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Thermomechanical Properties of the Coil of the
Superconducting Magnets for the Large Hadron
Collider

Karine Couturier, Paolo Ferracin, Walter Scandale, Ezio Todesco, and Davide Tommasini

Abstract—The correct definition and measurement of the cycle during magnet assembly, the final state of the coil at room
thermomechanical properties of the superconducting cable used temperature and its dimension [17], [18] is determined not only

in high-field magnets is crucial to study and model the behavior ;i stress—strain relation, but also by the cycle used during
of the magnet coil from assembly to the operational conditions. ’
the magnet assembly process.

In this paper, the authors analyze the superconducting coil of the . .
main dipoles for the Large Hadron Collider. They describe an The knOWledge of the thermal contraction of the insulated ca-

experimental setup for measuring the elastic modulus at room bles [19], [20] is essential to explain why, during the cooldown,
and at liquid nitrogen temperature and for evaluating the thermal  there is in general a nonnegligible loss of azimuthal prestress.
contraction coefficient. The coils exhibit strong nonlinear stress— This loss is typically induced by different thermal shrinkage be-
strain behavior characterized by hysteresis phenomena, which de- ) . .
tween the coil and the collars, which surround and constrain

creases from warm to cold temperature, and a thermal contraction ;
coefficient, which depends on the stress applied to the cable during the conductors. However, the measurement of the integrated

cooldown. thermal contraction coefficient of the coil is rather problematic.
Index Terms—Elastic modulus, mechanical properties, super- As stated in [21], With such an '”'beh‘f"veq material, a direct
conducting coil, thermal contraction coefficient. measurement of the thermal-contraction integral], at zero

stress, is not very meaningful.

In this paper, we present measurements of the stress—strain
relation of two types of superconducting insulated cables at

HE STRESS-STRAIN relation of a superconducting93 and at 77 K. In particular, we focus on measurements of
coil and its thermal shrinkage plays a fundamental rolfe stress-displacement curves along different loading and un-

in the structural behavior of superconducting magnets flsrading paths, to obtain the data necessary to a complete mod-
particle accelerators [1], [2]. In particular, an optimal azimuth&lling of the elasticity of the coil. By measuring the stress loss,
prestress should be imposed to the coil during assembly ame compute the integrated thermal contraction coefficient from
after cooldown, to prevent conductor motion during magn@®3 to 77 K, at which most of the thermal contraction takes
excitation that may produce quenches limiting the maximuplace. We explore the ambiguities in its definition, pointing out
operational field. Moreover, coil stresses may cause displad@at different approaches chosen to evaluate the strains lead to
ments of cables with respect to the nominal design, therepignificant variations in the obtained integrated thermal contrac-
inducing intolerable field-shape errors, detrimental for théon. This also explains the rather large variation of thermal con-
stability of circulating particles. traction values reported in the literature [21]-[26].

Thermomechanical analysis has been carried out for most oMVe analyze the superconducting coils (inner and outer
the modern superconducting magnets for accelerators [3]-[@lyers) used in the main dipole of the Large Hadron Collider,
The observed phenomena are rather unusual due to the c8i- particle accelerator dedicated to high-energy physics
posite structure of the involved material [9]-[13]. Indeed, it ignder construction at European Organization for Nuclear
well known that the stress—strain relation is not linear [14]-[16Research (CERN). The LHC main dipole [27] consists of
Moreover, the unloading phase is considerably different froftiperconducting coils, clamped by austenitic steel collars and
the loading one and varies according to the maximum lo&drrounded by an iron yoke, and a steel shrinking cylinder, all
reached in the compression phase (mechanical hysteresis)Plg§ed in a cryostat. It generates a magnetic field of 8.3 T at an

the superconducting coil is subjected to a loading—unloadif§€rational temperature of 1.9 K.
In this paper, we are not interested in measuring the intrinsic
_ _ o _ m?chanical parameters of the individual coil components; in-
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this paper was supervised by J. Schwartz. stead, we define and evaluate the composite properties needed
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Main Magnets and Superconductors Group, LHC Division, European Laperconducting cable which have been tested. The results of the

paolo.ferracin@cern.ch; walter.scandale@cern.ch; ezio.todesco@cern[g];M thod dd lati hei d th |

davide.tommasini@cern.ch). .'Methods and data relative to the integrated thermal contrac-
Publisher Item Identifier S 1051-8223(02)05430-1. tion coefficient are presented in Section V. Additional tests, cali-

