpi, 2.54

Hence the pressure can be measured as:

iions
= 2.55
Ki,
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Figure 11. A Bayard-Alpert gauge. K: cathodes; A: anode; C: ion collector; G: grounding (Jousten,
2016c, p. 617).

The Penning gauge is commonly used in the range 10° — 10'1° hPa, although it can give
(inaccurate) reading also slightly above and below this range. It is a so-called cold cath-
ode gauge, since it does not use hot filaments to ionize gas molecules. This is instead
achieved via gas discharge in a Penning cell: an anode is placed between two cathodes
connected in parallel, and a strong voltage of a few kilovolts is maintained between the
anode and the cathodes, stripping electrons from the surrounding molecules via field
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emission (Baglin, 2019, p. 43).

A magnetic field caused by a permanent magnet external to the cell and whose field
lines are parallel to the anode traps the electrons between the cathodes, forcing them to
rotate in spirals around the anode. This in turn contributes to ionize more gas molecules
in the surrounding volume, creating a current of positively charged ions that flows to-
wards the cathodes where they are neutralized. The measured ion current depends on the

gas density, i.e. the pressure, according to the following relationship:
p= K(iions)m 2.56

where K is a proportionality constant and m = 1 — 1.4 depending on the specific design
of the gauge (Jousten, 2016c, p. 625).

AUXILIARY
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Figure 12. The structure of a Penning gauge (Baglin, 2019, p. 43).

In general, during a pump down that starts from atmospheric pressure and continues in
the HV or UHV region, at least two or three different types of gauges are used to keep
track of the pressure inside the monitored vacuum chamber. The pressure readings in
the LHC vacuum system are provided by 170 Bayard-Alpert gauges, 442 Pirani gauges
and 642 Penning gauges (Jimenez, 2008). For outgassing measurements in laboratory
test benches, the pressure readings in the low and medium vacuum regions are not of

great interest, hence Pirani gauges, despite their low accuracy, are sufficient to monitor
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the systems and warn in case of unexpected problems. Special types of gauges that work
efficiently within specific pressure windows might be installed to compensate the defi-

ciencies of the most common types gauges, if required by the experiment.

2.4.2 Mass Spectrometry

In vacuum technology, mass spectrometry is performed by the means of devices called
partial pressure analysers, more usually referred to as residual gas analysers (RGAS).
An RGA ionizes and fragments gas molecules by impacting them with electrons, then
filtering the various types of ions so produced by their mass to charge ratio, and finally
neutralizing their charge in a detector (Figure 13). Selectively filtering different types of
ions in succession, it is possible to obtain information about their relative amounts by
comparing the relative intensity of the currents detected for each mass/charge value
(Chambers, 2005, p. 221-222).

lonization Filtering Detection

Figure 13. The operational principle of a residual gas analyser.

The ionization process is similar to the one employed in hot cathode gauges; a hot fila-
ment emits electrons that are attracted by an anode, impacting gas molecules during
their path; the ions are then directed by the electrical field towards slotted plates that
collect and focus the ion beam into the filtering device (Jousten, Ellefson, & Grosse
Bley, 2016, p. 644). The latter consists of four parallel cylindrical metal rods arranged
in a square array (quadrupole) and electrically connected so that opposite pairs are at the
same potential, which is the sum of a DC component V;, and an alternating component
V, cos wt with a frequency o of a few MHz (Chambers, 2005, p. 224). The ions arriv-
ing from the focusing plate are injected alongside the axis in between the rods and are
affected by the electrical field that forces them to move in an oscillatory path. Depend-
ing on the intensity of the currents, only certain ions with specific mass/charge values
can pass through the quadrupole without being ejected or impacting one of the rods,
hence, by adjusting the currents, the filtering action is obtained (Jousten, Ellefson, &
Grosse Bley, 2016, p. 657). The ions are finally collected on the other hand of the quad-
rupole by a Faraday cup (the detector) which neutralizes the charge of the ions, thus

producing an electrical signal that is proportional to the rate at which each particular ion
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arrives. Most RGAs are also equipped with a multiplier exploiting secondary electron
emission, to which the flow of ions can be deflected when the intensity of the currents is
too low to be adequately detected by the Faraday cup, which happens when the pressure

in the vacuum chamber is below a certain threshold (Chambers, 2005, p. 229).

! T :—F!eﬂecloT—1
b
: P Filament
1
(2t — lon source
l i E-’lr-G”d
V (ion energy) —j—L -L-|{‘ Focus
V ({0CUS) e plate A
N
N
/»
A
+(V+V, cos ) <4 — Mass
N % separator
\\._ e n
J}
-(V,+V, cos ot) 4—4u\ e
L/
e’
./ —
-3kV - — ]
(') T~-i_Faracay
LY, [T
W S— - Electron
LY [T—Dynode multipiier
L) —— Anode
7]

\—%o—J —
Amplifier

'

Signal out

Figure 14. Structure and a schematic representation of a quadrupole mass spectrometer (Outlaw, 1998).
2.5 Overview of Polymers

2.5.1 General Aspects

Polymers are very large molecules composed by a long sequence of repeating units

called monomers, from which they are usually named upon*?. They are found abundant-

2 The nomenclature of polymers is not uniform. Although the IUPAC has established some systematic
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ly in nature, in the form of lignin, cellulose, starch; even molecules essential for life
such as DNA and RNA are polymeric in nature. However, polymers can also be artifi-
cially synthetized in laboratories and production plants using a variety of chemical reac-
tions and synthesis techniques collectively referred to as polymerization processes,
which can be broadly classified in the two major categories of step-growth polymeriza-
tion and chain polymerization (Saldivar-Guerra & Vivaldo-Lima, 2013, p. 3, 9-10).

The average number of monomeric units repeating in a polymeric molecule is called
degree of polymerization, which might be very large, often in the order of 10* — 10°.
These long molecules can have the structure of mainly linear chains, or they can have a
branched structure in which secondary shorter chains of regular or irregular length can
laterally protrude from the backbone of the main chain. Polymers can also have a cross-
linked structure, in which branched structures of one molecule are linked together with
the ones of other molecules, practically forming a unique, very large molecular network
extending throughout the volume of the macroscopic object the polymer forms
(Teraoka, 2002, p. 1-2).

P

linear chain branched chain cross-linked polymer

Figure 15. The three possible molecular structures of polymers (Teraoka, 2002, p. 2).

Depending on their structure, polymer molecules can pack together either in a disor-
ganized way, forming amorphous regions, or in more organized arrays forming crystal-
line structures called crystallites: in both cases, little voids are left between the mole-
cules (Teraoka, 2002, p. 1). The formation of crystallites is favoured by structural regu-
larity and the existence of strong intermolecular forces, such as hydrogen bonds
(Saldivar-Guerra & Vivaldo-Lima, 2013, p. 5). However, since polymeric chains are
very long, it is impossible for the molecules to completely fit into nearly perfect ar-

rangements like in low-molecular-weight materials, hence both crystalline and amor-

rules for the naming of polymers, they are not universally adopted, and for some polymers common or
commercial names are almost exclusively used instead (Saldivar-Guerra & Vivaldo-Lima, 2013, p. 12).
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phous regions are usually found in such polymers (Figure 16), which therefore should
be more appropriately called semi-crystalline. Conversely, completely amorphous pol-
ymers are common, such as atactic'® polystyrene and poly methyl methacrylate (ibid.).
These polymers usually have highly branched chains whose randomly varying location
of the branches prevent regular packing (Painter & Coleman, 1997, p. 6). The amount of
crystalline regions found in the bulk of a polymeric material, expressed in percentage, is
called degree of crystallinity (Fakirov, 2017, p. 103-105).

Amorphous

% Wom

Crystallites

Figure 16. Crystallites embedded in an amorphous polymeric matrix (University of Cambridge, nd).

