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Abstract

The Large Hadron Collider is the particle accelerator built at CERN facilities in Geneva whose main goal is to study the boundaries
of the as famous as fundamental in the Universe knowledge Standard Model. Observations such as the Higgs Boson on 2012 have
been possible thanks to the LHC and new phenomena are going to be described in the next years due to the continuous upgrade of
the accelerator design. The TDE blocks constitute the beam dumping systems in the final segment of the beam trajectories and are
made of several graphite blocks with different densities. Among them, the flexible graphite is the one owning the lowest density
(1-1.2 g/cm? ). It differs from typical graphite forms such as polycrystalline and pyrolytic graphite in that no binder is added
during the production process. The bonding frictional forces due to particle asperities give the typical flexibility to the material and
contribute to the deformation mechanism. In order to predict the material response upon increasing amount of energy delivered
by the beam impact, the material behavior needs to be investigated in—depth in a wide range of temperature and strain-rates. In
this preliminary work, the static properties of a commercial flexible graphite (Sigraflex® from SGL Carbon) have been observed
at room temperature in the in—plane direction. Two sides DIC has been employed in order to get a reliable measurement of the
strain on both front and edge specimen surfaces; the crosshead displacement-rate was varied between 0.01-10 mm/min. Finally, a
discussion about the stress—strain behavior and the deformation mechanism has been given.
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1. Introduction

The Large Hadron Collider (LHC) is the largest and most powerful particle accelerator in the world (CERN web-
site). It is located in Geneva (Switzerland) in a 27 km length circular ring and is part of the bigger CERN’s accelerator
complex (see Fig.1(a)). Two circular pipes are hosted in a tunnel, dig among 50 to 175 metres underground, where
two counter rotating particle beams are make to collide with 13 TeV impact energy. Such amount of energy gives the
attribute “Large” to the collider and can reproduce conditions similar to those present 10~'s right after the Big-Bang
explosion. It allows physicists and scientists to confirm the Standard Model predictions: for example, one of the latest
and most famous ones dates back to 2012 and corresponds to the Higgs Boson observation. The single beam owns
a half of the collision energy (6.5 TeV) and can be composed of several bunches (up to 2808) with 2.3-10'! parti-
cles per bunch. The amount of energy achievable during the impact is the sum of the colliding beam energies and is
limited by both the radius of the facility and the strength of the magnets that keep the particles in the circular orbit.
Usually, an accelerator can only accelerate one type of particle and in this case a class of particles called “hadrons”
is involved. Heavy particles such as protons or lead ions belong to this class and are accelerated and deviated along
the trajectory by means of powerful magnetic fields. The two rotating beams experience four impacts in four different
locations along the circle, each one corresponding to a different experiment facility; whenever requested, they are
extracted out of the trajectory by a set of magnets and dumped in the Target Dump External blocks, i.e. the external
dump systems highlighted in the magnification circle of Fig.1(a). The beams coming from both directions are deviated
from the circular orbit into special tangent tunnels with a length of 700 metres. The final block of each tunnel is the
only item able to withstand the impact of the full beam: it is made of horizontally stacked graphite blocks of different
densities, shrink fitted into a sealed steel vessel with 700 mm in radius, 12 mm in thickness and filled with nitrogen
in order to keep inhert atmosphere (see Fig.1(b)). The beam penetrates for several metres within the graphite core
while some external magnets make it to assume a spiral-like trajectory that helps on optimizing the energy dissipation
process into heat without undue material damage. Further details about this system can be found in several sources
such as Schmidt et al. (2006). The lowest density part emphasized in Fig.1(b) is made of 1700 Sigraflex® sheets with
2 mm thickness and nominal density equal to 1 g/cm?. They are stacked together, constrained at the two ends with
two higher density graphite disks and two snap rings so that only contact forces can act among them. The deposited
energy peak occurs inside this volume where the temperature can even reach 2000°C in a time interval within the
order of microseconds. At a first approximation, it can be assumed that this process takes place in quasi instantaneous
heating conditions (Carra (2017)) where the specific energy deposited and the maximum temperature are related by
the simplified form of the Fourier heat equation: g=pc, "6—{. In this case, the density, the specific heat and the thermal
conductivity dependence on temperature should be known in order to solve the thermal problem and find the maxi-
mum temperature achievable. Further in depth, it should be considered that the material expands naturally, depending
on the temperature increase itself. Such expansion occurs so suddenly that the region surrounding the hit volume does
not manage to heat up due to its own thermal inertia and prevents such expansion. This phenomenon gives rise to high
pressures that, in the worst cases, can originate the propagation of stress waves (Carra (2017); Bertarelli et al. (2013,
2008); Scapin (2013); Zukas (1990)). The problem is therefore coupled with both mechanical and thermal aspects.
Sigraflex® sheets play a fundamental role in such a system, but the knowledge about their constitutive behavior and
thermophysical properties, especially in the high temperature range, is still inadequate and mostly related to its more
common commercial applications. This material belongs to the group of flexible graphite: it shows good resilience
and viscous response due to its particular microstructure (Gu et al. (2002); Luo and Chung (2000)) resulting well-
exploitable in sealing applications and gaskets often in sandwiched structures with stainless steel foils or in the form
of impregnated yarns (some examples on SGL Carbon Website). It is obtained by uniaxial or rolling compression of
expanded graphite particles without any additive binder (Shane et al. (1968)) and the result is a porous anisotropic
material that retains some similarities with the more common types of graphite, such as polycrystalline and pyrolytic
graphite but differs in terms of micro-scale morphology and mechanical strength (Solfiti and Berto (2020a)). The
high thermal and electrical conductivity, conformability, capability of dissipate energy, chemical resistance up to be-
yond 2500°C and low gas permeability, make it also effective as thermal interface material for cooling and insulation,
where the low weight and volume are of crucial importance (see Solfiti and Berto (2020b) and Chung (2016) for
a more complete review on the applications). In terms of mechanical properties instead, the out-of-plane compres-
sion and the in-plane tension behavior at room temperature were the most investigated fields. Dowell and Howard
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(1986) set the first milestones on this part of research, also reporting some data at very high temperature. Some recent
works moved the investigation in static compression and recovery loading at room temperature (Toda et al. (2013);
Kobayashi et al. (2012)), also observing how the deformation units behave upon the external load application. The use
of Sigraflex® in the LHC external dumps, can be considered as a unique application and lays out of the commercial
ones listed above. This means that an extension of the investigation upon a wider range of temperature and strain-rates
is requested, with the purpose of predicting the behavior and improving the suitability in the current and future TDE
design conditions. Indeed the High Luminosity Large Hadron Collider (HL-LHC), that is the future update of LHC
whose first run is planned for 2027, is being designed to achieve a greater beam energy up to 7 TeV (Apollinari et al.
(2017)). In this collaboration between CERN and NTNU, a first exploratory investigation is performed on Sigraflex®
specimens regarding their static tensile properties at room temperature in the in-plane direction, in order to approach
the material, to understand the requested experimental techniques and therefore establish a starting point for a wider
testing campaign.
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Fig. 1: (a) Large Hadron Collider facility overview (CERN website) and external beam dumps or TDE blocks (picture reworked from Schmidt et al.
(2006)) and (b) TDE graphitic core (section view).

