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Abstract — The quest for high particle energies of modern super conducting lepton and hadron storage
rings assumes a strong minimisation of the non-magnetic interconnection zones when compared to the
total magnetic length of the main quadrupoles and the dipoles. The ratio of non-magnetic to magnetic
zones in the LHC is close to 3%. Such a low percentage leads to a very compact design of systems and
sub-systems situated in the interconnections, like the mechanical compensation system, composed of the
bellows expansion joints, that have to compensate for the thermal contraction of the magnets. Given the
complexity of the LHC interconnections, the requirements concerning their reliability were considerably
increased since the availability of the collider for physics cannot be compromised. The failure modes taken
into account in the present analysis are grouped into 3 categories: material failures, structural stability
failures and fatigue failures. Optimisation of stainless steel for cryogenic applications has been carried out.
Also, a concept of reliability oriented parametric optimisation of the LHC interconnections is presented.

Key words: Bellows expansion joints / cryogenic temperatures / reliability / damage / martensitic
transformation / fatigue / stability / Weibull

Résumé — Conception optimale, orientée vers la fiabilité des interconnexions des aimants du
Large Hadron Collider. La recherche sur les anneaux supraconducteurs de stockage de leptons et ha-
drons, pour de hautes énergies de particules, suppose une forte minimisation de la longueur des zones non
magnétiques des interconnexions, comparée a la longueur magnétique totale des dipodles et quadripoles
principaux. Le rapport des zones non-magnétiques et magnétiques est proche de 3 %. Un pourcentage
si faible conduit a une conception treés compacte des systéemes et sous-systemes situés dans les intercon-
nexions, tels que le systéme de compensation mécanique, composé de soufflets d’expansion, qui doivent
compenser les contractions thermiques des aimants. Etant donnée la complexité des interconnexions du
LHC, les contraintes concernant leur fiabilité ont été considérablement augmentées puisque la disponibilité
du collisionneur pour les expériences ne peut étre compromise. Les modes de rupture pris en compte dans
cette analyse sont groupés en 3 catégories : rupture du matériau, instabilité structurale et rupture par
fatigue. L’optimisation d’un acier inoxydable pour des applications cryogéniques a été réalisée. Un concept
de fiabilité orientée vers 'optimisation paramétrique des interconnexions du LHC est également présenté.

Mots clés : Soufflets de compensation / températures cryogéniques / fiabilité / endommagement / trans-
formation martensitique / fatigue / stabilité / Weibull

the fundamental constituents of matter form three fami-

The modern high-energy physics needs very sophisti-
cated and complex tools in order to explore the world of
elementary particles constituting the matter. One of the
most important aims over the past 30 years was confirma-
tion of the so-called Standard Model which assumes that
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lies of quarks and leptons. The relevant scientific tools are
called accelerators, storage rings and colliders and their
main function is to produce, accelerate, store and collide
the beams of particles in order to search for the new ele-
mentary events, announcing the potential discoveries, and
to provide more statistics for the already known reactions.

One of the fundamental principles of the supercon-
ducting accelerators is the principle of maximum of
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Nomenclature

v Poisson’ coefficient
s Magnetic permeability
13 Volume fraction of martensite

pnyg  Correction factor

Plastic strain range

ero Tensile ductility

&r, Saturation level of martensitic transformation

Mean plastic strain

A Phase transformation intensity parameter

Cy  Correction factor

D Damage parameter

D,, Bellows mean diameter m

D;, Inner diameter m

Doyt Outer diameter m
N
N

Er  Young’ modulus at the temperature T' m
F,> Axial tangent stiffness m~!
h Wall thickness m

L, Length of bellows (convolutions) m

Ny  Normal circumferential stress N-m™!
Ne Normal meridional stress N-m™!
Ne Number of convolutions

Ny Number of cycles to failure

np,  Number of plies

P Axial force N

P Accumulated plastic strain

pe  Phase transformation threshold

pp  Damage threshold

R Reliability

r Curvature radius m

S Strength energy of damage N-m~2
T Temperature K

tp,  Thickness of ply m

w Convolution depth m

x Axial displacement m

Y Strength energy density release rate N-m~2

magnetic length. The ratio between the length of arc
with the presence of magnetic field and the accumulated
length of magnet-to-magnet interconnections has to be
maximised. To achieve the maximum beam energy in the
LHC (Large Hadron Collider being at present constructed
at CERN) the accumulated length of spatial zones, ded-
icated to the interconnections between the main cryo-
magnets, has been limited to 3% of the total magnetic
length in the Arcs and Dispersion Suppressors. This im-
plies an extremely compact design of systems and sub-
systems located in the interconnections [1] (Fig. 1) like:
bellows expansion joints, splices of the superconducting
bus-bars, RF contacts (Radio-Frequency gold coated cop-
per fingers) etc.

The compactness has been enhanced by the two-in-
one specific magnet configuration in the LHC. In order to
cope with the space limitations a deliberate choice, sup-
ported by a mathematical optimisation, was made and
the LHC bellows expansion joints work in highly inelas-
tic regime called low-cycle fatigue. All deformation de-
veloped during cool-down and warm-up of the collider is
localised in the interconnections (the accumulated value

Fig. 1. LHC interconnections.

of thermal contraction approaches 70 meters for the LHC
Arcs and DS zones). In the past the requirements imposed
on the compensation elements were less stringent. The
accelerators and their interconnections operated at ambi-
ent temperature (for example Large Electron-Positron at
CERN). Therefore, a standard compensation between the
beam line portions was sufficient. The LHC requires much
more sophisticated compensation systems that fulfil all
the functions both at room and at sub-zero temperatures
(1.9 K). Thus, the requirements concerning the reliability
of the LHC interconnections were strongly increased.

