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Abstract

O-rings made from foam rubber are often used in sealing applications. Foam rubber have low (macroscopic) elastic modulus
E, resulting in a low nominal contact pressure when squeezed against a countersurface. In most cases the foam rubber is
covered by a thin surface film with the effective elastic modulus E; > E,;. We show that the nominal contact pressure may
not be high enough for the contact area to percolate and the O-ring seal will leak. For the leakage calculations we use the
Persson multiscale contact mechanics theory, and the (modified) Bruggeman effective medium theory for the fluid flow
conductivity. The experimental input for the theory are surface roughness power spectrum, which was obtained from stylus
topography measurements, and the elastic properties (E, and E;) of the rubber O-ring. As an application of this calculation
method, we have used the preliminary as well as the final results of the laboratory gas tightness tests of the 136 New Small
Wheel Micromegas Quadruplets performed at CERN, from February 2019 to May 2021, in the framework of the ATLAS
Experiment upgrade. In the integration quality control, a novel method for gas tightness measurement, that we have called
“Flow Rate Loss”, has been used as a baseline method.
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I Department of Physics, National Technical University All solid bodies have surface roughness [1, 2]. As a result,
of Athens, 15780 Athens, Greece when two solid bodies are squeezed together the solids
2 Peter Griinberg Institute (PGI-1), Forschungszentrum Jiilich, will not make perfect contact in the nominal contact area
52425 lJiilich, Germany and the area of real contact A will be smaller than the
3 Multiscale Consulting, Wolfshovener str. 2, 52428 Jiilich, nominal contact area AO- Calculations have shown that
Germany for surfaces with random roughness, if the relative contact

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11249-024-01845-5&domain=pdf

39 Page2of10

Tribology Letters (2024) 72:39

area A/A, > 0.42, the contact area percolate and in this
case there is no open channel extending from one side of
the contact to the other side [3, 4]. Hence if A/A, > 0.42
no fluid can flow (leak) through the interface.

The leakage of seals depends on the fluid flow at inter-
faces. It has been shown that a (modified) Bruggeman
effective medium theory can be used to calculate accu-
rately the fluid flow conductivity at the interface between
elastic solids with random surface roughness [5-7]. The
“standard” effective medium theory predict that the
contact area percolate for A/A, = 0.5, but the theory
can be modified [3] so that the percolation occur when
AJA) =042

In Ref. [8] one of us has shown that if a rubber O-ring
(cross-section radius R) is squeezed against a counter sur-
face with a normal force per unit length F/L large enough
to compress the O-ring by 20 — 30% then in most cases the
seal will not leak. This calculation is based on the assump-
tion that the rubber is homogeneous with the same (elastic)
properties close to the surface as further inside.

Sometimes seals are made from layered materials. Thus,
for example rubber stoppers in syringes are sometimes cov-
ered by thin polymer films (e.g., Teflon) to reduce friction
or for other reasons. However, syringes with such stoppers
almost always leak, even when the polymer film is only
~ 10 pm thick [9]. This is due to the small nominal contact
pressure and the high elastic modulus of the polymer film,
resulting in A/A, < 0.42.

O-rings made from rubber foam compounds have many
applications. One advantage of such seals is the low elastic
modulus, which imply that the applied squeezing force F
can be much smaller than if the seal would be made from the
compact rubber, which is important in some applications.
However, there are several disadvantages of foam rubber
seals:

(1) A rubber seal can only be used if the nominal contact
pressure is higher than the fluid pressure. If this is not
the case the fluid pressure will separate the surfaces at
the interface resulting in catastrophic failure of the seal
[10].

(2) If the foam porosity is high and the cell walls in the
foam thin, gas (or liquid) could diffuse through the rub-
ber bulk matrix resulting in a finite gas leakage even if
the interface is sealing.

