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A Review of the Mechanical Properties of Materials

Used in Nb3Sn Magnets for Particle

Accelerators

G. Vallone, E. Anderssen, B. Bordini, P. Ferracin

Abstract—Superconducting magnets experience significant
thermo-mechanical loads throughout their life cycle. These are
introduced by the electro-magnetic forces during powering, but
also by the prestress applied in many magnet designs. Further
to this, the large thermal excursion that components of different
materials experience can generate significanti nternal forces.
The loads are also experienced by the superconducting coils,
whose critical current can decrease as a consequence of the
applied strain. It is then crucial to predict the overall mechanical
behavior and conservatively design a magnet, avoiding failure
of the mechanical components and of the superconducting coils.
Finite Element Analysis (FEA) is generally used to perform these
tasks, but its results rely heavily on the material properties and
models used. This is in particular true for the coil composite,
which is simplified to allow reasonable model sizes in full magnet
models. In this paper, we present the state-of-art knowledge
of the mechanical properties of the materials mostly used in
superconducting magnet construction. We review elastic and
plastic properties at room and cryogenic temperature, thermal
contraction, and summarize the state-of-art failure criteria for
these materials. Finally, the paper summarizes the present
understanding of the mechanical behavior and limits of Nb3Sn
coils. For the first time, an orthotropic failure criteria is proposed.

I. INTRODUCTION

UPERCONDUCTING magnets for particle accelerators
typically use stiff mechanical structures to absorb the e.m.
forces and apply a prestress that can prevent large conductor
motions. Few examples of typical magnet cross sections are
provided in Fig. 1. This small selection highlights the large
range of materials used in these constructions. In all cases,
the magnet is largely made out of a ferromagnetic steel (iron)
[1]-[4]. In bladder and key designs [5], a thick aluminium
shell is used to prestress the superconducting coils. Stainless
steel is used for collars of collared designs, coil end spacers,
plates/spacers in block designs, and liquid helium containment
vessels. High strength steels are used in certain designs for
collars, high strength bolts, or for end plates that react to the
longitudinal e.m. forces. Aluminium bronze components are
typically used in coil spacers (cos(d design), or rails (block
designs). For Canted Cos(¥) magnets, the entire mandrel is
made of aluminium bronze. This material selection is mostly
due to its ability to closely match the thermal contraction of
the cable, in turn reducing potential issues during the reaction
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Fig. 1. Four cross-sections representing different magnet designs: a collared
Cos(¥), the LHC main bending dipole (top left) [1], a bladder & key Cos(29)
[2], MQXF (top right), a Canted Cos(9) dipole (bottom left) [3], and a block
design, the Test Facility Dipole (bottom right) [4].

of the Nb3Sn conductor to 650 °C. Plastics (e.g. Kapton), are
used as insulator. Often, insulating layers can also be used
as shims, allow to accommodate errors in the coil size. Glass
Fiber Reinforced Plastics (GFRP) are used as cable insulation,
but also as alignment keys or spacers. Some cable designs use
mica layers as additional insulator, since the high resistivity
of this material can reduce the insulation thickness.

The mechanical design of these objects was performed
either with analytical formulas, or on 2D and 3D finite
element models. The performance of these models (and of the
design) are strongly dependent on the correct knowledge of
the material properties. The key properties for magnet design
are the elastic behaviour of the components, their thermal
contraction up to cryogenic temperatures, and their strength.
Unfortunately, it is often difficult to collect the necessary data
for the materials, and sometime confusing criteria were used to
verify the structural soundness. In this paper, we try to review
the available data, and to discuss the state-of-the-art criteria
available to verify the components. Materials are divided
in three different typologies: ductile metals, brittle metals,
composites. The Nb3Sn coil composite is treated separately:
after discussing elastic and elasto-plastic modeling strategies
and related properties, we propose a 3D limit criterion to
prevent filament breakage and bonding failure.