In the present paper a concept of reliability oriented
parametric optimisation of the LHC compensation system
(bellows expansion joints) is presented. A global availabil-
ity of the LHC interconnections is defined at the level of
99.5%. It is based on the assumption of maximum one
short intervention (10.5 days) over 10 years of LHC op-
eration (200 days a year) due to a failure in one of the
interconnection systems.

2 Mechanical compensation systems
of the superconducting accelerators

The zones of interconnections in a modern supercon-
ducting accelerator of particles (Fig. 1) are the zones
where the deformation of the structure due to thermo-
mechanical cycles is localised. Indeed, the contraction of
magnets when cooling down and their expansion when
warming up are entirely compensated by the expan-
sion joints. The highly optimised expansion joints dissi-
pate a considerable amount of plastic power over a sin-
gle thermo-mechanical cycle. Therefore, their fatigue life
stays usually between 500 and 5000 cycles to failure (low
cycle fatigue).

The compensation systems used for low temperature
interconnections are based on expansion joints of the same
type as those applied at room and at high temperatures
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Fig. 2. (a) U-type single bellows expansion joints with internal
protection. (b) U-type universal joints (double bellows) with
internal protection.

(see Figs. 2a and 2b). The expansion joints work often in
extremely severe service conditions comprising temper-
ature variations between ambient and operational condi-
tions (1.9 K), high internal pressure (up to 20 bars), large
cyclic axial offset (of the order of the bellows length),
different types of misalignment offsets (4-5% of the bel-
lows length) as well as irradiation (1 kGy/year). They
are supposed to compensate for mismatch of dimensional
tolerances and they should provide leak-tight transitions
between the adjacent components (magnets, pressure or
vacuum vessels). The minimum fatigue life specified in
the optimisation process is 500 cycles (low-cycle fatigue)
and the target value for the analysis of reliability is equal
to 50 cycles.

Typical expansion joints applied at cryogenic temper-
atures are:

— single U-type, multi-ply bellows and universal expan-
sion joints (cryogenic transfer lines, accelerator inter-
connections);

— Special very compact thin-walled expansion joints
(nested bellows, edge welded bellows for vacuum ap-
plications).

All of them are made of materials easy to form plasti-
cally and showing high level ductility under cryogenic
conditions (mainly stainless steels). Usually, they can

accumulate a large plastic deformation (due to low-cycle
fatigue and ratchetting) before the process of macro-crack
propagation starts.

2.1 Standard expansion joints for interconnections
between helium enclosures

Active part of the standard expansion joint is a cor-
rugated axisymmetric membrane having usually a U-type
profile of convolutions. These thin-walled shells are man-
ufactured out of seamless or longitudinally welded cylin-
ders, often heat treated in order to make the process of
mechanical forming sufficiently easy. The expansion joints
designed for high internal or external pressure applica-
tions are usually manufactured as multiply shells. Such a
structure is characterised by a low axial stiffness and, at
the same time, by a high pressure capacity of the bellows.
One of the main problems when forming multiply bel-
lows is the interlayer friction and possible damage of the
surfaces staying in contact. The single bellows (Fig. 2a)
are used as compensation units in the interconnections
between the magnets where alignment movements are
small. The transverse offset of these units is rather lim-
ited. On the other hand, the universal joints (Fig. 2b) are
applied in the peripheral lines, where considerable trans-
verse movements are required. Universal joints (2 single
bellows linked by an intermediate tube), offering less stiff-
ness with respect to lateral movements, are simultane-
ously less stable under inner pressure and require special
methods to predict the buckling behaviour.

One of the most important parameters contributing to
stability of interconnections is the axial stiffness of expan-
sion joints. The axial stiffness is defined either as the elas-
tic tangent stiffness measured when unloading the shell:

dP
Fl = 1
@ dx (1)

or as the elastic-plastic secant stiffness:

. AP
Fax - A—$ (2)

both are based on the hysteresis curves for the locally
plastified convolutions. Here P, x denote the axial force
and the corresponding displacement, respectively. Typical
hysteresis loops computed for the same expansion joint
with U-type convolutions, corresponding to three tem-
perature levels: 293 K (room temperature), 77 K (liquid
nitrogen) and 4 K (liquid helium), are shown in Figure 3
(cf. [2]). Due to evolution of the material properties, the
hysteresis loops at low temperatures show much smaller
amount of plastic deformation than at room temperature.
Thus, the total amount of plastic power dissipated in the
convolutions when closing a complete loop turns out to be
smaller. This leads to increase of fatigue life at cryogenic
temperatures, which is a direct consequence of decrease
of the energy dissipated over a stabilised cycle.
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Fig. 3. Hysteresis loops of expansion joint computed for three temperature levels (room and cryogenic temperatures).

Table 1. Evolution of the elastic axial stiffness with temper-
ature.

Temperature Modulus of Bellows elastic axial
Elasticity stiffness
(K] Er Foayr
293 E93 F;x/293
7 Er7 2 1.08E203  Fypyqp = 1.08F,, 593
4 E4~1.08E2; F! ,, =1.08F! o9,

The bellows axial stiffness, as determined by the Ex-
pansion Joint Manufacturers Association (EJMA, 1993;
1995), can be expressed by the following formula:

et (o)) o

where E7 denotes the modulus of elasticity at the tem-
perature T, D,, stands for the bellows mean diameter,
t,/w is the thickness of ply to convolution depth ratio,
np/ne is the number of plies to number of convolutions
ratio and p1f, Cy are the correction factors. Thus, the elas-
tic axial stiffness is directly proportional to the modulus
of elasticity at a given temperature. It is worth pointing
out that the axial stiffness is proportional to the third
power of the ply thickness and inversely proportional to
the third power of the convolution depth. Both parame-
ters are fundamental for the optimisation process (reduc-
tion of the axial stiffness). Evolution of the axial stiffness
as a function of temperature for expansion joints made of
316L stainless steel is shown in Table 1.

