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ABSTRACT

We present measurements of the stress-displacement relation for the superconducting
coils used in the Large Hadron Collider main magnets (dipoles and quadrupoles). This
mechanical property is relevant to determine the correct amount of azimuthal pre-stress to
be imposed on the coil. The hysteresis pattern in the loading and unloading curves is
discussed. The stress-displacement curves are used to compute the corresponding elastic
moduli and deformations. Measurements are also carried out at liquid nitrogen temperature,
using the same framework to interpret experimental data.

INTRODUCTION

The Large Hadron Collider (LHC), under construction at CERN, the European
Organisation for Nuclear Research (Geneva, Switzerland), uses superconducting magnets
[1, 2], operating at a temperature of 1.9 K, to guide the circulating beam. The main dipole,
designed to generate a magnetic field of 8.3 T, has two magnetic apertures contained in a
common mechanical structure (see FIGURE 1). The containment structure consists of the
austenitic steel collar, the iron yoke and the steel shrinking cylinder, which all confine the
coil in fixed geometry and contribute to produce an azimuthal compression, the so-called
pre-stress, on the superconducting cables. The pre-stress is imposed to the coil in order to
prevent conductor motion, arising from the electromagnetic forces, during the ramp-up of
the magnet to the nominal field. To obtain at the end of the magnet assembly the nominal
pre-stress, which at ambient temperature is of about 70 MPa, it is essential to know the
stress-strain relation of the superconducting coil. Moreover, a good knowledge of the
rigidity of the coil at ambient and at cryogenic temperature is fundamental to carry out
analysis of the thermo-mechanical behaviour of the magnet in the operation condition [4-
7].
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In this paper we present experimental measurement of the elastic modulus of the coil
for the LHC dipole at ambient temperature and at liquid nitrogen temperature. As already
observed for other film-insulated superconducting cables [8-17], the coil features a strong
stress-dependent rigidity and a stress-displacement curve characterised by a relevant
mechanical hysteresis during the loading-unloading compression cycle.

SAMPLE AND EXPERIMENTAL SET-UP

The coil of the LHC main dipole consists of two layers (inner layer and outer layer)
composed by two different keystoned cables (Rutherford type) [18]. The cable width is
15.10 mm while the mid-thickness at 50 MPa is 1.90 for the inner layer and 1.48 for the
outer layer.

Three layers of polyimide tape insulate the conductors, providing channels for helium
penetration inside the coil. We measure a stack of 28 outer layer conductors 50 mm long,

FIGURE 1. Cross-section of the LHC main dipole cold mass.

TABLE 1 . Measurements of the sample elastic modulus (GPa) at 300 K and at 77 K and comparison with the
reference values.

300 K Measure Reference

Aluminum

Copper

Invar

Steel

73 ± 1

125± 1

151± 1

200± 8

70

120

150

195

77 K Measure Reference

Aluminum

Copper

Invar

Steel

78 ± 3

128± 6

129± 9

206± 15

77

138

150

209
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placed alternately to obtain a parallel side structure for a total height of about 50 mm. The
stress-displacement curves are measured by an electro-mechanical apparatus for high
precision compression tests (UTS 200.4).

The precision of the displacement measurements is 1µm, while the error on the values
of the force is of± 10 N. The cross-head speed is 0.05 mm/s and it is similar to the
compression speed of the coil during the magnet assembly [19]. For the measurement at 77
K the stack is placed in a cryostat full of liquid nitrogen. The apparatus has been calibrated
at ambient temperature and at 77 K by measuring the elastic modulus of known material
(see TABLE 1).