2. Materials and methods

Despite its softness, the procedure to obtain flexible graphite specimens should be carefully chosen in order to get
a sufficient surface refinement. A rolled foil of Sigraflex® L20010C, whose properties are reported in Table 1, was
provided by SGL Carbon. The waterjet CNC machine WJS NCH 30 was chosen for the cutting procedure and the
following parameters were found to give the better results: jet pressure = 3800 bar, beam diameter = 0.3 mm and
sand GRIT = 230. The Sigraflex® foils as delivered and the specimen geometry are shown in Fig. 3(a) and (b). No
polishing or further machining was worked out on the specimens.

Size 1000 x 1000 x 2 mm

Density 1 g/em?

Tensile strength >4 MPa

Ash content <0.15%

Elongation at break >1%

Specific heat (20°C) 0.7 J/(Kg K)

Coeff. of thermal expansion (20 - 1000°C) 1 x 107°K~" (in - plane), 30 x 10"°K~! (out - of - plane)
Thermal stability - 250 to +3000°C (up to +400°C in presence of oxygen)

Table 1: Sigraflex® L20010C foils properties as reported in SGL Carbon website.
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Fig. 2: (a) Sigraflex® foils as delivered with magnification view and (b) specimen geometry and dimensions [mm].

The tensile static tests were performed in a MTS Exceed® Universal testing machine with 5 kN load cell. A
batch of four specimen couples was chosen upon four different crosshead displacement rates as reported in Fig. 3(a).
The displacement and load were recorded from the machine embodied LVDT and load cell, respectively. Two-sides
DIC recording technique was used in order to get an accurate description of the specimen deformation. A front view
(width surface) and a side view (thickness surface) were captured at the same time as illustrated in Fig. 3(b). Since
the material originally showed shiny surfaces, a fine painting pattern was found to be necessary in both the width and
thickness edges. Moreover, the strain from DIC recordings was calculated from two different gauge lengths: the first
one, which will be referred to as the full gauge length, corresponds to the standard and commonly used gauge length
(32 mm). The second one is calculated between the upper and lower bounds of the fracture surrounding region that is
arbitrarily chosen around the fracture in each case. The latter one will be referred to as the short gauge length and can

reach a few millimetres in length (Fig. 3(b)).
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Fig. 3: (a) Tested specimens visual summary and (b) DIC investigated views with an examples of the considered gauge lengths.