Both at the temperature of liquid helium (4 K) and at
the temperature of liquid nitrogen (77 K) the elastic axial
stiffness is approximately 8% higher than at room temper-
ature. Hence, the expansion joint turns out to be stiffer.
The elastic-plastic axial stiffness is a function of the to-
tal axial offset imposed on the expansion joint. Generally,

larger offset leads to higher amount of plastic strains in
the bellows convolutions and, consequently, to smaller se-
cant stiffness. This parameter can be measured between
the points of return on the stabilised hysteresis loops for
a given temperature. In the equation for the bellows ax-
ial stiffness (Eq. (3)) the correction factor py can be ex-
pressed as:

By =pr (AE;D’ T)a (4)

since it is a function of the plastic strain range Ae? on a
stabilised cycle and the temperature T

2.2 Non-standard expansion joints for beam vacuum
interconnections

The particle beams circulate in the channels connected
by means of very thin, corrugated shells (typical thick-
ness of 0.15 mm) which separate ultra-high beam vac-
uum from the insulation vacuum. The thickness to depth

of convolution (%) and the thickness to pitch (%) ra-

tios are 0.0184, 0.0291, respectively. In addition, thickness

to mean diameter ratio (DL) is equal to 1.66 x 1073.

Under normal operating conditions there is no differen-
tial pressure between the inside and the outside of the
beam lines. Therefore, the design of the relevant compen-
sation units can be particularly “light”. Exceptionally, in
case the beam or the insulation vacuum is broken, the
bellows can be subjected to inner or outer atmospheric
pressure. Both situations are taken into account as the
load cases. Since the beam vacuum interconnections stay
in permanent thermal contact with the helium enclosure
(magnets) their operational temperature is usually equal
to the temperature of the magnets. Thus, all the prob-
lems associated with operation of thin shells at sub-zero
temperatures remain valid.
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Fig. 4. (a) Beam vacuum interconnect — compact nested bel-
lows on the left (CERN-LHC). (b) Convolution profile of the
nested bellows.

The requirement of limited axial space available for
installation of interconnections leads to very compact de-
sign of the expansion joints. A modern alternative for the
beam vacuum interconnections constitute the nested bel-
lows, single ply thin-walled corrugated shells, having a
specific “nested” profile of convolutions (Figs. 4 and 4b).

This very compact design leads to an exceptional ratio
1:1 between the compensation capacity and the length of
bellows. On the other hand, the fatigue life of these com-
pact units is usually quite low since the bellows operate in
the domain of low cycle fatigue. Also, the nested bellows
are very sensitive with respect to imperfections (geomet-
rical, material) both from the point of view of fatigue and
stability (buckling). Since the compensation units remain
in the direct proximity of the particle beams it is im-
portant to reduce their magnetic permeability as much
as possible in order to avoid creation of periodic beam
perturbation fields. Typical initial value of magnetic per-
meability is 1.005. However, the magnetic permeability
can drastically increase as a result of the plastic strain
induced martensitic transformation at cryogenic temper-
atures. Therefore, it is crucial to choose for the beam

Table 2. Reliability categories.

Category  R(t) (%] Category  R(t) [%)]

0 99.9999 5 99.999998

1 99.99995 6 99.999999

2 99.99998 7 99.9999995

3 99.99999 8 99.9999998

R(t) is function of importance
and accessibility of system

4 99.999995 9 99.9999999

vacuum interconnections the materials showing an excep-
tional stability at sub-zero temperatures. This particular
problem is explained in the next chapter in detail since
increase in magnetic permeability of the beam vacuum
bellows beyond a predefined value constitutes also a fail-
ure mode. Such a failure, specific to the material applied
for bellows convolutions, can be classified as material fail-
ure (contrary to the structural failure modes like fatigue
failure or bellows instability).

3 Apportionment of the reliability levels
to the LHC interconnections

Since in the LHC interconnections there are 3 main
systems that might fail: mechanical compensation system
(bellows expansion joints), electrical connections (super-
conducting bus-bars) and beam image current continu-
ity system (fixed and sliding RF contacts) it is assumed
that the expected availability is apportioned to each sys-
tem on an equal basis. Thus, the expected availability
amounts to 99.8% for either of them. Given the number
of interconnections in the LHC Arc and DS zones (1618)
the apportioned availability per one interconnect is fixed
to 99.9999%. The apportionment of the reliability lev-
els to subsystems and components in each LHC intercon-
nect corresponds to the reliability categories presented in
Table 2.

As an example, allocation of these categories to the
standard LHC dipole/dipole interconnect is shown in
Table 3. Lower categories (0—4) are reserved for the whole
interconnect and the sub-systems whereas the higher cate-
gories (5-9) are reserved for the components. For instance,
a typical reliability level allocated to the RF-contact mod-
ule is equal to 99.999999% (category 6).

The redistribution of reliability levels among the
components of the mechanical compensation system is
non-uniform and follows the above described reliability
categories. To this end each LHC interconnection was sub-
divided into a number of zones, as shown in Figure 5.

The zones reflect the natural arrangement of systems
in the interconnections:

— Zone 1 — beam vacuum interconnects (V1, V2);
— Zone 2 — main cryogenic connections (M1, M2, M3);
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Fig. 5. Reliability zones in the LHC interconnections.

Table 3. Standard LHC magnet-to-magnet interconnect.