(3) The foam seal may be covered by a thin surface film
(thickness d) with an elastic modulus E| higher than the
macroscopic foam elastic modulus E,. This is expected
in most cases since the foam surface usually have a film
of compact rubber of similar thickness as for the walls
between the cavities (gas bubbles) in the bulk of the
foam. If £, > E the surface film will reduce the contact
area and increase the probability that the seal will leak.
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In the present work we will assume that a foam rubber is
covered by a thin surface film with the effective elastic mod-
ulus E; > E,. We show that the nominal contact pressure is
usually not high enough for the contact area to percolate, and
the O-ring seal will leak. For the leakage calculations we use
the Persson multiscale contact mechanics theory, and the
(modified) Bruggeman effective medium theory for the fluid
flow conductivity. The experimental input for the theory are
the surface roughness power spectrum, which was obtained
from stylus topography measurements, and the elastic prop-
erties (E, and E,) of the rubber O-ring. As an application
we compare the calculated gas leakage with measurements
performed at the CERN ATLAS Micromegas gas detectors.

2 Surface Roughness Power Spectra

We have studied the surface roughness of the ethylene pro-
pylene diene monomer (EPDM) foam rubber O-ring and a
FR4 countersurface (FR4 is a composite material composed
of woven fiberglass cloth with an epoxy resin binder), used
in the study below. The O-ring exhibit the largest roughness
which is easily observed with the naked eye (see Fig. 1a for
an optical microscopy picture).

For the topography measurements we use the Mitutoyo
Portable Surftest SJ-410 with a diamond tip with the radius
of curvature R = 1 pm, and with the tip-substrate repul-
sive force Fy = 0.75 mN. The scan length was varied up
to 25 mm, and the tip speed v = 50 pm/s. For sliding on
very smooth and soft rubber surfaces, adhesion between the
tip and the rubber may result in stick—slip-related topog-
raphy artifacts, as observed in Ref. [11] for a soft PDMS
rubber. The rubber O-ring we study has a surface film which
is stiffer than the macroscopic modulus of the bulk, and a
thickness d ~ 50 pm much larger than the radius of curva-
ture of the diamond tip, and we observe no anomalies in the
surface topography line scans (see Fig. 2).

The surface roughness power spectrum can be calculated
from the measured height profile z = h(x), where x = (x,y) is
the coordinate in the average surface plane, using [1]

1

Clq) = a2

/ d*x (h(x)h(0))e'9™, e))

where (..) stands for ensemble average. For surfaces with
isotropic roughness the power spectrum depends only on
the magnitude g = |q| of the wavevector. For surfaces with
isotropic roughness the 2D power spectrum C(g) can be
obtained directly from the 1D power spectrum C(g) (which
can be calculated from line scan data z = h(x)) using (see
[12, 13]):
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Fig. 1 Optical picture of the surface (a) and cross-section (b) of the
foam rubber O-ring. Note the cavities (gas filled bubbles) in b and
that there is a thin film (thickness d ~ 50 pm) at the rubber surface
consisting of nearly compact rubber. The surface film is assumed to
have a Young’s modulus E; > E| larger than the macroscopic modu-
lus E; of the foam, and with the Poisson ratio v, = 0.5
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Fig.2 The surface height i(x) for the rubber O-ring along the O-ring
axis

! -C' (k
o =1 ["a ﬁ
4 —-q

where g, is the largest wavenumber for which C;(¢q) has
been measured.

In calculating the surface roughness power spectrum
we have removed the surface slope and curvature of the
measured O-ring topography data. The power spectrum is
obtained using the Welch window function and Fast Fou-
rier Transformation. Figure 3 shows the surface roughness
power spectra of the rubber O-ring (the green and blue lines
are obtained from line scans in two orthogonal directions)
and of the FR4 surface (pink line). The power spectrum of
the O-ring exhibit a roll-off region of nearly 1 decade in
wavenumber. The red line is a fit-line to the O-ring power
spectrum which we use in the numerical study below. The
smallest wavenumber is denoted by g, (we use g, = 10° m™")
but the leakage rate is insensitive to g, as long as it is in the
roll-off region. The largest wavenumber used is denoted g,
but the exact value of g, is also unimportant as long as the
critical junction occur for a wavenumber smaller than g, (see
below). Note that for most length scales the rubber surface
is much rougher than the (elastically stiff) FR4 countersur-
face, and in the study below we use the red fit-line extended
linearly to larger wavenumber.