I. INTRODUCTION

1051-8223/02$17.00 © 2002 IEEE


https://core.ac.uk/display/25361756?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

COUTURIERet al. THERMOMECHANICAL PROPERTIES OF THE COIL OF THE SUPERCONDUCTING MAGNETS 1805

TABLE | =l L Inner tayer

BASIC PARAMETERS OF THECABLES < 120 ¢
Inner layer Outer layer g 100 E
Number of strands 28 36 80 F
Cable width (mm) 15.10 15.10 ;
Mid-thickness (mm) 1.90 1.48 50 ¢
Keystone angle (deg) 1.25 0.90 40 L
20 F

bration, and postprocessing procedures of experimental data are 0 - . e

L - 465 47 47.5 48
given in the Appendixes. height (rrm)
Il. SAMPLES Fig. 1. Stresw,, (MPa) at 293 K versus total height (mm) for the inner

. . . layer conductor stack, loading and unloading curves from different peak stresses
The coil of the LHC dipole contains two layers (the so-calle iperimemm data). 9 9 P

inner layer and outer layer) with two different keystoned Ruther-
ford cables. The basic parameters of the cables are given in — [ Outer loyer
Table I. The cable insulation is polyimide and it is composed of % 120 a
two 50+:m thick layers of butt lapped tape, each 11 mm wide Eq 00 F
and staggered by half the tape width, followed by a#8+thick
adhesive-coated tape 9-mm wide spiraling with 2-mm spacing _
to provide channels for helium penetration inside the coils [28]. 60 F
We measured two conductor stacks of 1540 mm, one r
(22 conductors) with the cable used for the internal layer, 40 i
and one (28 conductors) for the external layer. The cables are oo L
stacked alternately in order to have a parallel-side sample. As f
for magnet coils, the samples are submitted to the following 0 05
sizing-bounding cycle: ' height (mm)

* heating for 30 min at 130C under a moderate stress _
bout 10 MPa)' Fig. 2. Stresw,, (MPa) at 293 K versus total height (mm) for the outer
(@ . ! . . layer conductor stack, loading and unloading curves from different peak stresses
» compression to 80 MPa and heating up to 183n afixed (experimental data).

volume for about 30 min;

80 F

 cool down to room temperature in fixed volume. each cycle, when the stress on the stack is reduced to zero,
the contact between the stack and the flat-plate fixtures of the
[ll. ELASTIC MODULUS AT 293 K electromechanical apparatus is lost. This allows the stack to

relax completely. The loading curve has a good reproducibility

if the stack is completely unloaded at the end of a cycle. In
The stress-displacement curves have been measured Ugjgendix Il we present the behavior of the samples when the

an electromechanical apparatus for high precision compressi@iinpression cycles start from different stress values.

tests (UTS 200.4). The load is applied perpendicularly to the flat o js well known, the stacks feature a different behavior in

face of the conductors, which corresponds to the azimuthal e |oading and in the unloading branches. The loading phase is

rection in the dipole coil. No loads or constraints are applied gharacterized by a smaller slope. The cycle shows a hysteresis,

the dil‘eCtiOI’l pal‘allel to the ﬂat face Of the Cable. The preCiSiQ,VIniCh depends on the peak stress reached during the Compres_

of the cross-head motion for the displacement measurementsji& phase. The stress-displacement curves are nonlinear, both

1 m, while the error on the values of the force isielfO N. The  in the loading and in the unloading phases. The stack rigidity
machine compresses the stacks with a constant cross-head spRedases with stress.

of 0.05 mm/s; this value is similar to that used for clamping the
dipole coils inside the collars [29]. A description of the calibra€. Definition of Elastic Modulus

tion of the experimental apparatus using materials with known a; room temperature, the elastic modullis is given by
properties is given in Appendix .