Sub-system: Nr of Reliability Reliability
interconnection line lines  per line [%] category
Beam vacuum lines 2 99.999995 4

Main cryogenic 3 99.99999 3

& bus-bar lines

Heat exchanger line 1 99.99999

Auxiliary bus-bar line 1 99.99998

Cold feet/beam 1 99.99998

screen cooling line

Thermal shield line 1 99.99998 2
Vacuum vessel sleeve 1 99.99995 1

(envelope)

— Zone 3 — radiation and thermal shielding (C’, E, N);
— Zone 4 — insulation vacuum envelope (W).

The reliability categories associated with the subsequent
zones correspond to the values specified in Table 3.

4 Failure modes of the interconnection
bellows

The failure modes of the LHC interconnection bellows
are directly related to their principal functions: continuity
of the beam and insulation vacuum, transfer of helium
through the pressurized channels, compensation for the
thermal contraction of the cryo-magnets, stability under
the pressure loads etc. The modes taken into account with
respect to the LHC bellows expansion joints are grouped
into 3 categories:

e material failures — comprising magnetic permeability
failure, resulting from the phase transformations in

stainless steel at cryogenic temperatures, and evolu-
tion of ductile damage;

e structural failures — local and global instabilities lead-
ing to excessive local deformations of the expansion
joints or misalignment of the magnets;

e fatigue failures leading to propagation of fatigue
cracks and causing leaks into the beam or into the
insulation vacuum.

4.1 Material failures and the relevant constitutive
equations

The material failures reflect low temperature be-
haviour of stainless steel comprising evolution of dam-
age and plastic strain induced martensitic transformation
(v — ). The first leads to an inadmissible increase in
the density of micro-damage and to fatigue crack propa-
gation. In its isotropic version the evolution of damage is
described by the following kinetic law [3]:

b= @)apH(ppD) (5)

where D is the damage parameter, p is the accumulated
plastic strain, Y denotes the strain energy density re-
lease rate, S stands for the strength energy of damage
and arepresents the degree of nonlinearity with respect to
the damage conjugate force Y. Here, Hdenotes the Heavi-
side function. S increases with the decreasing temperature
and a = 1 for simplicity. Both S and the damage thresh-
old pp have to be identified at cryogenic temperatures
(cf. [1]). The second phenomenon initiates the presence
of the ferro-magnetic o’ phase in the austenitic v matrix.
Stainless steel bellows, often used at cryogenic temper-
atures as compensation elements, develop strong plastic
strain fields in the convolutions. Such fields contribute to
the strain induced martensitic transformation that mod-
ifies the FCC ~ austenite into the BCC o' martensite.
The v — o/ transformation, usually localised at crest and
at root of convolutions, has an impact on the local evolu-
tion of ductile damage and fatigue life of bellows but also
on the magnetic permeability of the shell. Since the o
martensite is known to be ferromagnetic, a massive phase
transformation may yield the structure highly susceptible
to a magnetic field. This may have a crucial impact on the
performance of the expansion joints applied for the con-
struction of particle accelerators for high energy physics.
Therefore, a correct choice of material, oriented towards
maximum stability at cryogenic temperatures (minimum
phase transformation), seems to be an important issue.
The evolution of the o' martensite content, induced by
the plastic deformation, is described by the following ki-
netic law [4,5]:
§=A(T,a,€") pH (p—pe) (EL =€) ;0<&L <1
(6)
where A is a function of the temperature, state of stress
and strain rate; p¢, £ denote the phase transformation
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Fig. 6. Accumulated plastic strain along internal and external
surface of convolution.

threshold and the saturation level, respectively. The sat-
uration level does not necessarily correspond to the com-
plete (100%) transformation from 7 to o’ phase. Typ-
ically, for stainless steel 316L this value reaches some
20% (&1, = 0.2). Again, all three of them have to be iden-
tified at cryogenic conditions. Such a bi-phase material
may show a very high level of magnetic permeability as a
function of the plastic deformation at low temperatures.
The so called magnetic failure [6,7] occurs when the mag-
netic permeability reaches locally a predefined inadmis-
sible level. A combination of the damage failure and the
magnetic failure constitutes a criterion enabling the eval-
uation of the number of cycles to the generalized failure:

Ny =FN[(D = Der), (1(8) = per)] (7)

where Ny, 1 denote the number of cycles to failure and
the magnetic permeability, respectively. A typical evolu-
tion of the accumulated plastic strain, damage, volume
fraction of martensite and magnetic permeability along
convolution is shown in Figure 6 through 9. As an ex-
ample, half convolution of a typical U-type bellows has
been subjected to an axial displacement cycle between
—25% and 62.5% of its initial length (— denotes compres-
sion and + denotes extension). The similarity between
the diagrams 8 and 9 results from the linearity between
the magnetic permeability (1) and the martensite content
(&) for a large family of stainless steels (Fig. 12). Points A
and D denote the root and the crest of convolution, re-
spectively.

4.2 Structural failures (local and global instabilities)

The structural failures consist in the local and the
global instabilities of the interconnection bellows un-
der pressure loads [1,8]. These instabilities (described in
terms of bifurcation buckling) are classified in the follow-
ing groups:

— local wall instability (out-of-plane local buckling);
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Fig. 10. Residual deformation of the shell after the local wall
instability (elastic-plastic process).

— column buckling of the bellows expansion joint;

— buckling of an interconnect containing bellows expan-
sion joint.