Figure 4 shows the surface height probability distribution
of the rubber O-ring (green line) and of the FR4 surface
(pink line). Both surfaces have nearly Gaussian height dis-
tributions, as expected for randomly rough surfaces, but the
O-ring has a rms-roughness about 10 times bigger than the
FR4 surface. This is expected since the rms-roughness is
determined by the most long-wavelength roughness com-
ponents, which have much smaller amplitude for the FR4
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Fig.3 The surface roughness power spectra of the rubber O-ring
(green and blue lines) and of the FR4 (pink line). The red line is a fit-
line to the O-ring power spectrum (Color figure online)
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Fig.4 The surface height probability distribution of the rubber
O-ring (green line) and of the FR4 surface (pink line) (Color figure
online)

surface, as shown by the roughness power spectra (see
Fig. 3).

3 Nominal Contact Pressure and Area
of Contact

To obtain the nominal contact pressure profile and the area
of real contact we need to know the elastic properties of the
contacting materials. Since the FR4 countersurface is elasti-
cally much stiffer (and smoother) than the rubber O-ring we
can treat the substrate as rigid and perfectly flat.

The O-ring is made from a closed-cell EPDM foam rub-
ber with the mass density p ~ 510 kg/m>. We do not know
the mass density of the solid EPDM rubber used, but using
the typical density ~ 1200 kg/m? gives the porosity ~ 0.6
(pore space volume to bulk volume).

We have measured the (static) elastic modulus of the rub-
ber O-ring at ~ 3% strain and found it to be E, ~ 0.67 MPa.
A very similar modulus is obtained from the quoted shore
hardness S = 20 using the relation proposed by Gent [14]
(with E in MPa):

E= 39.93 +5.43§

254 —2.545 ° )

which gives E = 0.73 MPa. The Poisson ratio of the foam is
close to zero and we will use v, = 0.

The O-ring foam rubber is covered by a surface film
of thickness d ~ 50 pm which is likely to have an elastic
modulus somewhere between that of the (macroscopic)
foam and the (compact) rubber used for the foam. The
surface film can be seen in Fig. 1b which shows an optical
picture of a cross-section of the rubber O-ring. Note that
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between the cavities, and at the rubber surface, there are
thin films of thickness ~ 50 um consisting of nearly com-
pact rubber. The surface film is assumed to have a Young’s
modulus E; > E larger than the macroscopic modulus E
of the foam, and the Poisson ratio v;. In the following
study we use, unless otherwise stated, £, = 3.7 MPa and
v; = 0.5. We note that the effective (secant) modulus of
(unfilled) EPDM at 20 — 40% strain in the rubbery fre-
quency (or temperature) region is typically in the range
E, ~ 3 — 4 MPa (see Ref. [15]). The Poisson ratio v of all
rubber compounds in the rubbery region is close to 0.5.

In general one may ask why there are no gas bubbles
or cavities in the rubber surface. This may be related to
the Van der Waals interaction which in the present case
would result in effective repulsive forces acting between
the cavities and the rubber surface during the formation
process, where the rubber surface is contacting another
surface (probably steel). Also the rubber in the liquid state
is likely to wet the solid confining walls.

Rubber materials, and rubber foams, are viscoelastic
materials with a modulus which decreases with increasing
time [16]. For applications where the rubber is in the rub-
bery region of the viscoelastic response the time-depend-
ency is rather weak. In addition, in the present case the
foam and the surface film are made of the same material
and may have similar time-dependency of their effective
modulus. (This assumes that during deformation air (or
gas) does not diffuse between the different cavities in the
foam. If such diffusion would occur it would introduce
another relaxation process not described by the frequency
(and temperature) dependency of the bulk rubber modu-
lus.) Here it is also important to note that for a homogene-
ous material, for a fixed compression the leakage rate of
a seal is independent of the elastic modulus of the sealing
material. The reason for this is that decreasing the elastic
modulus decreases the contact pressure but at the same
time the pressure needed to squeeze the rubber into the
roughness profile decreases, and the two effects cancel
each other so the contact area (and the distribution of inter-
facial separation) remain unchanged [8]. For real rubber
materials, with non-linear stress—strain relations, this hold
strictly true only if the microscopic strain in the asperity
contact regions is similar to the macroscopic strain in the
Hertz contact region. Here we have also assumed that the
fluid (gas or liquid) pressure is negligible compared to
the contact pressure in the rubber-countersurface contact
region. For layered materials the leakage rate does depend
on the elastic modulus of the top layer and the underlying
material but if both depends on time in the same way (say
E,|(t) = AEy(t), where A is a constant), then the leakage rate
would be time independent for the reason given above.