Structure and degree of crystallinity in polymers are responsible for several of their
properties. In first place, they determine their phase transitions behaviour: below a cer-
tain temperature, called glass transition temperature, or Tg, the amorphous regions of a
polymer are in a glassy state in which the molecules are frozen in place, despite not be-
ing in the thermodynamic equilibrium typical of crystalline arrangements; the bulky na-
ture of the polymeric chains and their entanglement prevent them to move or rearrange.
If heated above the Ty, however, these amorphous regions gain motility, exhibiting a
second order phase transition that, at the macroscopic level, manifests as softening and
becoming more elastic. On the other hand, crystalline regions do not display increased
motility until reaching a true melting temperature T, when they undergo a first order

phase transition. Thus, while polymers with low degree of crystallinity transit gradually

13 As it will be explained at page 53, tacticity is the general arrangement of substituent groups on the sides
of a polymeric chain. The term atactic is used for polymeric molecules whose side substituents are dis-
tributed without any regularity on either side of the chain (Painter & Coleman, 1997, p. 9-10).
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from the solid to a viscous-liquid state as their temperature is raised above the Tg, highly
crystallized polymers experience a more abrupt change in mechanical properties only
nearby their melting point, and polymer with intermediate crystallinity display a behav-

iour somewhat in between (Painter & Coleman, 1997, p. 208-212).

Semi-crystalline polymers display both a Tq and a Tm, while completely amorphous pol-
ymers display only a Tq. Crosslinked polymers do not show any glass transition temper-
ature, nor they do melt: their molecules chemically bonded in an extended network are
essentially immobilized, thus flow is not possible in such a state (Painter & Coleman,
1997, p. 4). Relatively to the above-mentioned characteristics, polymers are usually
classified in three categories (Saldivar-Guerra & Vivaldo-Lima, 2013, p. 8):

e Thermoplastics, or simply plastics, are non-cross-linked amorphous and semi-
crystalline polymers that are usually below their Ty at room temperature and
therefore they appear as hard solids, but they can be melted upon heating and re-
shaped through thermoforming processing methods.

e Thermosets are polymeric materials which have undergone extensive cross-
linking; these materials are usually harder and more resilient than thermoplas-
tics, but they cannot be melted without degradation and therefore they cannot be
reshaped by heating.

e Elastomers, or rubbers, are polymeric materials which are usually above their Ty
at room temperature, and thus they are quite soft and elastic and display high

toughness and impact resistance. They might be slightly cross-linked or not.

Crystallinity and molecular arrangements are usually depending on the type and distri-
bution of the monomeric units that form the backbones and branches of polymeric mol-
ecules. These can be of a unique type, like in polyethylene, for which the term homo-
polymer is used, or they can be two or more different monomers, in which case the ma-
terial is called copolymer (Painter & Coleman, 1997, p. 8). A typical example of copol-

ymer is acrylonitrile butadiene styrene (ABS).

Many of the mechanical and chemical properties of polymeric materials depend on the
particular type of monomeric units used to synthesize them and, for copolymers, on
their distribution and arrangement along the molecular chains. The polymerization
method also plays a major role in the determination of the final properties of a polymer,

since it can determine the degree of polymerization, the residual presence of solvents,
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unreacted monomers or catalysts inside the material, and the tacticity, i.e. the arrange-
ment of the functional groups alongside the chain (Fakirov, 2017, p. 20-27), on which
the crystallinity of the polymer might greatly depend.

The final properties of polymeric materials are also determined by their particular pro-
cessing history, which sometimes have an influence even on the geometry, size and op-
ticality of the final product. For example, extruded polymers are characterized by one or
two-dimensional orientation of their molecular chains, which has an important influence
on their tensile properties; injection molding imposes restrictions on the wall size of
items and the rate of cooling from the melt state in general affects the degree of crystal-
linity of the polymer, which in turn might determine some of the optical properties of
the material, such as its clarity (Ramos-de Valle, 2013, pp. 451-457; Aguilar-Vega,
2013, pp. 426-427; Fakirov, 2017, pp. 324-325; Painter & Coleman, 1997, p. 6).

2.5.2 Outgassing of Polymers

Due to their high outgassing rates, the use of polymers in vacuum systems of particle
accelerators is limited to only few specific applications such as sealings, electrical insu-

lators, supports, etc., and in general they are avoided in UHV (Chiggiato, 2016, p. 28).

Technical and economic reasons, however, demand for an increased use of this class of
materials in the foreseeable future: design studies for more efficient, powerful, and per-
haps much bigger accelerators (Gianotti, 2018) pose the challenge of building machines
and components with significantly improved performance at a reasonable cost. This
urges the R&D departments of particle accelerators laboratories such as CERN to de-
velop new types of seals, feedthroughs and multilayer insulators which might include
the use of polymeric materials, that therefore have to be properly selected and character-
ized (Savary, et al., 2019, p. 63).

Polymers such as PEEK (polyether ether ketone), Vespel® and Kapton® (polyimides)
are already employed in vacuum equipment as they are among the polymers with the
lowest known outgassing rates'* also capable of resisting bakeout temperatures of 150 —
200 °C. Unfortunately, the available information about the outgassing behaviour of

these materials is quite limited, and the data usually do not allow to fully predict or

14 According to some trustworthy databases such as NASA’s “Outgassing Data for Selecting Spacecraft
Materials”, see: https://outgassing.nasa.gov/
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quantify the impact that a more extensive use of components made of these polymers
could have on the quality of the vacuum in HV and UHV systems.

Indeed, only a few sparse studies have been conducted so far on this subject. In 1967,
Hait (1967) investigated the outgassing behaviour of gaskets made of polyimide and
discovered that the material releases significant amounts of water vapour after being
exposed to air, due to its high hydrophilicity. A study conducted at CERN (Chiggiato &
Kershaw, 2010) showed that also PEEK releases mainly water molecules under vacu-
um, even after several hours of bake-out at mild temperatures (100-150 °C). This behav-
iour was again observed in PEEK, Vespel® and Kapton® samples during subsequent
studies by Battes et. al. (2018) and Riihimaki (2019).

In a study on the solubility and diffusion of water in PEEK, Grayson (1987) described
the sorption and desorption processes in this polymer in terms of Fickian diffusion;
likewise, Han et. al. (1998) found that the sorption and diffusion mechanisms in polyi-
mide films were nearly Fickian. Although polymers might often deviate from this be-
haviour (see Section 2.2.2), especially when large amounts of permeant cause signifi-
cant changes in the polymer structure (swelling), it seems at least reasonable to assume
that, at low concentrations, the outgassing behaviour of the above-mentioned semi-
crystalline polymers could be satisfactorily described by the Fickian diffusion model.

3 MATERIALS AND EXPERIMENTAL PROCEDURES

3.1 Samples Information

Three unfilled grades of the polymers selected for the study have been purchased from
the supplier Goodfellow!: Kapton® HN, Vespel® SP-1, and PEEK 450G. Both the
Kapton and the Vespel are produced by DuPont™, while the PEEK is produced by Vic-
trex™, All three polymers are very good thermal and electrical insulators, have high
tensile strength and stiffness, and display much higher thermal resistance than most oth-
er thermoplastics. The technical data sheets (TDSs) of the three materials are provided

in Appendix A at the end of this document.

PEEK is a linear aromatic polymer belonging to the family of the polyaryletherketones,

15 https://www.goodfellow.com
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whose molecular structure is shown in Figure 17. It is a largely linear, semi-crystalline
polymer, whose aryl and ketone groups provide stiffness to the material, while the ether
groups provide toughness (Grasmeder, 2019).
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Figure 17. Molecular structure of PEEK Polymer (Najeeb, et al., 2015).

PEEK exhibits a Tq at 143 °C, but has a useful operating temperature up to 260°C and
melts at 343°C. Despite its very high melting point, this polymer can be processed using
conventional thermoplastic techniques such as injection molding, and extrusion. It is
machinable, flame resistant and highly unreactive; furthermore, it resists gamma and
electron beam radiation and it is transparent to X-rays (Grasmeder, 2019). According to
its TDS and other available sources (de Rooij, n.d.), under normal conditions the water
content of PEEK is expected to be in the range 0.31 — 0.45% (by mass).

Kapton® and Vespel® are two semi-crystalline polyimides sharing the same basic mo-

lecular structure shown in Figure 18 (Spurgeon, 2018, p. 6; Hrabovsky, et al., 2019).
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Figure 18. The repeating unit in the molecular chains of Kapton and Vespel (Hrabovsky, et al., 2019).