Local wall instabilities occur when the geometrical pa-

rameters of the convolutions and the material properties

satisfy the following general criterion (cf. [9]):

2Erh? (
roy/12(1 — 12)

where h denotes the wall thickness, Ny, Ng are the normal
circumferential and meridional forces in the mid-surface
of the shell, H = cg/cy is the ratio between the dimen-
sions of the buckling zone and k =r4/rg .19 # 0, 1y #
0 is the ratio between the current local radii of curvature.
v is the Poisson coefficient. The elastic instability mode
is described by the following equation:

Ny + H?Ny = 1+ kH?) (8)

w = A cos (mb) cos (ng) 9)

where w; is the function representing the displacement
field, normal to the midsurface of the shell (the Love-
Kirchhoff hypothesis is applied). Typical local wall in-
stability (reaching already the elastic-plastic domain) in
the convolutions of a beam vacuum bellows is shown in
Figure 10.

Semi-global and global instabilities are related to the
so-called column buckling of bellows and to instability of
the entire interconnect, involving the environment of bel-
lows. The analysis carried out for an equivalent column
representing the bellows with its environment (neighbour-
ing segments) leads to the eigenvalue problem (cf. [1,10])
that takes the form of the following transcendental equa-
tion:

2— [2+ (1 + o) (1 —vK*LE) K*LE] cos(kLy)

+ [—1+ b1 + e + K2LE (V12 + v — vh12k®L}) ]
X k‘Lb sin (]{:Lb) =0 (10)

P Ly
o i, <,
p, 4 Wi
Mode 1
1
L
4+—>

Ll

[
Ll

L

cr

Fig. 11. Effect of guidance-to-bellows distance (L1) on the
critical buckling pressure.

where kL, are the eigenvalues and the parameters
1,19,7 reflect the ratio between the bellows bending
stiffness and the bending and transverse stiffness of the
adjacent interconnect components. The solution leads to
a stability diagram shown in Figure 11.

Two principal branches of the solution correspond to
two buckling modes: buckling of bellows (mode I) and
buckling of the entire system (mode II). The intersection
of these two branches determines a critical guidance-to-
bellows distance and a transition from mode I to mode II.
If the critical pressure associated with mode I turns out to
be stable it is the opposite for mode II. For guidance-to-
bellows distance larger than the critical value the buck-
ling pressure decreases rapidly along a very steep path to
stabilise at a level much lower than the initial buckling
load.

Both the local and the global instabilities may seri-
ously compromise reliability of the interconnections and
need to be carefully analysed.

4.3 Fatigue failures

As a result of the material failures the fatigue failures
can occur. When the criterion (7) is satisfied the mate-
rial is in the critical state either because of the intensity
of the phase transformation or because of the intensity
of the damage fields. The latter means that the condi-
tions for the fatigue crack propagation are created. Typi-
cally, for the low-cycle fatigue at cryogenic temperatures,
the fatigue criterion can be expressed by the generalized
Manson-Coffin equation [11]:

€ —ap
NfBAsp (1— pm) =C
Efo

(11)

where Ae), is the plastic strain range and e, denotes
the mean plastic strain on cycle (normalized to the tensile
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ductility). Usually, the stabilization of the stress-strain lo-
cal hysteresis is reached within some 1520 cycles. Thus, all
the parameters of the hysteresis (Aep,epm) are measured
in the stabilized configuration. Here, again the parameters
(e, B, €50, C) have to be identified at the relevant temper-
atures. Fatigue crack propagation through thickness leads
inevitably to a diffusion of helium into the insulation vac-
uum and to an enhanced transport of heat by convection
in the residual gas. It is worth pointing out that coupling
between fatigue and stability leads to a more complex cri-
terion limiting the life of the interconnection bellows [2].
An essential impact is attributed to the imperfection field
(initial misalignment of the magnets).

5 Combined material and structural
parametric optimisation of corrugated
bellows — deterministic approach

5.1 Optimisation of the stainless steel for cryogenic
applications

Fe-Cr-Ni austenitic stainless steels are commonly used
to manufacture components of superconducting mag-
nets and cryogenic transfer lines since they retain their
ductility at low temperatures and are initially para-
magnetic. Some of the nitrogen strengthened stainless
steels of 300 series belong to the group of metastable
austenitic alloys. Under certain conditions the steels un-
dergo martensitic transformation at cryogenic tempera-
tures that may lead to a considerable evolution of ma-
terial properties and to a ferromagnetic behaviour. The
martensitic transformations are induced mainly by the
plastic strain fields and amplified by the high magnetic
fields. Spontaneous transformations due to the cooling
process occur in the least alloyed grades of the family such
as 304L, while N-strengthened grades, such as 304LN and
316LN do not generally show spontaneous transformation
during cooling.

In order to find a good compromise between the
formability of the stainless steel (hydro-forming of the
bellows convolutions) and the stability against the phase
transformations at cryogenic temperatures the grade
316L stainless steel has been chosen. Nevertheless, in the
framework of the chemical composition of the grade 316L
there is a room for further optimisation that might yield
the material even more stable when compared to the stan-
dard market — available makes. Such optimisation requires
a precise study of impact of different constituents on
the intensity of martensitic transformation at cryogenic
temperatures.

An increase in martensite content promoted by plas-
tic deformation can be detected by measuring the relative
magnetic permeability p. Figure 12 shows a selected ref-
erence diagram which allows estimation of the martensite
content (volume fraction of martensite). It converts the
susceptibility (or permeability) into martensite content.
This diagram is based on the 304L, 321, and 347 SS and

is accurate for magnetic measurements, performed under
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Fig. 12. Magnetic permeability versus volume fraction of o’
martensite for grades 304L, 321 and 347, strained at 4.2 K [12].
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Fig. 13. Identification of parameters of Eq. (6) for grade 316L
at 77 K.

a field of 1000 Oe (0.1 T). Since the results for different
stainless steel grades are consistent, the same diagram is
considered valid for 316L grade as well.