A. Experimental Setup

B o do,  doy
B. Experimental Procedure and General Features Y dey,  dly,
In Figs. 1 and 2 we plot the stress versus the height of tiverel,o is the unloaded stack height arq, is the stress
conductor stacks (inner layer and outer layer, respectivelyeasured at ambient conditions. The stack is very soft at low
measured by the electromechanical apparatus. The compresstogsses, where small stress changes give rise to very large dis-
force is increased until a peak value, then reduced to zero. Ylacements (see Figs. 1 and 2). Following [21] and [22], we
performed five different loading cycles with decreasing pealefinel,,o as the stack height for a small stress (0.4 MPa) on
stresses, respectively, 127, 111, 95, 79, and 63 MPa. Afthe loading curve. We evaluate this parameter as the average of
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i~ 12 = 22.5E
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Fig. 3. Elastic modulu€ (GPa) at 293 K versus stress, (MPa) for the

conductor stacks, loading curves. Fig. 4. Elastic modulu& (GPa) at 293 K versus stress (MPa) for the inner

layer conductor stack, unloading curve.

the stack height over 15 different cycles and we assign a sta- _ 55 5 .
tistical error of 2x rms observed over the 15 cycles (giving a g
95% confidence level). We obtain an unloaded height of 48.16
4 0.14 for the inner layer stack and 49.510.08 for the outer
layer stack. This relative error of 0.2 to 0.3% has practically no
impact on the computation of the elastic modulus according to
(). To evaluate the tangent of the stress-displacement curves, :
we fitted experimental measurements with a fifth-order polyno- 7oL
mial and we analytically computed its derivative. This method 5t
provides more precise results compared to a direct evaluation of 2.5 ¢
the derivative. 0™ ==307"20" 60 80 700 120
o, (MPa)

%O 20 — Unloading elastic modulus

0175 _ ----- Outer layer
15 |
12,5 F
10 F

D. Results
. . . Fig.5. Elastic modulu& (GPa) at 293 K versus stress (MPa) for the outer
In Fig. 3, we plot the elastic modulus of the inner and oute,ac{f,’er conductor stack, unfoadiﬁg curve. (MPa)

stacks computed by the stress-displacement loading curves at

293 K. Eacg_valtlgtzas a repr(?rdhuublllnﬁlwnhlr:jal ranfg abtd i stresses, respectively, 100, 75, 60, 45, and 30 MPa. In Figs. 6 and
l(c:)rreiipc;n N9 from gtrm6S)GP €e e;s Ic Tro u u? 7(8&“;;(33 a|7qwe show the stress-displacement curves obtained at liquid ni-
arge increase (fro 0 a) up 10 a stress o a, gen temperature for the inner and outer layer, respectively.
then it remains almost constant for higher stresses (from 70 % curves feature two main differences with respect to mea-
up to at least 100 MPa). No significant differences are Observgurements at 293 K. First, the loading branch of the cycle is
between the two layers. aracterized by steeper slope than at room temperature, and

i . . . C
The elastic modulus during the unloading ph_ase IS mug condly the hysteresis between the loading and the unloading
larger than the one of the loading phase and it features alt

almost linear dependence on the stress, as already observeélleS is considerably smaller.

in [30]; but, as shown in Figs. 4 ar_ld 5 it depends on the peglf Definition of Elastic Modulus

stress. For the same load, the higher the peak stress of the .

cycle, the smaller the elastic modulus. For instance, at 70 MPaln order to compute the elastic modulus of the stacks, also at

which is the nominal stress acting azimuthally on the coil at tHe/ K it is necessary to define an unloaded height. The elastic

end of the magnet assembly, the elastic modulus varies frpdulus is defined as in (1), that is