The imide groups confer to these polymers exceptional thermal stability, making them
capable to withstand temperatures in excess of 400 °C (McKeen, 2008, p. 213-216),
temperature above which they start undergoing thermal degradation (Tsukiji, Bitoh, &
Enomoto, 1990). They do not melt, nor exhibit a clear Tg, feature that makes them me-

chanically stable even at temperatures above 260 °C (Kemmish, 1995, p. 21).

Due to the lack of a melting point, the polyimide must either be produced directly as a
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film (Kapton®) at the synthesis stage (Perabo, 2018), or shaped into a semi-finished
form (Vespel®) with sintering techniques (Kemmish, 1995, p. 22). According to the
information retrieved from TDS and other sources, moisture content of these two poly-
mers at equilibrium with the atmosphere is expected to be 1-1.3% for Vespel® and
1.3% for Kapton® (de Rooij, n.d.; NASA, 2018).

The PEEK and the Vespel® were received as rods with diameters of 51 mm and 50.8
mm, respectively. The Vespel® rod was cut into 5 disks with thicknesses from 0.25 mm
to 1.80 mm, while 7 disks with thicknesses from 0.16 mm to 1.28 mm were obtained
from the PEEK rod; the Kapton® was instead received as a set of square sheets with
side length of 100 mm and thicknesses ranging from 0.0125 mm to 0.125 mm (Figure
19). Since the disks of PEEK and Vespel® had to be machined on a lathe, they were
cleaned with water based anionic surfactant agent before the tests. The Kapton® sample
sheets were instead tested as received from the provider. A summary of the final dimen-
sions and shapes of the samples is provided in Table 3.

Figure 19: PEEK (left), Kapton® (centre), and Vespel® (right) samples

Table 3: Information on the polymer samples

Sample | Side / diameter |Surface of the two Thicknesses
Polymer | Manufacturer 16 (2
shape (mm) faces™ (cm?) (mm)

PEEK . . 0.16, 0.18, 0.47, 0.50,
450G Victrex™ Disk 51 40.9 0.72.0.94, 1.28
Vespel® . 0.25, 0.45, 0.92, 1.30,

Sp.1 DuPont™ Disk 50.8 40.5 1.80
Kapton® Square 0.0125, 0.025, 0.05,
HN DuPont™ |~ et 100 200 0.075, 0.125

16 The combined surface of the top and bottom faces. Since all the tested samples were very thin, the out-
gassing from the side walls was considered negligible, therefore only the surface of the two faces has
been considered.
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3.2 Equipment

The outgassing measurements were performed on a test bench whose schematic is
shown in Figure 20. The main vacuum chamber (hereafter, sample dome) was a CF 4
ways cross DN 63/40 made of 304 alloy (stainless) steel, connected through a manually
actuated angle valve to the pumping group. The latter was an Agilent TPS-mobile with
integrated controller, featuring a TwisTorr 304 FS turbo molecular pump with a nomi-
nal pumping speed for N2 of 250 L s, backed by an Edwards RV12 rotary vane pump.
A manually actuated valve was interposed between the two pumps, allowing to bypass
the secondary pump when performing leak detection tests.

A @1 cm thin-walled orifice was installed between the sample dome and the inlet of the
pumping group; its conductance was calculated as 9.2 L s for N, and 11.5 L s for

H->O using Equation 2.23.

The pressure on both sides of the restriction was monitored using Pirani TPR 017 DN
16 CF-F and Penning IKR 070 DN 40 CF-F gauges, both models produced by Pfeiffer.
A Prisma QME 200 residual gas analyser using quadrupole technology (also produced
by Pfeiffer) was mounted above the sample dome to conduct spectrometric analysis of
the outgassing species. A digital controller Pfeiffer TPG 300 was employed to read the
signals from the vacuum gauges and send the data to a desktop computer.

RESIDUAL GAS
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@ 10 MM SAMPLE
ANGLE VALVE ORIFICE DOME
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GAUGE
TURBO-MOLECULAR PENNING PIRANI
PUMP GAUGE GAUGE
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W/ PNEUMATIC

RORARY VANE
PUMP

Figure 20. Schematic representation of the test bench used for the pump-down measurements.
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3.3 Experimental Procedures

The configuration of the system allowed to calculate the outgassing rates inside the
sample dome via the throughput method (Grinham & Chew, 2017): in the high vacuum
regime and in absence of external leaks, the throughput Q from the sample dome was
assumed to be entirely due to the outgassing from the internal surfaces of the vacuum

chamber and the samples.

In virtue of Equation 2.18, the effective pumping speed at the outlet of the sample
dome, S.rr, Was approximated by the conductance of the orifice, since the latter was
significantly smaller than the pumping speed of the pump. The value computed for wa-
ter, 11.5 L s}, was chosen to calculate the throughputs, as H.O molecules were expected
to be the most abundant gaseous species in the sample dome (Schwarz, 1998, p. 514),
fact that was eventually verified through spectrometric analysis. The gas flow from the
sample dome was calculated using Equation 2.20, i.e. Q = Seff Dehamber = C Dehamper:
since the pressure near the inlet of the pump was always more than one order of magni-

tude lower than the pressure in the sample dome (often less than 5%).

To characterize the outgassing behaviour of the polymers under investigation, the net
specific outgassing rates produced by each sample had to be computed. To do so, a
pump-down of the empty system (a so-called background measurement) was initially
performed to measure the total outgassing rates due to desorption from the walls of the
sample dome; an equation to model these outgassing rates as a function of time, Q,,4(t)
was then extracted from the data. During the subsequent measurements with a sample
inside the vacuum chamber, the specific outgassing rates of the sample gsqmpie Were

calculated as follows:

. Qmeasured - ng
qsample - A 3.1
sample

where Q,.qasureqa Was the total outgassing rate calculated upon the pressure reading at a

certain pump-down time t, Q,, Was the corresponding outgassing rate value computed
using the function Q,4(t) extracted from the background measurement, and Asgmpie

was the combined surface of the top and bottom faces of the sample.

Before being tested, the samples were stored for at least 2 weeks in a clean environment

protected from dust and other potential contaminants, exposed to normal levels of mois-
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ture present in the air corresponding to a relative humidity (R.H.) oscillating between
30% and 65%. With the exception of the initial cleaning of the machined disks, no other

operation was performed on the samples.

The pump-down procedure consisted in introducing a sample inside the sample dome,
then sealing the latter with a flat flange and subsequently activating the pumping action

by turning on the pumps and opening the various valves in a specific sequence.

A leak detection test was performed ca. 30 minutes after the beginning of each pump-
down by connecting a special leak detection device to the system through a dedicated
valve (see Figure 20) and then spraying He gas around all the sealed flanges in the test
bench. In the presence of air leaks, the He gas penetrates into the low-pressure volume
inside the vacuum system, being eventually detected by the leak detector, which would
produce a warning signal. These types of tests were carried out to exclude the presence
of undetected air leaks that would have caused an overestimate of the outgassing rates

inside the sample dome during the pump-down measurements.

These were usually carried out at a temperature of about 22 °C (295 K), though varia-
tions of ca. £3 °C have been observed, mainly due to the day-night cycles or abrupt
changes in the external weather conditions. The overall pump-down time was not kept
constant between different measurements, since the rate at which the pressure decreased
inside the dome varied hugely from sample to sample. Each measurement during this
phase was therefore interrupted when it was deemed that a sufficiently low pressure had
been achieved, or that enough data had been collected, resulting in pump-down times
that spanned from 24 hours for the thinnest samples, to over 600 hours for the thickest

ones.

Before the end of each outgassing measurement, at least one mass spectrum of the re-

sidual gaseous molecules present in the sample dome was recorded with the RGA.

4 RESULTS

4.1 Pump-Down Curves and Specific Outgassing Rates

4.1.1 Background Measurement

The pump-down curve obtained during the preliminary background measurement is
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shown in Figure 21. The graph presents two vertical axes, one for the pressure and the
other for the outgassing rate; the values of the latter correspond to the values of the
pressure axis multiplied by the pumping speed, such that the pressure and outgassing
rate curves are made overlap. The horizontal axis displays the pumping time expressed
in units of hours!’. All axes show values in logarithmic scale. In such a graph, the
pump-down curve of the empty system results in an almost perfect straight line, indica-
tion that the outgassing inside the vacuum chamber, up to the shown pressure level, was

almost exclusively due to surface desorption processes, as explained in Section 2.2.1.
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Figure 21. Pump-down curve recorded with the empty system.