The Hertz contact pressure is given by [17]
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The maximum pressure p,,.., the contact width w = 2a, and
the force per unit length F/L acting on the O-ring are given
by:

F_z

— = E*(S, w= 2(R5)1/2’ Pmax = (

F E* 1/2
[ )

LR

where 6 is the penetration (and 6 /R the compression). Note
that the O-ring curvature radius R only enter in determining
the nominal contact pressure given by (3).

Figure 5 shows the calculated [using (3)] nominal con-
tact pressure between the rubber O-ring and a flat counter
surface. The O-ring (made from EPDM rubber foam) has
the radius R = 3.5 mm and the effective Young’s modu-
lus E, =~ 0.67 MPa and Poisson ratio v, = 0. The O-ring
compression 6 /R = 0.26, the maximum contact pressure
Pmax = 0.171 MPa and the contact width w = 3.57 mm.
We note that the very thin surface film (we use d = 50 pm
below) with higher modulus than the bulk modulus has a
negligible influence on the nominal contact pressure.

The Hertz theory is valid for small compression and it is
not clear how accurate the results are for 6/R = 0.26, where
the contact width w is about half the diameter of the cyl-
inder. We are not aware of any study of this problem for
the cylinder geometry, but for the Hertz contact between a
sphere and a flat surface FEM calculations [18] show that for
the compression 0.2 the contact pressure agree nearly per-
fectly with the Hertz prediction, and even for the compres-
sion 0.66 the maximal contact pressure is only ~ 13% larger

o
o

rubber O-ring against rigid flat surface

©
—

force per unit length F/L = 479 N/m
radius R = 3.5 mm

effective modulus E = 0.67 MPa
compression &/R = 0.26

contact width w = 3.57 mm
maximum pressure p.., = 0.171 MPa

nominal contact pressure (MPa)

Fig.5 The calculated nominal contact pressure between the rubber
O-ring and a flat counter surface. The O-ring (made from EPDM
rubber foam) has the cross-section radius R = 3.5 mm and the effec-
tive Young’s modulus E, ~ 0.67 MPa and Poisson ratio v, ~ 0. The
O-ring compression 6 /R = 0.26

in the FEM study than predicted by the Hertz solution. We
expect that similar results to hold for the cylinder geometry.

The relative contact area A(x)/A, is calculated “locally”
using the pressure p = py(x); in Fig. 6 we show A/A, for
the maximum nominal contact pressure. The region close
to where py is maximal is most important for the sealing.
We use the Persson contact mechanics theory to calculate
the contact area. In its simplest (original) form the relative
contact area

\/ 2py

A
Z —erf e ) 4)

Ao

where erf(x) is the error function, and where & = £({) is the
surface root-mean-square (rms) slope including only rough-
ness components with wavenumber g < g,¢, which can be
calculated from the power spectrum using

06
E=M/ dg ¢’ C(q) )

qo0

Figure 6 shows the relative area of real contact as a function
of the magnification ¢ (lower scale) or wavenumber g = g,¢
(upper scale) for several different film thickness d. The
squeezing pressure p = p,... = 0.171 MPa. The contact area
is assumed to percolate when A/A, = 0.42 (dotted line) and
occur in the wavenumber range 5.55 < log;,g < 6.19 when
d varies from 100 pm to 25 pm. Note that in all cases the
contact area percolate (forg = g.or { = {_) in a wavenumber
region where the power spectrum has been calculated so the

logio q (1/m)
6

3 4 5 7 8 9 10

infinite

0 1 2 3 4 5 6 7
log:n €

Fig.6 The relative area of real contact as a function of the magnifica-

tion ¢ (lower scale) or wavenumber g = g, (upper scale) for several

different film thickness d. The contact area is assumed to percolate

when A/A, = 0.42 (dotted line) and occur in the wavenumber range

4.55 < log,oq < 5.33 when d varies from 0.5 mm to 0.025 mm. The

bulk and surface layer elastic modulus E;, = 0.67 MPa and 3.7 MPa,
respectively. The nominal contact pressure p = 0.171 MPa
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extrapolated region is not very important for the leakage. In
addition, for wavenumber g < g, the power spectrum of the
FR4 substrate is much smaller than of the O-ring so neglect-
ing the former contribution to the power spectrum is a good
approximation.