11 to 14 GPa for the inner coil and from 10 to 13 GPa for the do, do,

outer coil for a peak stress of the compression cycle varying e leo (2)

between 80 and 130 MPa. Each value plotted in Figs. 4 and 5 ¢ ¢

has a reproducibility within a range ef5% (corresponding to whereE., o.., andl., are, respectively, the elastic modulus, the

+2 x rms). stress, and the unloaded stack height at liquid nitrogen temper-

ature. Since our experimental apparatus for the stress-displace-

ment measurements provides at nitrogen temperature only rel-

) ative displacements and not absolute values of the stack height,

A. Experimental Setup, Procedure, and General Features e a5sume for the numerical evaluation of the elastic modulus at
The measurements at 77 K have been performed in a cryos§tak thatl., = [.,. Indeed, the difference betwegg andl,,,

filled with liquid nitrogen. Results obtained on materials withhat is the integrated thermal contraction, is of the order of 1%.

known properties are given in Appendix I. Also in this casé herefore, by assuming, = /., in the computation oF., we

we performed five different loading cycles with decreasing peaktroduce an error of 1% which is negligible for our purposes.

IV. ELASTIC MODULUS AT 77 K
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Fig. 6. Streswr. (MPa) at 77 K versus total heiglit (mm) for the inner Fig. 8. Elastic modulusZ’ (GPa) at 77 K versus stress. (MPa) for the
layer conductor stack, loading and unloading curves from different peak stresgegductor stacks, loading curve.
(experimental data).

=225
;0?120 ¥ Outer layer E_D/ 20 ¢ Unloading elastic modulus
= [ w17.5 £ — lInnerlayer
100 | 15
. 12.5
: 10 £
60 | 7.5
40 L o
‘ 25§
20_ O P S SO R YT SRR N TRUUS YUUN VA HN S S E N ST ST S
3 20 40 60 80 100 120
0 [ ) L ) ) ) e s e g, (MPCI)
48 49.5 '
height {(mm) Fig. 9. Elastic modulu€ (GPa) at 77 K versus stress (MPa) for the inner

) . layer conductor stack, unloading curve.
Fig. 7. Stressr. (MPa) at 77 K versus total heiglt (mm) for the outer
layer conductor stack, loading and unloading curves from different peak stress

(experimental data). /322.5 g
& 20 3 Unloading elastic modulus
C. Results wl75F Outer layer

The elastic modulus computed for the loading curve at 77 K
(see Fig. 8) is about 50% higher than the value at ambient tem-
perature for stresses higher than 70 MPa. On the other hand, in
the unloading phase (see Figs. 9 and 10) the elastic moduli eval-
uated at 77 K are very similar to the ones at ambient temperature,
but with a less pronounced dependence on the peak stress of the
cycle. Also in this case, each value has a reproducibility within L

. 80 100 120
a range oft5% (corresponding te&-2 x rms). 0. (MPg)

Fig. 10. Elastic modulug&’' (GPa) at 77 K versus stress (MPa) for the outer
V. INTEGRATED THERMAL CONTRACTION layer conductor stack, unloading curve.

A. Measurement Method .
The integrated thermal contraction coefficient is defined acljf the stack [21]-{26]. We also showed that, with a low stress of

the relative difference of the unloaded heights between two te%}.-om 0.4_I\/_IPa, the stack height can be dete_rmmed with a r_el-
ative precision of about 0.3%. This indetermination as well is

peratures [31], i.e., comparable to the thermal shrinkage that we want to measure.

lwo — leo Therefore, a direct measure of this quantity using (3) is not pos-

= @) sible.
) The thermal contraction can be also evaluated using the stress

If one could measure the unloaded height at both temperatuliggs in a fixed cavity (see for instance [22]) and the stress—strain
one could perform a direct estimate of In Section Il we yg|ation of the samples. In an infinitely rigid cavity of known
pointed out that the unloaded height of the stack is ill definefjtegral thermal contraction coefficient;, the mechanical de-
in fact, small variations of the load, say from 0 to 1 MPa, information of the sample is equal to the difference in thermal
duce a large variation of the stack height of the order of 0.5 Mg htraction
(see Figs. 1 and 2), i.e., 1% of our sample height. This is the
same order of magnitude of the integrated thermal contraction €p — € =05 — Qf (4)
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whereq, is the unknown thermal coefficient of the sample and  way we obtain two estimates of the integrated thermal con-
€, ande. the deformations at ambient and cryogenic tempera- traction coefficient. The first describes the ideal case of a