From this pump-down curve, the following model for calculating the background out-

gassing rate as a function of pumping time, was obtained: Qp,(t) = 6.74 - 1077¢ 104,

4.1.2 Pump-Down Curves Obtained with the Samples

The pump-down curves collected with the samples, divided by material type, are shown
in Figure 22, Figure 23 and Figure 24 on log-log plots. The extrapolated'® pump-down

curve of the background (BG) is also plotted in every graph as a reference.

For each material, initial pressure and outgassing rates were very similar regardless of
the specific thicknesses of the samples, as almost all the pump-down curves overlapped.

The Kapton® sheets, which had a surface ca. 5 times larger than the other two materi-

17 The hour (symbol h) is one of the non-SI units that are accepted for use with the SI (Bureau
International des Poids et Mesures, 2019, p. 145).

18 A sufficiently long empirical pump-down curve for the background was not available, therefore the
model Qp4(t) = 6.74 - 1077t~%* calculated after the initial background measurement was used instead.
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als, produced the highest initial outgassing values, while Vespel® and PEEK, whose
samples had similar surface, during the first few hours exhibited outgassing rates in the

same range, although the rates of Vespel® were in general higher.

In all cases, the initial outgassing values decreased proportionally to t=%/2, until a faster
decay occurred, visible from a “bend” in the curves. These features were in line with the
pump-down curves expected from diffusion-limited outgassing phenomena, as ex-
plained in Section 2.2.2.

From the figures it is also possible to notice that the faster, exponential-like decay of the
outgassing rates began earlier with the thinnest samples and progressively later with the

thickest ones, behaviour that was observed with all three materials.
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Figure 22. Pump-down curves obtained with the Kapton® samples.
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Figure 23. Pump-down curves obtained with the PEEK samples.
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Figure 24. Pump-down curves obtained with the Vespel® samples.

Extending the measurements for enough time, the pump-down curves of the samples
tended to approach asymptotically the one of the background, sign that their outgassing

became eventually negligible compared to the outgassing produced by the system walls.

From the total outgassing rates of the samples and after removing the contribution of the
background, the specific outgassing rates of the three materials were calculated, accord-

ing to Equation 3.1. The results are plotted in Figure 25, Figure 26 and Figure 27.

Kapton®, whose samples were thinner than the other materials, showed very early ex-
ponential-like decays occurring in a matter of few minutes for the thinnest sheets, and
after few hours for the thickest ones. The thicker PEEK and Vespel® samples exhibited

the “bend” of the faster decay later, at pumping times sometimes above 100 hours.
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Figure 25. Specific outgassing rates of Kapton®.
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Figure 26. Specific outgassing rates of PEEK.
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Figure 27. Specific outgassing rates of Vespel®.

From the log-log plots above, it can be also noticed that, when the curves extended sig-
nificantly beyond the beginning of the exponential-like decay, they tended to assume
again a straight line shape, hinting at a power rule rather than at an exponential one.

Since the tested samples of PEEK and Vespel® had very similar surface area, and hav-
ing some of them also comparable thicknesses, it was possible to make a direct compar-

ison between the outgassing rates of these two materials, as shown in Figure 28.

The graph shows that, given a certain thickness, PEEK exhibit lower initial outgassing
rates and an earlier occurrence of the exponential decay, thus reaching much sooner low
outgassing rate values than Vespel®.

As a general summary of these results, the specific outgassing rates of all the samples,
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measured after 24 hours of pumping, are listed in the following Table 4.
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Figure 28. Outgassing rates of two pairs of similar sized Vespel® and PEEK samples.

Table 4: Specific outgassing rates of the tested polymers measured after 24 hours of pumping.

PEEK 450G Vespel® SP-1 Kapton® HN
Sample Specific Sample Specific Sample Specific
thickness | outgassing rate | thickness | outgassing rate | thickness | outgassing rate
[mm] [hPa L st cm?] [mm] [hPa L st cm?] [mm] [hPa L st cm?]
0.16 2.410° 0.25 3.1107 0.0125 <100
0.18 14108 0.45 1.510° 0.025 <100
0.47 2.4 107 0.92 2.910° 0.05 6.9 1020
0.5 3.3107 1.3 1.6 10°° 0.075 1.110°
0.72 6.4 107 1.8 1.7 10° 0.125 1.310°
0.94 6.2 107
1.28 5.0 107

4.2 Mass Spectra

4.2.1 Background Measurement

Figure 29 shows the results of the mass spectrometry performed at the end of the back-

ground measurement. The values in the plot are normalized to the value of the highest

peak, which was found at the mass/charge value of 18, i.e. H2O". The spectrum reveals

that the outgassing from the chamber walls was dominated by water molecules, which

constituted about 90% of all the residual species, since also the peak at 17, OH™, can be

attributed to the cracking of water molecules caused by the RGA (see Section 2.4.2).
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Figure 29: Normalized mass spectrum of the empty background, taken at a pressure of 3-10 hPa.
4.2.2 Mass Spectra of the Samples

Figure 30, Figure 31 and Figure 32 show the spectra of a Kapton®, a PEEK and a Ves-
pel® sample collected at the end of their pump-down measurements at similar pres-
sures. In all three graphs, the highest peak is found at 18, with 17 being the second
highest, hence H2O was the most abundant species accounting for at least 75% of the

total outgassing from the polymers.

The spectrum of the Kapton® sample shows very few differences with the spectrum of
the background, the most relevant of which are the slightly higher peaks at 14 and 32,
i.e. N"and O." and the peak at 30, the latter possibly indicating the presence of NO ions
in the sample dome (Jenninger & Chiggiato, 2017, p. 26, 70).

The spectrum of the PEEK sample is very similar to the one of the Kapton®, featuring a
slightly higher peak at 14 and a peak at mass 40, i.e. Ar", which has a relative intensity
of about 1% compared to the peak at 28 (N2*), approaching the ratio that these two gas-
es have in the atmosphere (1,2%). This fact, together with the slightly higher peaks

caused by nitrogen and oxygen, indicate the presence of trapped air in this polymer.

The spectrum of the Vespel® sample shows even an higher Ar* peak, as well as the
highest peaks at 28 (N2*, CO"), 14 (N*) and 7 (N**), all clear signatures of high outgas-
sing of air species, probably trapped inside the bulk of the material. This polymer also
exhibited a peak at the value 64 (not shown in Figure 32), which might indicate the out-
gassing of sulphuric compounds such as Sz and SO.. The latter could be explained by

the use of aprotic polar solvents such as dimethyl sulfoxide (DMSO) during the synthe-
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sis of the polyimide (USA Patent No. US9617386B2, 2013).
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Figure 30. Normalized mass spectrum of Kapton, taken at a pressure of 2.5-10° hPa.
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Figure 31. Normalized mass spectrum of PEEK, taken at a pressure of 2.4-10® hPa.

H,0* N Vespel 0.25 mm
1.E+00 co/N, P

co,

1E-01

1.E-02

1.E-03

1.E-04

1.E-05
0 5 10 15 20 25 30 35 40 45 50
lon Mass/Charge [Da/e]

Figure 32. Normalized mass spectrum of Vespel, taken at a pressure of 4-10® hPa.

The features underlined for each of these selected spectra were similarly found also in

most of the other spectra. Thus, the Kapton® polymer in general exhibited very little

outgassing of atmospheric species (besides water), the PEEK showed a slightly higher
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outgassing of nitrogen and argon, and the Vespel® displayed the most significant re-
lease of atmospheric gases among the three polymers.

5 ANALYSIS OF THE RESULTS

As seen in Section 4.1.2, the outgassing rates of the polymeric samples recorded during
the pump-down measurements showed typical features of diffusion process: the initial
slope of the curves (in log-log plots) were consistent with the g o t=1/2 rule expected
when diffusion limited desorption is the dominant outgassing phenomenon, and an ex-
ponential-like behaviour, whose occurrence was clearly dependent on the thickness of
the samples, was also observed. Spectrometric analysis suggests that the outgassing was
mainly due to H20 molecules diffusing from the bulk. However, the plot of the specific
outgassing rates showed that after long pump-down times the curves seemed to assume

again a straight line shape, hinting at a divergence from the Fickian model.