The parameters describing the phase transformation
are identified from the curve of martensite content ver-
sus the inelastic strain. Typically, the volume fraction of
martensite can be plotted as a function of plastic strain
(Fig. 13). The slope of the line and the intersection with
the x-axis correspond to the function A and the threshold
pe, respectively (see Eq. (6)). As an example, identifica-
tion of the parameters for standard grade 316L stainless
steel at 77 K is shown in Figure 13.

Furthermore, the identification has been done for 3
temperature levels (293, 77 and 4.2 K) and the corre-
sponding values are presented in Table 4. In the general
formulation A is a function of the stress state (g), strain
rate (¢7) and the temperature (7). For the sake of simplic-
ity A has been identified exclusively under the total strain
rate € = 3.3 x 107 s7! and under the uniaxial stress
state. More complex tests at cryogenic temperatures are
planned in the future and require some further insight into
the testing technique. An additional confirmation of the
parameters can be obtained from the measurements of the
magnetic permeability directly in the bellows convolution.
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Fig. 14. Plastic strain threshold (p¢) as a function of temper-
ature.
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Fig. 15. Intensity parameter (A) of the martensitic transfor-
mation as a function of temperature.

Table 4. Parameters of the Eq. (6) identified at different tem-
peratures (grade 316L).

Temperature De A
293 K 0.39 0.023
7T K 0.09 4.37
42 K 0.08 5.1

The approximate evolution of two parameters describ-
ing the plastic strain induced martensitic transformation,
pe and A is given in Figures 14 and 15.

Optimisation of stainless steel for cryogenic applica-
tions aims at increasing the threshold pe and decreasing
the slope “A” (cf. Eq. (6)) in order to reduce the intensity
of the phase transformation and to obtain a better sta-
bility of the material at low temperatures. An additional
step that is not illustrated in the above shown plots con-
sists in reducing the phase transformation saturation level
&1 (cf. Eq. (6)). Thus, the relevant general formulation of
the optimisation problem is as follows:

— Maximize the objective function:

Ay &ro
P + u3

€ (12)

Fm (pg’A7§L) = ‘LL1]% +,LL2

Table 5. Chemical composition of grade 316L for the LHC
interconnection bellows.

Element  Content

C 0.024

Si 0.49
Mn 1.77
0.015

S 0.001

Cr 17.41
Ni 13.69
Mo 2.76
N 0.075

where p¢o, Ao, {ro are the reference values and the follow-
ing condition is satisfied for the weight functions:

p1+ pe+pz =1 (13)

— Constraints:

grade 316L stainless steel = chemical composition;
— Design variables:

parameters of the chemical structure nny, Naro, Nors NN -
In the first simplified approach, only the minimization of
the &z, (maximization of %—LO) has been performed. Differ-
ent grades of 316L stainless steel were tested at low tem-
peratures. By modifying mainly the nickel content (one
parameter of the chemical structure) a local minimum of
&1, was obtained and the following final material (special
grade) has been chosen for the interconnection bellows of
the LHC (Tab. 5):

The material has been manufactured in a very similar
form.

5.2 Structural parametric optimisation of corrugated
bellows

Optimum design of the corrugated bellows for the
LHC interconnections has been carried out by adopting
some of the EJMA stress and stability evaluation formu-
las (cf. [13]). However, all the aspects related to cryogenic
conditions (material properties, fatigue curves, etc.) have
been redefined and introduced into the specially conceived
optimisation procedure. The main objective of the para-
metric optimisation [1] is to minimise the bellows axial
stiffness (Eq. (3)). Usually the available space constitutes
one of the major geometrical constraints. Generally, we
search for minimum axial stiffness under the geometri-
cal, stress, stability and fatigue constraints. The relevant
formulation of the optimisation problem is given below:

— minimise the objective function:

Faaz(gbl); (14)
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— equality constraints:

inner diameter D;, = const.;

— inequality constraints:

bellows convoluted length Ly < Linax 16
outer diameter Dout < Dpax 17
bellows maxi compression Api— > Amin 18

(

(

(
cost function Qv < Qowt (
membrane stress S1 < Sua (
membrane stress So < Sua (21
membrane & bending stress Ssq > (S3+ S4)
Ng(St) = Npo  (
Pcol > Pl (

(

PianPQ

fatigue life
column buckling

DO
o
NN N NI N N N NI 2

in-plane squirm
— design variables:

Tl — (nc;np7tpaQ7w7C) (26)

where ¢ = A /A_ is the ratio between the bellows ex-
tension and compression, and ¢ stands for the convolution
pitch. S; is the EJMA equivalent stress. Qp; denotes the
real cost of the bellows, technologically justified.

A simplified parametric way of solving the problem
is based on the algorithm where the number of design
variables is reduced to 4:

Ty — (Ne, tp, ¢, W) (27)
The number of plies n, is defined at the beginning of
the procedure and the parameter ( = A /A_ is recom-
puted from the admissible compression Ay (inequality
constraint).

The algorithm searches for all the solutions, for which
the axial stiffness is smaller than a check value:

Fox < Fy, (28)
arbitrarily chosen at the beginning of the process. The
local minimum solutions are collected and a global mini-
mum is chosen for a given number of plies. The operation
can be repeated for different number of plies and, finally,
a global minimum is found. The optimisation domain
(between the constraint lines) has been discretized and
the objective function checked point-by-point. A typical
form of the design objective, plotted against wall thick-
ness and the number of convolutions (for a given constant
convoluted length), with the fatigue, strength and sta-
bility constraints is shown in Figure 16. As a matter of
fact, the degree of nonlinearity in this process is not very
high therefore the analysis is rather fast and not CPU
time consuming. The advantage of the above presented
algorithm of sweeping directly the objective function in
the optimisation domain consists mainly in the possibility
of finding always the global minimum without the addi-
tional cost of verifying the necessary and sufficient con-
ditions. For the LHC bellows expansion joints the solu-
tion was usually found on the stability constraint because

Table 6. Fatigue life test results for nested bellows.