ture. If the sample has a linear elastic behavior, that is cooldown in absence of stress followed by the application
O o, of the stress up te,.. The second path instead describes
€ = E €c = E ) another ideal case with a cooldown at constant strgss
ws CcS .
followed by a reduction of the stress from, to o.. Ana-

one has lyzing these two extreme cases, the obtained range of vari-

= 2w % L, 6) ation of the thermal contraction coefficient can be consid-
* " Eys E.s s ered as an uncertainty associated to the hysteresis at 77 K.

In our case, we have a nonlinear behavior and t_herefore _strgi_n Experimental Setup

dependence on the stress has to be evaluated using experimental _ ) )

data. Equation (6) can be generalized to include also the deforYVe Use a carbon steel mould: the stress is applied by a screw,
mations of the mould. LeE,,; and E.; be the elastic moduli placed at the top of the mould, and is measured by two capaci-

of the cavity at warm and cold temperature, respectively. Thefy® 9auges [32], placed at the top and the bottom of the stack.

one has The sensitivity of the capacitive gauges is 1 MPa. In order to
measure the stress loss from warm to cold temperature, the de-
Tw Te .. R . . .
s = ep(oy) + T eloe) — z + ay. (7) vice is submerged in liquid nitrogen in a cryostat. The integral
w f cf

thermal contraction coefficient from 293 K to 77 K is computed
To deduce the thermal contraction from the measurementtbfough (7) by the measurement of the stress logs+4.) in the
the stress loss in a fixed cavity by (7), one must know strairgavity. Tests of the apparatus on materials with known proper-
therefore, also in this case, one has to make assumptions ortig@are given in Appendix I.
unloaded coil height. As already mentioned in the Section IV-B )
an uncertainty on the unloaded stack height has very little infle: Experimental Procedure and Results
ence in the definition of the elastic modulus, leading in our caseWe performed five different cooldowns with two stacks
to a maximum error of the order of 1%. On the other hand, dit00 mm high, one composed with inner layer conductors and
ferent assumptions on the unloaded stack height lead to vene with outer layer conductors. At 293 K, the stacks have
large differences in the strains valugg o, ) ande.(c.) of (7) been loaded to the peak stress and then unloaded to a value of
and consequently int,. Moreover, strains vary significantly ac-stresso,, equal to the 60% of the peak stress. This procedure
cording to theo—e relation assumed for the stacks. If we conhas been chosen taking into account the loading path followed
sider a linear behavior, that is an elastic modulus independégtthe coil during the magnet assembly before the cooldown
on stress (see for instance [21], [22]), we will obtain a mudB3]. For example, in the first measurement the stack has been
lower strain value with respect to the case with the compldgaded to 127 MPa and then unloaded to 80 MPa.
curve and therefore a different,. Finally, the hysteresis of the The straine,,; has been computed as the difference between
stress—strain curve at 77 K yields a further uncertainty to thige stack height at 0.4 MPa on the loading curve and the height
problem. In fact, it is not clear how to evaluatgo..) in (7), on the unloading curve at a stress of 80 MPa. At cryogenic tem-
since it is not known which curve is reached by the stacks at therature the straia.; can be computed in the same way. Two
end of the cooldown (loading or unloading). estimates are computed: the first org)(by assuming that at
One must conclude that the integral thermal contraction of7fa@ K the stack follows the loading curve, the second ang (
stack of film-insulated cables is not uniquely defined, as it d&y considering that it follows the unloading curve whose peak
pends on the scheme used to derive the strain from the displagteess at 77 K i, .