The suitability of the latter for describing the outgassing rates of PEEK, Vespel® and
Kapton® was therefore tested by trying to fit the empirical data with curves computed
using the 2-step Equation 2.45. To do so, plausible values for the initial moisture con-
tent ¢, (see Section 3.1) and diffusion coefficients D were selected according to the
available sources (Rabilloud, 2000, pp. 156-157; Chiggiato, 2017, p. 17; Chiggiato &
Kershaw, 2010; NASA, 2018; de Rooij, n.d.), and used as initial guesses for the fitting
procedure. A time constant t based on thickness and diffusion coefficient was then cal-

culated for every sample.

The values of ¢,, which were available as mass percentages, were converted into grams

per cm? by multiplying them by the density of the polymer Ppotim iN the following way:

[ g Co[wt. %]
c _

0 cm3 - 100 ppollm[ 5.1

cm3

These values were then expressed in terms of molar concentration by exploiting the fact
that 1 mol (H.0) = 18 g (H20) and that 1 L = 10 cm?®:

mol] [mol] 103 cm3 -
“o cm3 L '

Finally, the molar concentration could be written as the partial pressure of the H.O mol-
ecules dissolved inside the polymer by applying the ideal gas law as formulated in
69



Equation 2.4 ( Section 2.1.2), which, at 22 °C = 295 K results in:

hPa] = =2 RT = mol 83.14 hPa L 295K 5.3
coliPal = pio =R = co |77~ 8314 o '

Thus, the moisture concentration inside the polymer samples could be expressed in hPa,
for an easier and more direct calculation of the outgassing rates with Equation 2.45.

The fitting curves calculated using the 2-step equation model worked well for the data
collected with most Vespel® samples, whose tests, however, were not extended for pe-
riods of time much longer than the 7 calculated for each specific sample. This was later
rectified by increasing pump-down times when testing most of the PEEK and Kapton®
samples, in order to collect information on the outgassing behaviour of the polymers for
values of t > 37. A strong divergence was then observed above this threshold between
the empirical data and the model, divergence that regularly occurred with all the sam-
ples, whenever the measurements were extended for long enough times. The 0.25 mm
thick Vespel® sample was also retested for a longer time, revealing that the same diver-
gence occurred with all three polymers, as shown in Figure 33.

2-step model
Kapton 0.125mm Sample

1.E-05 Vespel 0.25mm Sample

1.E-06 PEEK 0.72mm Sample

1.E-07

1.E-08

Specific Outgassing Rate [hPals? em™]

1.E-09 Empirical data
2-step modelsfort<3 =t

——2-stepmodelsfort>3 <
1.E-10

0.1 1 10 100 1000
Time [h]
Figure 33: The divergence between the 2-step model and the empirical data for ¢t > 3t
Regression analysis focused on the final part of the outgassing curves allowed to estab-
lish that the relationship g « t=3 was found to fit very well the data for values of t > 37.
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After writing this relationship in terms of ¢, and t and rearranging for convenience
some terms in Equation 2.45, the following 3 equations were assembled and eventually
adopted during the continuation of the study to model the specific outgassing rates of
the polymeric samples:

(jOCO fort < 0.5
lZ
Aface(t) = 4]0C0€ T for05t<t<3t » T 32p 5.4
6]0C0 fort >3t

where the parameter j, = ? has been here introduced for ease of calculation.

This 3-step equation eventually allowed to obtain very good fits for all the collected
empirical curves, as it can be seen in Figure 34, showing the specific outgassing rates of

the same three samples plotted in Figure 33, this time fitted with the new model.
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Figure 34: The 3-step model allowed to fit very well the empirical data also for t > 3t

By optimizing the = and j, parameters during the fitting procedure, the actual diffusion
coefficients D and the initial moisture contents c, of each sample were obtained, upon
which average values were computed for each material. The results of these calcula-

tions, which are in good agreement with the data found in the available sources, are
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listed in the Appendix B and graphically summarized in Figure 35.

PEEK on average exhibited a higher diffusion coefficient (4.2-107° cm? s?) and a
lower moisture content (0.3%) than Vespel® and Kapton®. The average values ob-
tained for the two polyimides were remarkably similar (diffusion coefficients of 1.7 —
1.8-107° cm? st and initial moisture content of 0.94 — 0.97%), which might be ex-

plained by their common chemical structure (see Section 3.1).
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Figure 35: Average values of D and Co computed through the fitting procedure. The error bars represent
the standard deviations of the data

The big standard deviations associated with some of the extrapolated values can largely
be attributed to the small size of the sample population available for each material;
moreover, non-perfectly constant conditions before and during the tests might have con-
tributed to increase the variability of the collected data, since changes in the relative
humidity of the air (see Section 3.3) can have influenced the amount of water vapour
absorbed by the polymers, and even small variations in the environmental temperature
(ibid.) could have had a sizable effect on the diffusion coefficients of the samples
(Jousten, 20164, p. 247). Despite the uncertainties in the data, the application of Equa-
tion 5.4 for fitting the empirical curves proved to be a viable way to estimate the specif-
ic outgassing rates of all three polymers.

The different time constants t associated with each sample, upon which the initiation of

the faster exponential decay depends, were also optimized during the fitting procedure,
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and found to be with good approximation proportional to the square of the thickness, as
shown in Figure 36. This has an important consequence: increasing the thickness by on-
ly a fraction of a millimetre can potentially extend the necessary pump-down times by
tens, even hundreds of hours. Consequently, it might be concluded that the thickness is

the most important factor affecting the outgassing behaviour of the tested polymers.
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Figure 36: Variation of the time constant t with the thickness of the tested materials. The Kapton® and
Vespel® are plotted together as “Polyimides”, having essentially the same diffusion coefficient.

6 DISCUSSION

The calculation of diffusion coefficients and initial moisture contents through the opti-
mization of the parameters in the model allowed to draw some important conclusions
about the general outgassing behaviour of these polymeric materials: a higher moisture
content causes higher outgassing rates during all stages of the pump-down, while a
greater diffusion coefficient, although increasing the initial outgassing rates, causes the
latter to decay sooner, making possible to reduce pump-down times. Thus, the differ-
ence in these parameters can well explain the difference in specific outgassing rates ob-
served between PEEK and Vespel® samples of equal thicknesses, which has been high-
lighted in Figure 28 of Section 4.1.2.

On the other hand, the differences in outgassing rates between Vespel® and Kapton®,
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which share the same chemical formula and exhibited almost identical diffusion coeffi-
cients and moisture content, can mainly be attributed to their different thicknesses. The
latter are determined by their respective synthesis/processing techniques: Kapton® is
directly produced as a film with thicknesses in the range 0.0125 — 0.125 mm, while
Vespel® is sintered in much thicker semi-finished shapes. The sintering route used dur-
ing the manufacture of Vespel® parts might as well explain why this material, unlike
the Kapton®, showed so evident signs of atmospheric species in its mass spectra: poly-
mer sintering techniques usually lead to the production of highly porous materials
(Ulbricht, 2011, p. 284) which can trap air inside their bulk both during production and
probably also subsequently, provided adequately long exposure: the 0.25 mm thick
Vespel® sample that was tested a second time after few months since the first test
showed again the same peaks in its spectrum, indicating outgassing of N2, CO and Ar
from its bulk despite having already undergone pump-down once. The signature of at-
mospheric species found also in the spectra of PEEK samples, although to a less extent

than in Vespel®, might also be due to a certain degree of porosity in this material, too.

It is important to remark how the outgassing of atmospheric species such as N2 and Ar
by PEEK and especially Vespel® polymers, shown by spectrometric analysis, could be
cause of major concerns if detected inside the vacuum chambers of particle accelerators,
since it might easily be mistaken for the presence of external air leaks. Engineers and
technicians working on the vacuum systems of such machines therefore need to be
aware of the problem, if parts containing any of these polymers had to be installed in-

side the vacuum equipment under their supervision.