4 Leakage: Critical Junction Theory

We first estimate the leakrate using the critical junction
theory and in the next section we use the more accurate
(modified) Bruggeman effective medium theory.

Let us study the contact between the O-ring and the coun-
ter surface within one square unit w X w of the contact (there
are L/w such units, where L is the length of the O-ring), as
we change the magnification {. We define { = g/q,, where
q is the wavenumber of the largest surface wavenumber
component included in the roughness profile. We study
how the apparent contact area (projected on the xy-plane),
A({), between the two solids depends on the magnification
¢. At the lowest magnification we cannot observe any sur-
face roughness, and the contact between the solids appears
to be complete i.e., A(1) = A;. As we increase the magni-
fication we will observe some interfacial roughness, and
the (apparent) contact area will decrease. At high enough
magnification, say { = ¢, a percolating path of non-contact
area will be observed for the first time. We denote the most
narrow constriction along this percolation path as the criti-
cal constriction. The critical constriction will have the lat-
eral size A, =~ 2x/({.q,) and the surface separation at this
point is denoted by u.. We can calculate u_ using the contact
mechanics theory developed in Ref. [19-21] (see below).
As we continue to increase the magnification we will find
more percolating channels between the surfaces, but these
will have more narrow constrictions than the first channel
which appears at { = {_, and as a first approximation one
may neglect the contribution to the leak rate from these
channels. A first rough estimate of the leak rate is obtained
by assuming that all the leakage occurs through the criti-
cal percolation channel, and that the whole pressure drop
AP = P, — P,, (where P, and P, are the pressures to the left
and right of the seal) occurs over the critical constriction.

The separation u, = u;(¢.), where u,;({) is the (average)
separation between the surfaces which moves out of contact
as the magnification is increased from ¢ to ¢ + d¢. It can be
calculated from the average surface separation i({) at the
magnification { using

u (&) = a() + @' (OAQ) /A (), (6)

where i’ = dii/d¢ and similar for A’. The derivation of the
equations for iz and u, was given in Ref. [19-21].
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Figure 7 shows the average surface separation (&) (blue
squares), and the separation u, (.) (red squares) between the
surfaces at the critical junction (where A/A, = 0.42), as a
function of the thickness d (in mm) of the surface layer. The
equations determining & and u; was given in Ref. [19-21].
Since the surface layer is elastically stiffer than the bulk of the
O-ring, as d increases both the average surface separation and
the separation at the critical junction increases.

The surface layer has a thickness of order ~ 50 pm so
we are interested in u,((,) for such film thickness. We get
u,(¢,) = 703 nm, 354 nm and 164 nm ford = 100 pm, 50 pm
and 25 pm, respectively. The height of the critical junction
for d = 50 pm is so small that one need to take into account
ballistic motion of the gas molecules. We use the following
interpolation formula for the gas leakage through the critical
junction (see (22) in Ref. [22]):

oL AP _ 3/ & 1
NNkB—th (W-FE) @)

Here h = u,({,) is the surface separation at the critical junc-
tion, and AP = P, — P, the gas pressure difference between
the two sides. We have assumed P, >> AP. Also 7 is the
mean free path for a N, gas molecule and ¥ is the average
gas molecule velocity. Note that P, % P, ~ 1 bar and the
temperature T = 20°C.

If P, is a reference pressure then the volume of gas at pres-
sure P, leaking through the junction can be obtained using the
ideal gas law P,V = Nk T. Using (7) this gives

. AP_ 3 /3 1
va APy L
P, \6az " 2n ®
3
average separation U
Sz
c
o . -
= separation at critical
5 junction u,(C,)
%1 L /l****fi*i*iiii*
o )
0 L L 1 1 1
0 0.1 0.2 0.3 0.4 0.5

film thickness d (mm)

Fig.7 The average surface separation #(¢.) (blue squares), and the
separation u,({,) (red squares) between the surfaces at the criti-
cal junction (where A/A,=0.42), as a function the thickness d
(in mm) of the surface layer. For d =25 pm and 50 pm we have
u;(§,) = 164 nm and 354 nm, respectively,
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Here we choose P, = 1 bar so V is the volume of gas of
atmospheric pressure leaking through the seal per unit time.