ments. Here, we propose the following scheme. In Figs. 11 and 12, we present the measured stress losses
« We use the experimental nonlinear stress-displacementf@-the inner and outer layer, while in Figs. 13 and 14 we plot
lation to evaluate the strain from the stress the average values betwean and gy s with the bar indicating
the range of variation between these two case. We can see that
Al Al, . . o X
Ews = 7 €os = T (8) the difference betweety; andc,, is not negligible, i.e., around
w0 0 1073. Indeed, the dependence @fon the stress,, is much

The effect of a linear stress-displacement relation on tls&ronger. One observes a variation from 0.006—0.006 foe
evaluation of the strains and of the thermal contraction i MPa up to 0.009-0.012 far,, = 80 MPa.
given in Appendix V. In order to check if the integral thermal contraction coeffi-

» We fix the unloaded coil heiglit,o andi.q as the height of cient of the coil depends only on the stress at 293 K, but also
the stack measured with the electromechanical apparatusthe stress at 77 K, we made additional measurements on the
at a stress of 0.4 MPa on the loading curve, as alreadyter layer stack, cooling down from the same stresses when
explained in Sections Il and IV. The influence of the cutwarm and changing the stresses when cold by modifying the
stress on the evaluation of the strains and of the thermihérmal shrinkage of the mould. This can be realized by re-
contraction is given in Appendix IV. placing half of the stack with a material with a known thermal

« A 77 K, we compute the strain after the cooldowiis.) shrinkage, different from that of the press. We used either alu-
both on the loading curve and on the unloading curve. minum or invar. In the first case the cavity has a lower thermal
the latter path, we assume a peak stegss- &,,. In this shrinkage, and the stress loss is increased; in the second case
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Fig.11. Stress. (MPa) at 77 K versus stress, (MPa) at 293 K for the inner Fig. 14. Integrated thermal contraction coefficienversus stress., (MPa)
layer stack. at 293 K for the outer layer stack, with different equivalent thermal shrinkage
of the mould.
—~ 70'p
& [ ®OQuteriayer ° VI. CONCLUSION
= 60 [ o Outer loyer and invar °
& E % OQuter layer and aluminum We presented the results of measurements of the thermome-
SOF © chanical properties of rectangular stacks of insulated cables of
40 F o the LHC dipole coil at 293 K and 77 K. We measured stress-dis-
ok o . placement curves along different paths that are followed during
: : the magnet assembly and cooldown.
20 F . The stress-displacement relations are nonlinear, and elastic
10k *x moduli are defined as the derivatives of these curves. At 293 K,
: the elastic modulus in the loading phase is around 6 GPa for
0 5= 5552050 60 70 80 stresses above 70 MPa and goes to zero for decreasing loads.
o, (MPa) At 77 K, a 50% increase of the elastic modulus is observed in

the loading phase. In the unloading phases, elastic moduli are

Fig.12. Stress. (MPa) at 77 K versus stress, (MPa) at 293 K for the outer tha sgme at 293 K and at 77 K- they feature a roughly linear
layer stack, with different equivalent thermal shrinkage of the mould. dependence on the stress ’

We pointed out severe difficulties in defining strains, due to

a [ Inner layer the lack of precision of the unloaded coil height. This has no
© 12 3 ¢ effect on the evaluation of the elastic modulus but strongly af-
= 10F t fects the measurement of the thermal contraction coefficient.
r } Strains depend on the cut-stress used to define the unloaded
8 F 4 coil height, on the scheme used to model the stress-displace-
sk t ment curve (linear or nonlinear), and, at 77 K, on the branch of
: the curve reached after cooldown (loading or unloading).
4r We evaluated the thermal contraction coefficient measuring
oL stress loss from five different stresses at 293 K and different
} cooldown configurations, obtaining results that range from
0595555520 50 60 70 80 0.004 to 0.011. Different assumptions on the trajectory in the
o, (MPa) (e, o) plane followed during cooldown (either along loading

or unloading curve) lead to additional variations of around
Fig. 13. Integrated thermal contraction coefficienversus stress.. (MPa) (0.001. We showed that different cut-stresses and linear or
at 293 K for the inner layer stack. . . . . .