Explanations to the deviation from the standard Fickian diffusion model observed for
extended pump-down times might be sought within the framework of the dual-mode
sorption theories that have been mentioned in Section 2.2.2. Since the outgassing of the
polymers exhibited Fickian characteristics for a good part of the pump-down time, it
seems unlikely that completely different diffusive mechanisms, such as those described
by non-Fickian diffusion models (Crank, 1975, p. 256) could take place in the bulk of
these materials when simply exposed to vacuum. Models accounting for concentration
dependent diffusion coefficients do not seem to apply in this case either, since a good
empirical fit was eventually found for all the curves without the need to modify this pa-
rameter into some sort of function. On the other hand, it is not unreasonable to assume

that a fraction of the H,O molecules absorbed by the polymers from the air could end up
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filling some of the microvoids typically found between the molecular chains of all
amorphous and semi-crystalline polymers (i.e. their free volume). These microscopic
pockets of water could eventually diffuse again into the denser regions of the polymer if
the concentration in the latter would drop under a certain threshold, situation that of
course happens during the late stages of a pump-down. By leaving the voids, these once
stored water molecules would effectively act as a secondary reservoir of moisture in the
bulk, slowing down the rate of decay of the outgassing process at the surface, which
would result in higher outgassing rate values than those predicted by the standard Ficki-
an diffusion model when the polymer starts getting depleted of the majority of its mois-
ture content, as observed during the outgassing measurements of PEEK, Kapton® and
Vespel® presented in the previous sections of this document. The verification of such
hypothesis, however, would require a rigorous mathematical analysis of the model and
computer simulations which are beyond the scope of the present work, and will be left

for future studies.

7 CONCLUSIONS

The outgassing behaviour of several samples of PEEK, Kapton® and Vespel® poly-
mers have been investigated through a series of pump-down tests. The collected data
suggest that the outgassing of these materials is mainly due to diffusion of H,O mole-
cules through the bulk, which then desorb from their surface into the volume of the vac-

uum chamber.

The measured outgassing rates of the polymers have been compared with the outgassing
rates predicted by the Fickian diffusion model; agreement between empirical and mod-
elled values was found only for relatively short pumping times, and a modification to
the model based on empirical observations was introduced to more correctly describe
the outgassing rates of these materials for extended pumping times. The discrepancy
appears to be likely due to dual-mode sorption processes, though further investigation

will be necessary to validate this hypothesis.

The analysis allowed to estimate average diffusion coefficients and initial moisture con-
tents of the three polymers, and the obtained values were in agreement with the ones
found in the available literature. The diffusion coefficients of Vespel® and Kapton®

were in the range 1.7 — 1.8 - 107° cm? st and their initial moisture content was found
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to be around 1%; a diffusion coefficient of ca. 4.2 - 10~° cm? s and an initial moisture

content of less than 0.3% were calculated for PEEK.

The higher moisture content in the polyimides causes higher outgassing rates at the be-
ginning of the pump-down, compared to PEEK; the latter polymer also displays a
quicker reduction of outgassing activity, owed to its higher diffusion coefficient that
accelerates the depletion of outgassing species from the bulk, making possible to overall

reduce pump-down times.

The relatively high standard deviations of the collected data suggest that the outgassing
behaviour of PEEK, Kapton® and Vespel® could be, to some extent, influenced by en-
vironmental conditions, especially the amount of relative humidity in the air. It is there-
fore recommended to store components for HV and UHV systems containing these pol-

ymers in dry locations/containers several days before installation.

Alongside diffusion coefficient and initial moisture content, thickness was found to
have a major impact on the decay of the specific outgassing rates of PEEK, Kapton®
and Vespel®, and therefore it should represent the primary concern when selecting pol-
ymeric components to be installed into HV or UHV systems. Preference should always
be given to the thinnest components available; if choosing between different polymers is
possible, those with higher diffusion coefficients and lower expected moisture content

should be then selected.
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HIGH PERFORMANCE POLYMERS

VICTREX® PEEK 450G

High performance thermoplastic material, unreinforced PolyEtherEtherKetone (PEEK), semi crystalline, granules for injection
moulding and extrusion, standard flow, FDA food contact compliant, colour natural/beige.

> Typical Application Areas:
Applications for higher strength and stiffness as well as high ductility. Chemically resistant to aggressive environments, suitable for
sterilisation for medical and food contact applications.

3 Material Properties

CONDITIONS TEST METHOD UNITS TYPICAL VALUE

Mechanical Data

Tensile Strength Yield, 23°C 1SO 527 MPa 100
Tensile Elongation Break, 23°C ISO 527 % 45
Tensile Modulus \ 23°C | 1SQ 527 | GPa \ 37
Flexural Strength At 3 5% strain, 23°C ISO 178 MPa 125
\ Atyield, 23°C | | \ 165

125°C 85

\ 175°C \ | | 18

275°C 13

Flexural Modulus \ 23°C \ IS0 178 | GPa \ 41
Compressive Strength 23°C 1SO 604 MPa 125
\ 120°C \ | \ 70

Charpy Impact Strength Notched, 23°C ISO 179/1eA kJ m? 7.0
Unnotched, 23°C | 1SO 179/U | nib

Izod Impact Strength Notched, 23°C ISO 180/A kJ m® 75
\ Unnotched, 23°C | 1SO 180/U | \ nib

Thermal Data

Melting Point 1SO 11357 °C 343
Glass Transition (Tg) Onset ISO 11357 °c 143
Specific Heat Capacity \ 23°C \ DsC | kJkg' °C" \ 22
Coefficient of Thermal Expansion Along flow below Tg ISO 11359 ppm K' 45
‘ Average below Tg 1 | ‘ 55

Along flow above Tg 120

\ Average above Tg \ | \ 140

Heat Deflection Temperature 1.8 MPa ISO 75-F °C 152

Thermal Conductivity \ 23°C | I1so220074 | wm' K’ \ 0.29
Relative Thermal Index Electrical UL 746B °C 260
‘ Mechanical w/o impact ‘ | ‘ 240

Mechanical w/impact 180

Melt Viscosity 400°C ISO 11443 Pas 350

Density Crystalline 1ISO 1183 g cm® 1.30

Amorphous 1.26

Shore D hardness | 23°C | ISO 868 | | 845

Water Absorption (3.2mm thick Tensile bar) 24h, 23°C ISO 62-1 % 0.07
(by immersion) | Equilibrium, 23°C | | | 04

VICTREX® HIGH PERFORMANCE PAEK POLYMERS GVictrex plc Revision Jul 2012
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Electrical Properties

Dielectric Strength 2mm thickness IEC 60243-1 KV mm”' 23
50pm thickness 190
Comparative Tracking Index | | IEC 60112 | v | 150
Loss Tangent 23°C, 1MHz IEC 60250 n/a 0.004
Dielectric Constant | 23°C, 1kHz | IEceozso | n/a | 31
23°C, 50Hz 30
| 200°C, 50Hz | | | 45
Volume Resistivity 23°C IEC 60093 Qcm 10"
| 125°C | | | 10
275°C 10°
Glow Wire Test 2mm thickness IEC 60695-2-12 °C 960
Limiting Oxygen Index 0.4mm thickness 1SO 4589 % O, 24
| 3 2mm thickness | | | 35
Toxicity Index CO content NES 713 n/a 0.074
| CO;, content [ | | 0.15
Total gases 022

Recommended Processing Conditions

Drying Temperature / Time 150°C / 3h or 120°C / 5h
Temperature settings 355/360/365/370/375°C (Nozzle)
Hopper Temperature | Mot greater than 100°C

Mould Temperature 170°C - 200°C (max 250°C)
Runner | Die / nozzle >3mm, manifold >3.5mm
Gate >1mm or 0.5 x part thickness

Mould Shrinkage and Spiral Flow

Spiral Flow 375°C nozzle, 180°C tool 1mm thick section Victrex mm 110
Mould Shrinkage 375°C nozzle, 180°C tool Along flow 1ISO 2944 % 10
Across flow | | | 13

Important note:
Data are generated in accordance with prevailing national, international and internal standards, and should be used for
material comparison. Actual property values are highly dependent on part geometry, mould configuration and processing
conditions. Properties may also differ for along flow and across flow directions

Detailed data available on our website www.victrex.com or upon request

World Headquarters
Victrex plc, Hillhouse International, Thornton Cleveleys, Lancashire FY5 4QD United Kingdom
Tel: +(44) 1253 897700 Fax: + (44) 1253 897701 Email: victrexplc@victrex.com
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DUPONT™ KAPTON® HN

POLYIMIDE FILM

DESCRIPTION

DuPont™ Kapton® HN general-purpose film has been used
successfully in applications at temperatures as low as -269°C
(-452°F) and as high as 400°C (752°F). HN film can be laminated,
metallized, punched, formed or adhesive coated. Kapton® HN is the
recommended choice for applications that require an all-polyimide
film with an excellent balance of properties over a wide range of

temperarures.