Equation (8) provides the leakrate for a square contact
unit. To get the total leakrate we need to multiply the result
of (8) with the factor L,/L,, where L, is the length of the
O-ring and L, the width of the contact in the fluid flow
direction.

Equation (8) assume a constant nominal pressure in the
contact region. Here we are interested in a Hertzian pres-
sure distribution, and for this case we will present numerical
results in the next section. However, we can still use (8) with
P = Pmax t0 estimate the leakage if we choose the contact
width L, appropriately. Comparing the theory prediction
for the Hertzian contact with the theory prediction using
(8) (with u,(¢) calculated for the nominal contact pressure
P = Pmax) Shows thatusing L, =~ 0.36w, (where w &~ 3.57 mm
is the width of the Hertzian pressure distribution) gives
nearly the same (critical junction) leakage as for the Hertz-
ian contact.

Assuming u;({,) =354nm as obtained for
d =50 pm, we get from (8) with the additional fac-
tor L,/L,=(40m)/(0.36 X 3.57 mm) ~ 3.1 X 10* that
V &~ 7mm’/s.

5 Leakage: Effective Medium Theory

We now show result for the gas leakrate obtained using the
(modified) Bruggeman effective medium theory [3, 10] for
the gas flow conductivity. Instead of showing results only
for the actual pressure profile shown in Fig. 5 we plot the
leakrate as a function of the maximum in the Hertz con-
tact pressure profile. That is, the nominal contact pressure
p(x) = spy(x) is obtained by scaling the actual contact pres-
sure py(x) shown in Fig. 5 with a factor s < 1. The highest
pressure point p,.. = 0.171 MPa in Fig. 8 corresponds to
s = 1 and hence using the pressure profile shown in Fig. 5.
The effective medium theory equations used to calculate the
leakrate is given in Ref. [5, 10, 22, 23].

Figure 8 shows the logarithm of the volume of gas (at
atmospheric pressure) leaking through the seal per second
as a function of the maximum of the nominal contact pres-
sure with the highest pressure point p_,, = 0.171 MPa.
The different lines correspond to different thickness d
of the surface film, which is assumed to have the elas-
tic modulus E;, = 3.7 MPa and Poison ratio v; =0.5.
The foam rubber below the surface film has the elastic
modulus E, = 0.67 MPa and Poison ratio v, = 0. The
gas pressure on the two sides of the rubber seal are
P, = 1bar + 500 Pa and P, = 1 bar, respectively. We have
assumed N, gas with the viscosity 1.76 x 1073 Pas and the
molecule mean velocity ¥ =471 m/s. From the kinetic

6 . . . .
| d (mm)
° — 0.5
2 -1 0 1 2 0.2
47 x (mm) — 0.1

0.025 |

E =3.7 MPa
_v:0.5\ 1 d

t

log,, (dV/dt) (mm®/s)
w

1t
\E=0.67MPa
v=0

0 . 0., L
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18
Prax (MP2)

Fig.8 The logarithm of the volume of gas (at atmospheric pres-
sure) leaking through the seal per second as a function of the maxi-
mum of the nominal contact pressure. The nominal contact pressure
is obtained by scaling the actual contact pressure shown in Fig. 5
with a factor s < 1. The highest pressure point p_ .. = 0.171 MPa in
the figure corresponds to s = 1 and hence using the pressure profile
shown in Fig. 5. The different lines correspond to different thickness
d of the surface film, which is assumed to have the elastic modulus
E, = 3.7 MPa and Poison ratio v; = 0.5. The foam rubber below the
surface film has elastic modulus E, = 0.67 MPa and Poison ratio
Vo = 0. The gas pressure on the two sides of the rubber seal are
P, = 1bar + 500 Pa and P, = 1 bar, respectively. We have assumed
N, gas with the viscosity 1.76 X 1075 Pas and the molecule mean
velocity v =471 m/s

theory of the viscosity one can calculate the N, mean free
path & = 3znv/8P ~ 97 nm. We have used L, = 40 m and
L. =w=3.57 mm.