nonlinear approximation for the stress—strain relation also lead

to significant variations in the thermal contraction coefficient
one has the opposite situation. Explicit computations are givg8rived from stress loss.
in Appendix llI. In Figs. 12 and 14 the results are shown. No We conclude that the thermal contraction coefficient signifi-
significant difference is found between the case of the full stagkintly depends on the scheme used to derive it from measure-
and of the stack with aluminum, whose stress losses differ Ryents. This explains the rather wide range of results that can be
less than 10 MPa. A decrease in the thermal contraction coeféiund in the literature. In fact, the thermal contraction is used to
cient of around 0.002 is found for the cavity with invar, whereorrectly model prestress loss from room to cryogenic tempera-
the stress loss is reduced by 15-20 MPa. This decrease istape in the superconducting coils. For this reason, the choice of
proximately constant for the five considered cases, leadingtt® convention for determining strains is not decisive, i.e., using
an offset between the twe,—« curves. One can conclude thatinear or nonlinear approximation and choosing arbitrarily the
the integrated thermal contraction of a stack of film-insulatedinimum stress the “unloaded” coil length. One can choose any
cable depends on the stress path followed during the cooldowanvention, provided that inconsistencies are avoided. If a linear
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TABLE 1l —~
MEASUREMENTS OF THESAMPLE ELASTIC MODULUS (GPa)AT 293 K AND €120 Monotenic loading
77 K AND COMPARISONWITH REFERENCEVALUES = [
=100
b k
293 K Measure Reference 8o L
Aluminium  73+£1 70
Copper 12541 120 60
Invar 151+1 150 40 L
Steel 200+8 195 :
77K Measure Reference 20 3 |
Aluminium 78+3 77 04'7 e 48‘M5 ) 4I9
Copper 128+6 138 : height (mm)
Invar 12949 150
Steel 206£15 209 Fig. 15. Stressr,, (MPa) at 293 K versus total heiglit, (mm) for the
outer layer conductor stack, loading with three steps: experimental data and
comparison with the monotonic loading curve.
TABLE 11l

INTEGRAL THERMAL CONTRACTION COEFFICIENT v (10~%) FROM 293 K
TO 77 K EVALUATED BY THE STRESSLOSSES ANDCOMPARISON

WITH REFERENCEV ALUES /&5\120 r — First cycle
=3 S T Second cycle
Meas.  Reference g100
Aluminium 3.9+0.3 3.9 80 b
Invar 0.4+£0.1 0.5 :
Copper 3.2+0.3 3.0 80
40 F
elasticity modulus is used, thermal contraction must be evalu- 20k
ated with strains defined in the linear approximation. Equiva- i [ .
lently, the same cut-stress must be used to define strains and to 047 475 48 485 49
evaluate the thermal contraction. height (mm)
APPENDIX | Fig. 16. Stress,, (MPa) at 293 K versus total height (mm) for the outer

CALIBRATION OF EXPERIMENTAL APPARATUS layer conductor stack: experimental data of two consecutive cycles.
The measurements of the elastic modulus at 293 and 77 K per-

formed by the electromechanical apparatus have been checkeld Fig. 16, we show two consecutive cycles: the first one starts

with four 200-mm high metallic samples (aluminum 6082 Trom a completely unloading condition (as all cycles analyzed

copper, invar, and steel 316 LN). No measurable hysteresis Hag1e main text of this paper), and the second one is performed

been observed. In Table II, we give the results of the measuddter the first cycle without a complete removal of the stress. The

ments with an error of two sigmas. A good agreement with tfack shows some memory of the deformation of the first cycle

reference values is found. during the loading curve, which has a slightly higher slope.
Thermal contraction coefficient measurements have been
calibrated by measuring stress losses of three different mate- APPENDIX Il

rials (aluminum 6082 T6, invar, and copper) in our mould. In MODIFICATIONS OF THERMAL SHRINKAGE OF THE MOULD
Table 1ll, we show the measurement results that are in goo