APPLICATIONS

¢ Mechanical parts

* Elecrronic parts

* Electrical Insulation

* Pressure sensitive tape

* Fiber oprics cable

* Insulation blankets

* Insulation tubing

* Automotive diaphragms sensors and manifolds
* Eiching

+ Shims

PRODUCT SPECIFICATIONS
Kapton® HN is manufactured, slit and packaged according to the
product specifications listed in H-38479, Bulletin GS-96-7.

CERTIFICATION
Kapton® HN meets ASTM D-5213 (type 1, item A) requirements.
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DUPONT™ KAPTON® HN

Table 1 - Physical Properties of DuPont™ Kapton® HN at 23°C (73°F)

Test Method

Ultimate Tensile Strength

1 mil 25um

5 mil 125um

ar 200°C (392°F)

41 (6,000) 41 (6,000

41 (6,000)

at 23°C, (73°F) psi (MPa) 33,500 (231) 33,500 (231) 33,500 (231) 33,500 (231) ASTM D-882-91, Method A*
ar 200°C (392°F) 20,000 (138) 20,000 (138) 20,000 (138) 20,000 (138)
Ultimare Elongation
ar 23°C, (73°F) % 72 72 78 82 ASTM D-882-91, Method A
at 200°C (392°F) 83 83 83 83
Tensile Modulus
at 23°C, (73°F) psi (GPa) 400,000 (2.76) 400,000 (2.76) 400,000 (2.76) 400,000 (2.76) ASTM D-882-91, Method A
at 200°C (392°F) 290,000 (2.0} 290,000 (2.0) 290,000 (2.0) 290,000 (2.0)
Density glce 1.42 1.42 1.42 1.42 ASTM D-1505-90
MIT Folding Endurance cycles 285,000 55,000 6,000 5,000 ASTM D-2176-89
Tear Strength-propagating . -
(Elmendorf), N (Ibf) 0.07 (0.02) 0.21 (0.02) 0.38 (0.02) 0.58 (0.02) ASTM D-1922-89
Tear Strength, Initial (Graves), N (Ibf) 7.2(1.6) 16.3 (1.6) 26.3 (1.6) 46.9 (1.6) ASTM D-1004-90
Yield Point ar 3%
at 23°C, (73°F) MPa (psi) 69 (10,000) 69 (10,000) 69 (10,000) 69 (10,000) ASTM D-882-91

41 (6,000)

Stress to produce 5% elong.

at 23°C, (73°F) MPa (psi) 90 (13,000) 90 (13,000) 90 (13,000) 90 (13,000) ASTM D-882-92

at 200°C (392°F) 62 (9,000) 62 (9,000) 62 (9,000) 62 (9,000)
Impact Strength at 23°C, (73°F) N-cm-(ft Ib) 78 (0.58) 78 (0.58) 78 (0.58) 78 (0.58) DuPont Pneumatic Impact Test
Coeflicient of Friction, kineric 0.48 0.48 0.48 0.48 ASTM D-1894-90
(film-to-film)
(‘._nc('ﬁcicnr of Friction, static 0.63 0.63 0.63 0.63 ASTM D-1894-90
(film-to-film)
Refractive Index (sodium D line) 1.70 1.70 1.70 1.70 ASTM D-542-90
Poissons Ratio 0.34 0.34 0.34 0.34 Avg, three samples, clongated at

5.7, 10%

Low temperature flex life pass pass pass pass [PC-TM-650, Method 2.6.18

*Specimen size 25 x 150 mm (1.6 in); jaw separation 100 mm (4 in), jaw speed, S0mm/min (2 in/min). Ultimate refers to the tensile strength and elongation measured at break

Table 2 - Thermal Properties of DuPont™ Kapton® HN Film

Thermal Property

cm-secC

Melting Point None None ASTM E-794-85 (1989)
o o 20 ppmi*C 14 10 38°C . o
Thermal Coefficient of Linear Expansion (11 ppm/°F) (7 to 100°F) ASTM D-696-91
Coefficient of Thermal Conductivity, W/m-K
¥ 0.12 296K .
| 287 x 10° 23°C ASTM F-433-77 (1987)

Specific Hear, J/g*K (cal/g"C)

1.09 (0.261)

Differential calorimetry

Hear Sealability

not hear sealable

IPC-TM-650 Method 2.4.13A

Solder Float pass

Smoke Generation D, =<1 NBS smoke chamber NFPA-258

Shrinkage, % - ; X
30 min at 150°C 0.17 H’L—';&Sf%fﬁo I?i;;}l\zdgzl,z 4A;
120 min at 400°C 1.25 e

Limiting Oxygen Index, % 37-45 ASTM D-2863-87

Glass Transition Temperature (T,)

temperature range.

A second order transition occurs in Kapton® between 360°C (680°F) and 410°C (770°F) and is assumed to be
the glass transition temperature. Different measurement techniques produce different results within the above
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Table 3 - Typical Electrical Properties of DuPont™ Kapton® HN Film at 23°C (73°F), 50% RH

Property Film Gage

Typical Value

Test Condition

Test Method

Dielectric Strength V/m kV/mm (Vimil)
25 pm (1 mil) 303 (7700) 60 Hz
50 pm (2 mil) 240 (6100) 1/4 in electrodes ASTM D-149-91
75 pm (3 mil) 201 (5100) 500 Visec rise
125 pm (5 mil) 154 (3900)

Dielectric Constant
25 pm (1 mil) 3.4
50 pm (2 mil) 3.4 1 kHz ASTM D-150-92
75 pm (3 mil) 3.5
125 pm (5 mil) 35

Dissipation Factor
25 pm (1 mil) 0.0018
50 pm (2 mil) 0.0020 1 kHz ASTM D-150-92
75 pm (3 mil) 0.0020
125 pm (5 mil) 0.0026

Volume Resistivity «cm
25 pm (1 mil) 1.5x 1017
50 pm (2 mil) 1.5x1017 ASTM D-257-91
75 pm (3 mil) 1.4x 1017
125 pm (5 mil) 1.0x 1017

DIMENSIONAL STABILITY Table 4 - Thermal Coefficient of Expansion, DuPont™

The dimensional stability of DuPont™ Kapton® polyimide film
depends on two factors—the normal coefficient of thermal
expansion and the residual stresses placed in the film during
manufacture. The latter causes Kapton® to shrink on its first
exposure to elevated temperatures as indicated in the bar graph in
Figure 1. Once the film has been exposed, the normal values of
the thermal coefficient of linear expansion as shown in Table 4 can

be expected.

Figure 1. Residual Shrinkage vs. Exposure Temperature and
Thickness, DuPont™ Kapton® HN

20 - HN (150°C)
- HN (400°C)

1.5

Typical Shrinkage, %
o
I

05

0.0

1 mil 2 mil 3 mil 5 mil
Film Thickness, pm (mil)

90

Kapton® HN Film, 25 pm (1 mil), Thermally Exposed

Temperature Range,

30-100 (86-212) 17
100-200 (212-392) 32
200-300 (392-572) 40
300-400 (572-752) LS
30-400 (86-752) 34




DUPONT™ KAPTON® HN

FOR MORE INFORMATION ON DUPONT™ KAPTON® POLYIMIDE FILMS, PLEASE CONTACT YOUR LOCAL
REPRESENTATIVE, OR VISIT OUR SALES & SUPPORT WEBPAGE FOR ADDITIONAL REGIONAL CONTACT INFORMATION.

kapton.com

91



DuPont™ Vespel® SP-1

POLYIMIDE ISOSTATIC SHAPES

CLICK, SHOP ONLINE »

Typical ISO Properties

DuPont™ Vespel® SP-1 parts and shapes are specified for their excellent physical properties, including
electrical and thermal insulation at high temperatures. SP-1 is an unfilled polymer.