Figure 8 shows that for contact pressures > 0.06 MPa
the leakrate depends nearly exponentially on the contact
pressure, and decreases strongly as the film thickness
decreases. For the two thickest films, d = 0.5 and 0.2 mm,
the leakage is almost independent of the film thickness
which result from the fact that with respect to the deforma-
tions induced by the roughness these films can be consid-
ered as infinite thick.

Figure 9 shows the leakrate as a function of the thick-
ness d of the surface film. The plotted data are taken from
Fig. 8 for the highest pressure p,,,, = 0.171 MPa. The figure
shows that the leakage rate approach zero as the film thick-
ness decreases, and without the surface film the contact area
would percolate and the leakage rate vanish.

Figure 10 shows the leakrate as a function of the Young’s
modulus E, of the thin surface film of thickness d = 50 pm.
Note the strong drop in the leakrate as E; decreases below
E, = 3 MPa. For E| = E, = 0.67 MPa the contact area per-
colate and the leakrate vanish but already for E, < 2 MPa
the open flow channels are very narrow and the leakrate
negligible for most purposes. The theory predict the leakrate
dV/dt ~ 1 mm?®/s if d ~ 25 pm and E; = 3.7 MPa (from
Fig. 8), orif d % 50 pm and E; = 3.0 MPa (from Fig. 10).
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Fig.9 The leakrate as a function of the thickness d of the thin surface

film. The Young’s modulus of the thin surface film E, = 3.7 MPa and
of the substrate £, = 0.67 MPa
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Fig. 10 The leakrate as a function of the Young’s modulus E; of the
thin surface film of thickness d = 50 pm. The substrate has the modu-
lus E, = 0.67 MPa

6 Experimental Leakrate Study at CERN
6.1 Gas Tightness Test in a Prototype

A preliminary gas tightness test of the first produced LM2-
MO Module (being a prototype before the mass produc-
tion and integration) was performed at CERN using the
“Pressure Decay Rate” method. Two manometers were
used for measuring the absolute pressure in the chamber
as well as the atmospheric pressure. A thermometer also
used for recording the temperature variations. The data
have been analyzed using the “Laminar Leak Model”.
By this model we consider that the leakage takes place
in channels with laminar gas flow where the leakrate is

@ Springer

proportional to the gauge pressure. The leakrate calculated
from the measured data, at AP = 490 Pa gauge pressure,
was 0.040 + 0.008 liter /h or = 11 +2 mm?/s.

In the real applications the gauge pressure AP = 300 Pa.
Assuming that the leakrate is proportional to AP, as expected
from the theory when AP << P, the measured leakrate
becomes 0.025 + 0.005 liter /h or =~ 6.9 + 1.5 mm? /s.

6.2 GasTightness Tests During Integration

Gas tightness tests have been performed during the inte-
gration of the NSW Micromegas gas detectors of ATLAS
Experiment at BBS Lab at CERN, from February 2019 to
May 2021 [24]. The method used was the so called “Flow
Rate Loss” (FRL) [25, 26] using air from a bottle. This test,
was performed in all the newly receiving Micromegas quad-
ruplets, 136 in total, using a system consisting by 4 testing
branches testing at the same time. The complexity of the
experimental gas tightness validation demanded the design
of an automated control system [27] based on WinCC-OA.
This system was able to enable the processing, the con-
trol, and the recording of data obtained by the sensors. The
measured quantity was the leak rate (dV/dt) in liter per hour
at pressure difference AP =300 Pa. The lasting time of
each test was 45-60 min, depending on the convergence of
the differential signal in FRL method. The acceptance limit
of the leak rate that we used in these tests was specified as
a fraction of the volume of the detector under study per unit
time, that is, 6 x 10™* x V,, per hour, where V,, is the detector
volume. Thus, the individual acceptance limits were calcu-
lated as: for SM1 0.0233 liter /h, for SM2 0.0259 liter /h,
for LM1 0.0382 liter /h and for LM2 0.0370 liter /h. The
overall statistical distribution has been parameterized using
Gamma distribution which is a di-parametric distribution. Its
parameters have been determined using the calculated mean
and rms value and found a = 0.923 (shape parameter) and
b = 2.123 (scale parameter), respectively. The Gamma dis-
tribution is the “maximum entropy probability distribution”
with minimum information (if nothing is known about the
distribution under study) [25], and therefore, the fluctuations
of the data are due to randomness.