agreement with the literature. %e changed the integral thermal contraction of the carbon

steel mould by inserting a filler with a different shrinkage with

respect to the carbon steel. This is equivalent to cooldown, the

stack in a mould with a different thermal contraction coefficient,

with a consequent variation of the stress losses. In particular, in
We performed two tests to analyze the behavior of the stacktfiis case (7) becomes

different conditions with respect to the measurements presented

APPENDIX Il
DIFFERENT LOADING PROCEDURES

in the previous sections. First, we compressed the stack with par- Oy = st Y e — TV 4, (9)
tial unloadings (see Fig. 15). This is the procedure used during ' T Fueg Eceq !

the collaring of the coil. One observes that after partial unloading

during the reloading cycle the stack follows the unloading curv\@’,here

but once it reaches the maximum stress of the previous loading 1 R+1 1

phase, it deforms along the initial loading curve. The total de- T~ & + = (20)
formation at the end of the compression phase is given by the wed wf wm

monotonic loading curve. This phenomenon has been observed 1 R+1 n 1 (11)

also for the impregnated NBn composites [34], [35]. E., E. E.,
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TABLE IV
STRAINS (IN 10~2 UNITS) AND INTEGRAL THERMAL CONTRACTION
COEFFICIENT @ (in 10~% UNITS) OF THE INNER LAYER EVALUATED FROM
THREE DIFFERENT CUT-STRESSES(MPa)

Inner layer

0w O cut-stress €w €cl o

80 45 0.4 35.9 26.0 120

80 45 1.0 28,9 17.7 13.2

80 45 3.0 23.3 11.6 14.0
TABLE V

STRAINS (IN 10~2 UNITS) AND INTEGRAL THERMAL CONTRACTION
COEFFICIENT @@ (IN 10~ UNITS) OF THE INNER LAYER EVALUATED
WITH DIFFERENT 0—€¢ RELATION (MPa)
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text. The aim of this analysis is to evaluate what happens if we

assume a linear stress—strain relation instead of the nonlinear
one. One finds a very large difference between the two values
(see Table V).
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Inner layer

Ow O. O —e€relation € €cu Qo s
80 45  non-limear 359 27.0 10.9 [1]
80 45 linear 6.2 4.8 3.4 2]
(3]
and
(4]
Ceq = 0 — Ry, — arf). (12)

In (10)—(12)R is the ratio between the height of the filler and the [3]
height of the stack, an#,,,,,,, E.,., andqa,,, are, respectively, the
elastic modulus at room temperature, the elastic modulus at 77
K, and the integral thermal contraction coefficient of the filler.

(7]
(8]

APPENDIX IV
DEPENDENCE OF THHNTEGRATED THERMAL CONTRACTION
ON THE CUT-STRESS

We analyzed the effect of the stress chosen to define the unil
loaded stack height on the strains and on the integrated ther b]
contraction coefficient measured with stress loss method. We
definel,,o andl.q as the height of the stack at three different
cut-stresses 0.4, 1.0, and 3.0 MPa. We then evaluate the strair!
of the stack at 293 and 77 K on the loading curve, and we com-
pute the thermal contraction. In Table IV, we can see that straing2]
strongly depend on the cut-stress (up to a factor two). Inte-
gral thermal contraction also shows significant variations (abou 3
15% with respect to the analyzed range of cut-stresses).

[14]
APPENDIX V
INTEGRATED THERMAL CONTRACTION OF THESTACK WITH A

LINEAR STRESS-STRAIN RELATION [15]

Here, we study the impact of the stress—strain modeling of
the stack on the integral thermal contraction. We consider ]
linear behavior and we compute the strain before and after the
cooldown assuming a constant elastic modulus. We assume tHat]
the strain at 75 MPa at room temperature is given by stress
divided by the elastic modulus of the unloaded curve (12 90@,g
MPa for the inner layer). We performed the same computation
at cryogenic temperature considering the elastic modulus of the
unloading curve at 45 MPa (9400 MPa for the inner layer) an
we compare the results with the approach followed in the main
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