Number of test Number of cycles to failure

1 1520
2 1586
3 1640
4 1760

reduction of the bellows axial stiffness reduces simulta-
neously the bifurcation buckling load (column buckling
mode). In some cases, however, the domain of optimisa-
tion was reduced to a small “island” between the fatigue
and strength /stability constraints and both strength and
stability conditions were activated.

6 Reliability and cost oriented optimisation
— probabilistic approach

6.1 Survival probability of bellows

In order to illustrate analysis of the survival proba-
bility of the LHC interconnection components two exam-
ples are chosen: the nested bellows and the RF-contact
bellows expansion joints (both integrated into the beam
vacuum interconnections, Fig. 4). The “survival probabil-
ity” is defined as the probability that the unit will survive
50 thermo-mechanical cycles needed for the lifetime of the
LHC.

The fatigue tests carried out at room temperature re-
veal a scatter of the number of cycles to failure, under the
same test conditions, related to material and geometrical
imperfections. The Weibull probability density function
has been introduced [14] in order to describe the probabil-
ity of fatigue failure. The Weibull distribution generates
the failure rate that varies linearly with time (or number
of cycles). The cumulative distribution function is defined
for N cycles by the following formula:

re)=1-em (- (3))

where ¢ is the localisation parameter and A stands for
the shape parameter. Identification of both parameters
by means of the Nelson-Thompson diagram for a typical
set of data (Tab. 6) for nested bellows [15] is shown in
Figure 17.

The survival probability:

(29)

R(N) =1 Pp(N) (30)
as a function of the number of cycles is plotted in
Figure 18. Similar analysis has been carried out for the
second compensation unit in the beam vacuum intercon-
nections — the RF-contact bellows [15]. The corresponding
survival probability diagram is shown in Figure 19.
Both diagrams indicate the survival probability of the
components of the beam vacuum interconnections (w.r.t.
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Fig. 19. Survival probability for RF-contact bellows at 293 K.

the required 50 cycles) above the specified values (see
Tab. 7).

Accelerated life testing provides a basis for definition
of a more general function, useful in the optimisation of
bellows:

R:R(n(nffpa%w) (31)

This function reflects the influence of basic design pa-
rameters on the reliability of bellows. Hence, for a given
bellows geometry it is possible to predict its survival prob-
ability, with respect to the required number of cycles.
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Table 7. Reliability of the Nested and RF-contact bellows for 50 cycles.

Type of bellows

Apportionned reliability level

Measured reliability (w.r.t. 50 cycles)

Nested bellows  99.999999%

99.99999999..%

approach

dition:

by the equation:

RF bellows 99.999999% 99.9999998%
6.2 Optimisation algorithm — semi-probabilistic probabilistic
probability of failure  P(z)|g, < pow (39)
The semi-probabilistic approach constitutes the first
step towards the reliability oriented parametric opti- membrane siress P51 > Saa] < pai (40)
misation. The formulation of the optimisation prob- membrane stress P [Sy > Sad] < pan (41)
lem remains similar to the formulation presented in the membrane
Section 5.2. The difference consists in replacing the con- & bending stress PS5+ Sy > S34] < paw (42)
Nf(St) — Ny >0 fatigue life P [Nf(St) < Nf()] < psp (43)
column buckling P [Peor < P1] < papl (44)
in-plane squirm P [Pinp < P) < papi; (45)

R(Ng) — Ry >0 (32)

where Ny, Ry denote the required number of cycles (target
value) and the apportioned reliability level, respectively.
Thus, the fatigue life constraint is replaced by the reliabil-
ity constraint. It is worth pointing out that the optimum
solution is usually located close to the strength and stabil-
ity constraints (see Fig. 16), on the boundary of the opti-
misation domain. Since the above explained modification
of the optimisation problem will have an impact on the
upper constraint line (fatigue — reliability), it will mainly
influence the size of the optimisation domain. Thus, the
majority of the optimum solutions will remain the same,
with the exception of the situations where the optimisa-
tion domain is considerably reduced and both constraint
lines intersect each other.

6.3 Optimisation algorithm — fully probabilistic
approach

The fully probabilistic approach [1] consists in search-
ing for minimum axial stiffness under the geometrical,
stress, stability and fatigue constraints — everything in
the framework of the previously apportioned reliability.
The relevant formulation of the optimisation problem is
given below:

— minimise the objective function:
Faa: (gbl); (33)
— equality constraints:

inner diameter D, = const.; (34)

— inequality constraints:
deterministic

w
at

bellows convoluted length Ly < Lmax;
Dout S Dma)d
bellows maxi compression Ap— > Anin

Qu < Qont

w
(=)

outer diameter

AA/_\/_\
w
J

w
oo
 — D D

cost function

— random design variables:
(46)

Here A4 /A_ denotes the repartition of the axial offset
between compression and tension and S; stands for the
EJMA equivalent stress.

Thus, the objective is to minimise the axial stiffness
under the equality constraint of constant inner diameter,
deterministic inequality constraints concerning the geom-
etry and the cost function as well as the probabilistic
constraints defined as follows:

Tpl — (nc, np7t;l)7 q,w, A-'F/A—)

— overall probability of failure P(z) for the bellows is
limited to the predefined value poy;

— probability of the stresses S, .52, 53 + .54 being grater
than the predefined values S,q4, S34, is limited to paoy;

— probability of number of cycles to failure Ny being
smaller than the predefined value Nyg, is limited to
P3bi;

— probability of the critical pressures for the column
buckling and the in-plane squirm being smaller than
the predefined values Py, Ps, is limited to pap;.