Figure 11 shows the cumulative leakrate probability
based on 136 quadruplets leakrate measurements. The aver-
age leakrate is 14.56 mm?/s. The large fluctuations in the
leakrate between different measurements must result from
defects such as scratches or trapped dust particles. Other
effects, such as fast barometric pressure variations, could
also effect the leakrate. Figure 11 shows that the ideal defect-
free system is likely to have a leakrate of dV /dt ~ 2 mm3 /s
(or less) which would be consistent with our theoretical
study if E|, = 3 MPa and d = 50 pm. However, the leakrate
depends sensitively on the elastic modulus E; of the rubber
top film for which no details are given by the manufacturer.
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Fig. 11 The cumulative leakrate probability based on 136 quadruplets
leakage measurements. The leakrate data for dV/dt <2 mm?/s is
uncertain because it is similar to the (estimated) instrumental resolu-
tion. The air pressure difference AP = 300 Pa

7 Discussion

If the foam rubber O-ring would have the same low elastic
modulus at the surface as further inside then the contact area
would percolate and no interfacial fluid flow and no leakage
would occur. We have found that assuming a ~ 50 pm thick
surface film, with an elastic modulus ~ 5 times higher than
the bulk modulus result in a leakrate similar to the lowest
observed leakrates in the CERN experiments.

In general, layered materials, where the surface film is
elastically stiffer than the bulk, are bad as sealing materials.
If the surface film is thin it will have a negligible influence
on the nominal contact pressure, which will be low if the
bulk of the material is elastically soft. However, the surface
deformations, in response to surface roughness, may depend
only on the elastic properties of the surface film. One exam-
ple is Teflon coated rubber stoppers for syringes. Uncoated
rubber stoppers usually do not leak because the rubber can
deform in response to the surface roughness, and the area
of real contact usually percolate in the stopper-rib—barrel
contact regions. However, rubber stoppers coated by Teflon
films almost always leak, even when the Teflon film is only
15 pm thick [9]. This is due to the high elastic modulus of
Teflon, which is typically ~ 100 times higher than for rubber.

Clearly, to avoid leakage, the sealing material should
instead be covered with a film with lower elastic modulus
than the (effective) bulk modulus. This fact is used by the
octopus to create strong adhesion.

The octopus use suction cups to adhere to surfaces. The
inside surface of the suction cups are covered by a film with
very low elastic modulus which can deform and follow
even very rough surfaces when pressed against the surface.
This allow the octopus to seal-off the internal region of the

suction cup. Thus, when a sucker comes in contact with
something, it flattens and partly conforms to the surface.
Muscles in the sucker then contract, reducing the water pres-
sure within the sucker which squeeze the suction cup against
the counter surface, forming a watertight seal.

Engineering suction cups are usually constructed using
homogeneous materials, e.g., soft polyvinylchloride, but it
has recently been suggested [28] that better suction cups
(which can adhere to rougher surfaces) should have a layered
structure, with an (elastically) softer surface layer than the
suction cup body.

8 Summary and Conclusions

Given that, in most cases, the foam rubber is covered by a
thin surface film with the effective elastic modulus £, > E,,
we investigated the sealing performance of such an O-ring.
We have shown that the nominal contact pressure may not
be high enough for the contact area to percolate, leading to
a leaking seal. For the calculations, the surface roughness
power spectrum, obtained from stylus topography measure-
ments, as well as the elastic properties of the rubber O-ring,
were used as input data. A particular O-ring used in the
NSW Micromegas gas detectors at CERN, has been con-
sidered for comparison because of the reliable and accurate
leak rate measurements performed during their integration
at CERN. The large statistics based on the 136 Quadruplets
showed that there are large fluctuations in the leakrate which
we attribute to defects such as scratches or dust particles as
well as partially to the atmospheric pressure variations. We
note that the gas leak tests were performed using the novel
method (FRL) which is precise, even in the case of variable
gas volume under study, as is the case of the NSW Micro-
megas gas detectors. The (lowest) measured leakrates are
consistent with the theory prediction but the latter depends
strongly on the modulus E; on the top surface layer on the
rubber surface for which no details are given by the manu-
facturer. However, in principle, it could be measured using
e.g., nanoindentation.
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