ELASTIC MODULUS AT 300 K

Experimental procedure and general features

In FIGURE 1 we plot the stress imposed by the electro-mechanical apparatus at 300 K
versus the total height of the stack. We performed five different loading-unloading cycle
with decreasing peak pressure: at the end of each cycle the stress has been reduced to zero,
without contact between the cross-head and the stack, in order to obtain a complete
relaxation of the stack itself. The stress-displacement curve is characterised by a relevant
hysteresis, whose width increases with the peak stress reached during the cycle. Both the
loading and the unloading curves are non-linear: the loading curve features a smaller slope,
while the slope of the unloading curve varies depending on the peak stress.

Definition of elastic modulus and results

The elastic modulus at 300 K can be evaluated as the derivative of the stress-
displacement curve times the unloaded height at 300 K (lw0), that is
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Since, at low pressure, small stress changes give rise to great displacements (see
FIGURE 2), the unloaded stack height is ill-defined. Following [20-21], we fixlw0 as the
stack height at 0.4 MPa on the loading curve and we obtain (over 15 cycles and assigning a

FIGURE 2. Stressσw (MPa) at 300 K versus total height (mm) for the conductor stack, loading and
unloading curves from different peak stresses (experimental data).
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statistical error of 2× r.m.s.) a value of 49.51± 0.08.
In FIGURE 3 we present the evaluation of the elastic modulus: on the loading curve

the elastic modulus increases until a compression stress of about 60 MPa and then remains
almost constant at a value of about 6.5 GPa.

The unloading elastic modulus is much greater and features a strong dependence
(almost linear [22]) on the compression stress.

Moreover, an impact of the peak stress on the elastic modulus is observed [23-24]: at
the nominal compression stress of 70 MPa it varies from 10.5 GPa to 13.5 GPa depending
on the peak stress reached during the cycle, in the range from 65 MPa to 125 MPa.

ELASTIC MODULUS AT 77 K

Experimental set-up, procedure and general features

Also for the measurements at liquid nitrogen temperature, we performed five different
loading-unloading curves with decreasing peak stress.

At 77 K the hysteresis of the stress-displacement curve (see FIGURE 4) is much
smaller than at ambient temperature and the loading branch is characterised by a much
smaller slope.

FIGURE 3. Elastic modulusE (GPa) at 300 K versus stressσw (MPa) evaluated along the loading and the
unloading curves.

FIGURE 4. Stressσc (MPa) at 77 K versus total height (mm) for the conductor stack, loading and unloading
curves from different peak stresses (experimental data).
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Definition of elastic modulus and results

We evaluated the elastic modulus from the stress-displacement curve by
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whereEc, σc and lc0 are respectively the elastic modulus, the stress and the unloaded stack
height at liquid nitrogen temperature. Since our experimental apparatus doesn't allow a
direct measure of the stack height at 77 K, we assumelc0≡ lw0.

The difference between the unloaded stack height at ambient and at cryogenic
temperature, that is the thermal contraction coefficient, is of the order of 1% at the total
height: therefore, by imposinglc0 ≡ lw0 a negligible error of 1% is introduced in the
evaluation of the elastic modulus.

In FIGURE 5 we plot the results: along the loading curve the elastic modulus is 50%
higher then at ambient temperature. Moreover, the unloading elastic modulus is
characterised by similar values with respect to the measurement at 300, but with a less
pronounced dependence on the peak stress.

CONCLUSION

We presented the measurement of the elastic modulus at 300 K and at 77 K performed
on a stack of conductors used in the LHC dipole coil, outer layer.

At ambient temperature the stress-displacement curves feature a relevant hysteresis
with a non-linear behaviour, both on the loading and on the unloading branch.

The elastic modulus on the loading phase is much smaller than the one on the
unloading phase, which presents an almost linear dependence on the compression stress.

At liquid nitrogen temperature, the width of the hysteresis is smaller; the elastic
modulus on the loading curve is 50% higher with respect to the value measured at 300 K,
while the elastic modulus on the unloading curve is similar to the one evaluated at ambient
temperature.

FIGURE 5. Elastic modulusE (GPa) at 77 K versus stressσc (MPa) evaluated along the loading and the
unloading curves.
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