Some data presented below are based on limited production runs and are subject to revision as new knowledge and
experience become available.

Mechanical Property emperature A pical Value
. 23°C(73°F D-1708 . 86.2 (12.5
Tensile Strength 260 °C Esoo °|)=) or E8T MPa (kpsi) 41 .4((6.0))
. 23°C(73°F D-1708 7.5
Strain at Break 260 °C ESOO nl):) or E8' % 6.0
23°C (73 °F) ) 110.3 (16.0)
Flexural Strength 0 o D-790 MPa (k|
260 °C (500 °F) a (kpsi) 62.1(9.0)
23 °C (73 °F) ) 3102 (450)
Flexural Modulus 260 °C (500 °F) D-790 MPa (kpsi) 1724 (250)
Compressive Stress
at 1% strain 23 °C (73 °F) . 24.8 (3.6)
at 10% strain 23°C (73 °F) D-895 MPa (kpsi) 133.1 (19.3)
at 0.1% offset 23 °C (73 °F) 51.0(7.4)
Compressive Modulus 23 °C(73°F) D-695 MPa (kpsi) 2413 (350)
Axial Fatigue, Endurance Limit
at 10” cycles 23 °C (73 °F) _ 55.8 (8.10)
; 260 °C (500 °F) MPa (kpsi) 26.2 (3.8)
at 10" cycles 23 °C (73 °F) 421 (6.1)
260 °C (500 °F) 16.5 (2.4)
Flexural Fatigue, Endurance Limit
at 10° cycles 23 °C(73°F) — MPa (kpsi) 65.5(9.5)
at 107 cycles 23°C (73 °F) 44.8 (6.5)
Shear Strength 23°C (73 °F) D-732 MPa (kpsi) 89.6 (13.0)
|zod Notched Impact Strength 23 °C (73 °F) D-256 Jim 427
I1zod Unotched Impact Strength 23°C(73°F) D-256 Jim 747
Poisson’s Ratio 23°C(73°F) — — 0.41
Wear and Friction
Wear Rate' — — m/s x 1077 17- 85
Friction Coefficient**
PV =0.875 MPa-m/s — — — 0.29
PV = 3.5 MPa-m/s
In Vacuum — — — —
Static in Air — — — 0.35
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DuPont™ \o’espel® SP-1 Typical ISO Properties (continued)

Thermal Property emperature A Sical Va
23°C (73 °F) to o
Coefficient of Linear Expansion 260 °C (500 °F) D-696 ‘(‘Im"'nm/",g i;‘ Egg;
—62 to +23 (~80 to 73° F)
Thermal Conductivity 40 °C (104 °F) — W/m-°C 0.35
Specific Heat — — Jikg/°C 1130
Deformation Under 14 MPa Load 50 °C (122 °F) D-621 % 0.14
Deflection Temperature at 2 MPa — D-648 °C ~360
Electrical Property
Dieleclric2Conslanl
at 10° Hz o B 3.62
TH10* Ho 23°C (73 °F) D150 - 364
at 10° Hz 3.55
Dissipati%n Factor
at 10° Hz o o 0.0018
at 10' Hz 23°C(13°F) D150 - 0.0036
at 10° Hz 0.0034
_Ii_);‘?:;clrlc Strength, Short Time 2 mm 23°C (73 °F) D149 MV/m 22 (3.20)
Volume Resistivity 23°C (73 °F) D257 am 10™-10™
Surface Resistivity 23°C (73 °F) D257 0 1010
Other Properties
Water Absorption
23 °C (73 °F) 0.24
48h 50 °C (122 °F) D570 % 072
Equilibrium, 50% RH 1.0-1.3
Specific Gravity — D792 — 1.43
Oxygen Index — D2863 % 53

1 Machined isoststic tensile s}aecimens made per D1708
11 Unlubricated in air (PV 0.875 MPa-m/s).
**  Steady state, unlubricated in air.

AUTHORIZED DISTRIBUTOR
DuPont™ Vespel®

Visit us at kalrez.dupont.com or vespel.dupont.com

Contact DuPont at the following regional locations: PARTS & SHAPES

North America Latin America Supplying Authentic Vespel® Shapes
800-222-8377 +0800 17 17 15

Greater China ASEAN 1-888—El.ll‘HIB$LL
+86-400-8851-888 +65-6586-3688 ‘www.curbellplastics.com

The information provided in this data sheet corresponds to our knowledge on the subject at the date of its publication. This information may be subject
o revision as new kr and i . The data provided fall within the normal range of product properties and relate only
to the specific material designated; these data may not be valid for such material used in combination with any other materials, additives or pigments or
in any process, unless expressly indicated otherwise

The data provided should not be used to establish specification limits or used alone as the basis of design, they are not intended to substitute for any
testing you may need to conduct to determine for yourself the suitability of a specific material for your particular purposes. Since DuPont cannot
anticipate all variations in actual end-use and disposal conditions, DuPont does not guarantee favorable results, makes no warranties and assumes no
liability in connection with any use of this information.  All such information is given and accepted at the buyer’s risk. It is intended for use by persons
having technical skill, at their own discretion and risk. MNothing in this publication is to be considered as a license to operate under or a
recommendation to infringe any patent. DuPont advises you to seek independent counsel for a freedom to practice opinion on the intended
application or end-use of our products.

CAUTION: Do not use DuPont materials in medical applications involving implantation in the human body or contact with internal body fluids or
tissues unless the material has been provided from DuPont under a written contract that is consistent with DuPont policy regarding medical applications
and expressly acknowledges the contemplated use. For further information, please contact your DuPont representative. You may also request a copy
of DuPont POLICY Regarding Medical Applications H-50103-4 and DuPont CAUTION Regarding Medical Applications H-50102-4.

Copyright @ 2014 DuPont. The DuPont Oval Logo, DuPont™, The miracles of science™, Kalrez®, and Vespel® are trademarks or registered trademarks
of E.I. du Pont de Nemours and Company or its affiliates. All rights reserved.
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Appendix B:
Calculated Diffusion Coefficients and Initial Moisture Contents

of the Samples
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Table 5. Diffusion coefficients of the samples calculated through the fitting procedure.

Kapton HN Vespel SP-1 PEEK 450 G
Thickness (mm) | D (cm?s?) | Thickness (mm) | D (cm?s?t) | Thickness (mm) D (cm?s?)
0.0125 1.10-10% 0.25 1.80-10% 0.16 3.50-10%
0.025 1.50-10% 0.25* 1.95-10% 0.18 2.90-10%
0.05 2.00-10% 0.45 1.80-10% 0.47 4.60-10%
0.075 2.00-10% 0.92 1.75-10% 0.5 4.60-10%
0.125 2.00-10% 1.30 1.80-10% 0.72 4.60-10%
1.80 1.80-10% 0.94 4.60-10%
1.28 4.50-10%
Average 1.72:10% Average 1.82:109° Average 4.19-10°°
St. deviation 3.66-101° St. deviation 6.24-10'1* St. deviation 6.45-101°

Table 6. Initial moisture content of the samples calculated through the fitting procedure.

Kapton HN Vespel SP-1 PEEK 450 G

Thickness (mm) Co (Wt.%) Thickness (mm) Co (wt.%) Thickness (mm) Co (wt.%)

0.0125 0.90 0.25 0.68 0.16 0.25

0.025 1.00 0.25* 0.65 0.18 0.33

0.05 1.05 0.45 0.75 0.47 0.22

0.075 1.00 0.92 1.80 0.5 0.28

0.125 0.90 1.30 0.95 0.72 0.30

1.80 0.80 0.94 0.28

1.28 0.22

Average 0.97 Average 0.94 Average 0.27

St. deviation 0.06 St. deviation 0.40 St. deviation 0.04

*The same 0.25 mm thick Vespel SP-1 sample was tested twice
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