TABLE I
SUPERCONDUCTING MAGNETS MATERIAL PROPERTIES

Room Temperature 45 K
Material Details E oy R ) Kie S E oy R, ) Kie FAD S v T.C.
GPa MPa MPa % MPaym MPa MPa MPa MPa MPa MPaym MPa MPa / mm/m
Titanium™) Grade V, L | 118 830 900 100 692 | 126 1643 1673 58 976 813 | 03 1.7
Grade V, || 126 135
Aluminium AT075 70 480 400 79 490 650 25 412 343 | 033 42
Magpnetic Steel® Armco 224 210 286 175 | 213 975 25 437 364 | 03 2
Magpnetic Steel® Magnetil 200 115 249 96 200 723 30 0.3 2
Stainless Steel™® SS316LN 193 238 565 198 | 210 610 1455 508 | 028 295
I 30 257 214 30 496 413 | 03 244
G101 1 tens. 5.6 20 17 56 20 17 0.3 7.06
L compr. 420 350 : 749 624
Nitronic 40(®) 225 682 889 31 >438 568 | 210 1427 1813 11 118 1189 | 03 26
0DS Copper(™ C3/30 110 270 350 13 225 | 110 340 540 20 283 | 03 3.1
Aluminum Bronze®  C61400 109 410 574 40 342 | 112 568 927 52 473 | 03 3.12
Aluminum Bronze'® C63000 133 578 918 6.2 482
Aluminum Bronze*®  C64200 109 197 556 64 164 | 130 306 758 70 255
Phosphor Bronze®*®  C52100 113 122 321 60 102 | 126 247 578 75 206
Phosphor Bronze*®)  C51000 110 147 360 72 123 | 132 315 639 66 263

D (61181, @ (9], (101, @) [111-[13], 4 [7], (141, ) (71, O [7), (141161, 7 [17], [18], ® [9], ) [19], O [20]

II. MATERIAL PROPERTIES REVIEW

A collection of useful mechanical properties for materials
commonly used in superconducting magnets can be found in
Table 1. The references used for each material are reported
on the bottom of the table. The properties provided are the
elastic modulus F, the yield strength o, the material strength
R,,, the elongation J, and the fracture toughness Kj;c. The
latter can be orientation dependant; only the lowest value is
reported. Finally, a value for the maximum allowable stress
Sm 1is reported. The definition of S,, is a function of the
material typology (ductile/brittle/composite), and the reader
should refer to Section III for more details. Properties are
provided at room temperature and at cold (4.5 K). The thermal
contraction and Poisson’s coefficient are in separate columns
- the latter can actually be a function of the temperature, but
measurements at cryogenic temperatures are not available for
most (or all) the materials considered. Some of the spaces are
left blank. This is either because the corresponding data value
was not found; or because is not important (e.g. toughness of
ductile metals).

A. Thermal Contraction

In magnet design, it is of great importance to predict cor-
rectly the interactions due to the differential thermal contrac-
tion of different materials. Because of the large temperature
change, enormous forces can be exchanged by the structural
components during the cooldown to cryogenic temperatures.
The thermal contraction as a function of the temperature
for various materials is shown in Fig. 2, top. The data was
extracted from the NIST database [21]. Even if the lines
seem unrelated, the percentage of dimensional change as a
function of the temperature is very close to constant for the
materials of interest (Fig. 2), bottom). The error range for the
materials considered is below 8%. This is a great advantage
in modeling, as it is possible, even if the properties are non-
linear, to simulate the cooldown assuming a linear scaling with
respect to the temperatures. In practical terms, this means that
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Fig. 2. Thermal contraction of various materials (top), and dimensional
change % (bottom), as a function of the temperature.

the designer can use a single value for the secant thermal
contraction.

B. Composites

Glass fiber reinforced plastics are used in magnets as
wedges [22], spacers [2], or insulation [2]. The mechanical



properties of these materials depend strongly from the produc-
tion process, and should be computed for each component. Of
particular interest for magnets is the evaluation of the stiffness
of braided glass fiber insulation. An estimate can be obtained
assuming that the braid is a lay-up of two laminae. For each
lamina, an [E] tensor can be derived from micro-mechanics
considerations (see [23]). The laminate properties in the fiber
plane can be computed assuming a (+¢) stack, where ¢ is the
braid angle [23]. The transverse properties for the laminate are
similar to the lamina ones.

III. DESIGN CRITERIA

Stress limits are imposed on the design to ensure that the
components will not fail under the applied loads. Hereafter,
we report the state-of-art criteria used for magnet design. The
stress limits are reported in Table I, where the design strength
S, s computed assuming a safety/load factor of 1.2 for ductile
materials or fragile materials respectively.

A. Ductile Metals

Ductile metals are used, for example, in aluminium bronze
wedges [24]; bronze CCT mandrels [3]; soft aluminium collars
[24], stainless steels for collars, spacers and rods [1], [4]; high
strength steels for end loading systems [24]. They are typically
verified against the Von Mises equivalent stress, slightly less
conservative than the Tresca criterion. The Von Mises stress
oum 18 scalar in nature, and is related to the second tensor
invariant of the deviatoric component of the stress tensor:

1
o = 5[(011 — 02)® + (022 — 033)° + (033 — o11)*+

6(0fy + 033 +031)] (1)

g,

Plastic deformation onset is avoided if the equivalent stress is
lower than the yield stress o,. A safety factor oy, /o, = 1.2
is used to compute the allowable stress .S, in Table L.