This formulation requires more knowledge about the
probability density functions corresponding to different
phenomena like the stress levels, fatigue failure and the
stability issues. For the time being, the probability den-
sity functions related to the fatigue life were identified
for some of the components. Assuming that the family
of Weibull functions is applicable, the parameters can be
identified as a function of the vector x:

Az)
PF(N,glexp( (%) ) (47)

Thus, it is possible — for a given technological process — to
create a database with two functions: 0 (z), A (z). In the
process of optimisation both functions shall be available
as multi-dimensional tables.

For what concerns the probability density functions
related to the mechanism of local or global instability
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the applicable family is closer to the normal distribution
since the critical loads depend mainly on the geometrical
imperfections. Thus, the probability density function can
be expressed as follows:

Pr(N.z) = ——exp (—% (%) ) (48)

with m (z) and o (z), the mean and the standard devia-
tion respectively, as the tables for the optimisation pro-
cess. These tables can be found by testing a number of
components per given geometry (z) against instability
and by applying a standard identification process for the
parameters of normal distribution.

Similar procedure can be adopted for the EJMA type
stresses that depend on the modulus of elasticity at a
given temperature, on the bellows geometry and on the
loads. Assuming both the material properties and loads
identical for all the samples, the stresses are again func-
tion of geometrical imperfections and normal probability
density function can be applied.

Finally, overall probability of failure is related to mag-
netic failure and damage evolution. A combined criterion
based on damage parameter and magnetic permeability
can be applied. Both functions can be measured by us-
ing micro-Vickers technique and by using magnetometers.
Again for each given geometry (z) the parameters of the
relevant probability density function have to be estab-
lished. In order to minimise the cost of the above speci-
fied tests and operations, the numerical simulations can
be extremely useful (Monte-Carlo method).

7 Discussion and conclusions

The present paper highlights a number of important
issues in the design of compensation systems, containing
bellows expansion joints, for the super-conducting parti-
cle accelerators. The bellows — thin-walled axi-symmetric
shell structures — are installed in the magnet-to-magnet
interconnection space in order to provide continuity of
beam vacuum, cryogenic channels and to compensate for
the thermal contraction/expansion of the magnets. As a
part of the beam vacuum chamber they belong to the
so called beam transport system and constitute its drift
(non-magnetic) parts. The bellows are subjected to inten-
sive plastic straining already during the phase of hydro-
forming, that belongs to the manufacturing process. In
the interconnections the bellows are subjected to large ax-
ial deformations at cryogenic temperatures accompanied
by high pressures and distortions resulting from trans-
verse and angular misalignments. Since one of the prin-
ciples in the design of colliders for high energy physics
is maximisation of the magnetic length (active length of
all the main dipoles and quadrupoles), the non-magnetic
drift space in the interconnections has to be minimised.
This implies a strong optimisation of the bellows expan-
sion joints in terms of their geometry (volume) and in
terms of their performance. The first direct consequence
is the fact that the LHC interconnection bellows work in

the low-cycle fatigue regime. High intensity plastic strain
fields lead to local phase transformations and to devel-
opment of damage fields. One of the important issues in
the optimum design of bellows is a combination of the
material and structural optimisation. The present paper
presents such approach where the first part of the opti-
misation algorithm consists in increasing the stability of
stainless steel at low temperatures against the martensitic
transformation. Here a new grade 316L stainless steel has
been developed in order to maximise a function based on
the transformation parameters. The second part of the
design is based on the reliability oriented structural opti-
misation where the material, stability and fatigue failures
are taken into account. Typical design objective in the
optimisation process is the axial flexibility that has to be
maximised under strength, stability reliability (fatigue)
and geometrical constraints. The constraints can be ex-
pressed either in deterministic or probabilistic way. It is
worth pointing out that both the material and the struc-
tural optimisation contribute to the final success of the
collider in terms of its reliability.

The following conclusions can be formulated as a con-
sequence of the approach presented in the paper:

— Successful operation of the LHC interconnections over
the scheduled period of 20 years depends very much
on the reliability of all the structural components, in
particular the bellows expansion joints;

— Corrugated bellows belong to the most critical com-
ponents of cryogenic compensation systems and are
subjected to extremely sever service conditions;

— Optimum design oriented towards the reliability of
bellows consists of two principal parts: optimum
choice of the material (stainless steel) and reliability
oriented structural optimisation;

— Design of stainless steel aims at maximising its stabil-
ity at cryogenic temperatures. A new alloy has been
found in the framework of the grade 316L that satisfies
this requirement;

— The main objective of the structural optimisation is
to minimise the bellows stiffness under geometrical,
strength, stability and reliability (fatigue) constraints;

— The reliability levels achieved in the process of op-
timisation of the LHC bellows expansion joints shall
correspond to the previously apportioned reliability
levels to all the systems and sub-systems of the LHC
interconnections;

— The solution of the structural optimisation for most of
the LHC interconnection bellows has been found close
to the stability constraint;

— Optimisation of a bellows should not compromise the
stability of the whole interconnect, therefore a stabil-
ity diagram has to be developed for each interconnec-
tion line. Also a global stability of the collider under
the pressure loads has to be computed once the local
design of the compensation system is completed;

The present paper certainly opens many perspectives
of further research and a study leading to a more complete
formulation of the optimisation problem is currently being
developed.
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