3. Results and discussion

The static curves are plotted in Fig.4. The curves for displacement rate equal to 10 mm/min were found to be
undersampled from the DIC camera and are only reported in terms of crosshead displacement in Fig.4(a). In Fig.4(b)-
(d) some combinations of static curves are compared upon different recorded views and gauge lengths. The failures
occurred with brittle behaviors and were located on the specimen free length despite the high level of anisotropy and
porosity of flexible graphite. The failures appears brittle without occurrence of yielding and a typical in-plane layer
delamination seems to be the main fracture mechanism. In some cases, the DIC camera at the wide edge side could
not detect the first crack location because it grew among the inner layers giving some evidences only either on the
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thin edge side or on the opposite wide edge side. Therefore, only the DIC camera placed on the thin edge side could
always detect the first fracture location. However, the static curves plotted with the displacements from both sides look
similar. Also the static curves calculated with both the full and short gauge lengths are well overlapped confirming that
the material does not have a strong deformation gradient along the longitudinal direction until the fracture occurs. The
behavior of the stress-strain curve is similar to that of polycrystalline graphite. This was discussed in Jenkins (1962) in
which a simple power-law model such as £ = Ao + Bo> was proposed for the theoretical compression behavior of pure
crystalline graphite. In Dowell and Howard (1986) such relation was also proposed for flexible graphite in tensile static
conditions. It fitted the stress-strain curve up to approximately a half of the ultimate tensile strength and this was also
confirmed in this work: typical values for the reciprocals of A and B coefficients were obtained by means of non linear
least-square regression algorithm and were found to be equal to A™'= 0.59 GPa and B! = 0.51 GPa, respectively.
Since flexible graphite is made by compression of expanded graphite flakes, the microstructure can be observed at
least upon two magnification scales. The first one corresponds to the micro-scale, in which the deformation units play
the most important role on the load carrying mechanism. The crack grows across the boundaries also from multiple
locations (Gu et al. (2002)) and determines the main contribution to the overall deformation. The second one achieves
the micro-sheets level. The micro-sheets or micro-disks result from compression of the worms cell walls (nanometric
scale, Chung (2014)) and, assuming that their behavior is similar to that of pure graphite, it is proposed that the load
carrying mechanism at the very beginning of load application would be lead by the micro-sheets deformation, whereas
the sliding of deformation units would take place at higher load levels. Despite this would explain the deviation in the
constitutive behavior from the pure graphite theoretical behavior, a more detailed investigation is requested to clarify
and confirm such hypothesis. The presence of a linear region in the stress-strain behavior is questionable; taking the
chord slope in the 0.01 and 0.1 mm/min tests, (from & =0 % to approximately & = 0.4 % that corresponds to 1.1 - 1.2
MPa), it results the elastic modulus to be equal to 1.35 - 2.45 GPa. Such values agree with that reported in Xi and
Chung (2019) and appears one order of magnitude lower than the elastic modulus in the out-of-plane compression
given in Dowell and Howard (1986) and in Neograf Solutions for a similar commercial flexible graphite. No marked
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Fig. 4: Static curves: (a) front view, full length; (b) front view, full length and short length; (c) side view, full length and short length; (d) full length,
front view and side view.

trend is noticeable in Fig.5 where the ultimate tensile stress and the strain at maximum stress are reported against the
strain-rate. The tensile strength and the strain at break, taken as the average of all the experimental data, are equal
to ~ 5 MPa and 0.8%, in agreement with values reported from the other sources (Dowell and Howard (1986); SGL
Carbon).
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Fig. 5: (a) UTS and (b) strain at maximum stress dependence on strain - rate.

4. Conclusion

The static properties of Sigraflex® were investigated upon four different displacement rates. The strain was
recorded accurately by means of two side DIC camera technique, essential to capture the early crack growth loca-
tion. The main conclusion can be summarized in the following points:

e the unidimensional stress-strain behavior appears as that of a brittle material. The curve is not linear since the
early beginning, in analogy with polycrystalline graphite typical curves, showing a downward concavity in the
whole domain, without occurrence of yielding. All the specimens were broken at maximum stress. No difference
were noticed neither between the strain measured in the front and side edge surfaces nor in the strain measured
in the long and short gauge length. The fracture surfaces shows typical brittle aspect and the macroscopical
fracture mechanism seems to be the delamination (or sliding) of flatten units in the in-plane direction that
coincides with the load direction. It is finally proposed that the contribution to the deformation mechanism is
due to micro-sheets at low load levels and deformation units at higher load levels.

e no apparent strain-rate effect was noticed on the ultimate tensile strength, strain at failure and elastic modulus.
For 10 mm/min tests, only the conclusion on the ultimate tensile strength is valid. The values calculated for
such parameters are in very good agreement with those reported in literature.

This first approach has enlighten several challenges related to the material testing and has therefore established what
focus must be followed in future investigations.
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