B. Brittle Metals

A material is considered brittle when its toughness (K7;.)
is lower than 100 MPa-m'2. Examples of brittle metals used
in magnets are iron yokes (ARMCO [11] and Magnetil);
aluminum shells used in bladder and key constructions [HP];
titanium winding poles [2]. In many magnets designed in the
past, only the iron was considered brittle, and was verified
against an unclear limit on the maximum principal stress.

A more accurate alternative, proposed here, is to use the R6
method, developed for thick wall pressure vessels and piping
for the Nuclear industry in the UK in the mid 1970’s. The
method defines a limit condition for the material in terms of a
Failure Assessment Diagram (FAD) curve [25]-[27]. The first
FAD diagram was derived from a modified version of the strip
yield model [28], [29], and can be written as:

1/2

(S,) = S, Li In (sec (gs))] ) 2)

= K;/Kj. is a normalized stress intensification
o/o. the normalized stress, K. the fracture

K,

=
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Fig. 3. Failure Assessment Diagram used to asses limits in brittle metals.
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Fig. 4. Limit stress in grade V Titanium at 4.5 K, as a function of the crack
length (a) and width (c).

toughness. o, is the ’collapse stress’, assumed equal to the
average between the material strength and the yield stress:
(Rm + 0y)/2. When K, is equal to O, the solution of Eq. 2
is larger than zero. In this region the failure line is completed
assuming the collapse stress o. as limiting condition. The
FAD, presented in Fig. 3, can capture the broad range of elastic
fracture, ductile tearing, and plastic failure. Assessment (load)
points (L) are characterized by a stress ratio S.. and a stress
intensity ratio /7: when inside the FAD curve the design is
safe from failure. The "Projected Load Point," (L) can be
determined projecting the Load Point onto the limit curve [30]:

K! 2 — (7 _cot 2
¢ = atan(kg/’”); S, = - acos(e gl ) 3)

The Load Factor (n = L/L’) is a measure of the load margin



for an object with a given flaw:

(S, 2+ K, 2)

(5 7+ K7 ) @

77 =
n does not coincide with a safety factor, as flaws do not
propagate along the load line L. The FAD selected here
does not closely match the failure envelope near the plastic
collapse region for materials with significant hardening [31].
This can be neglected for most high strength aluminium and
magnetic steels used in Nb3;Sn magnets. However, it can
be relevant for certain austenitic steels (e.g. Nitronic), for
which different curves should be used to assess against plastic
collapse (following for example the provisions from BS-7910
[26]). In magnet applications these materials are typically
verified only against the yield stress, as described in Section
ILa.

The FAD evaluation requires to extract the stress profile
at the minimum stress gradient path starting from the flaw
edge. This operation can be time consuming and poor suited
for typical magnet design optimization studies, where many
different design solutions are evaluated. Alternatively, one
could conservatively assume a constant stress over the entire
flaw, and take into account only the maximum between the
equivalent stress and the first principal stress. The limit stress
computed with the FAD with these assumptions, as a function
of the crack length and width (a,c), is provided in Fig. 4
for a grade V titanium at 4.5 K. If the load is applied in a
quasi-static fashion, we can also assume that the flaw will
slowly propagate to a round shape. This allows to limit the
analysis to the a/c = 1 line in Fig. 4. For a reference crack
size of 1.5 mm, we then identify an 'FAD’ value, reported
in Table I, along with a limit stress S,,,, obtained considering
a load factor of 1.2. The value should be compared with the
maximum between the Von Mises or first principal stress.

C. Composites

Composite materials can fail in multiple ways, e.g.: fiber
breakage, matrix cracking, delamination, interlaminar shear.
Laminated composites (e.g. insulation) are generally verified
against the first ply failure load, defined as the the load at
which the linear load-displacement curve first changes. Under
this assumption, the laminate does not necessarily fail, as
other undamaged plies can still carry the load, and the load at
ultimate failure might be considerably higher. To compute the
strength of each ply, different criteria are available, typically
divided between non-interactive, interactive and physically
based. The maximum strain and stress criteria [32], belonging
to the first category, are respectively written as:

ep <e1<ef SZ<01<3‘£
er <&z <en|; s5 < 09 < s 5)
Im12| < grT IT12| < trr

where 1 is the fiber direction, and 2 the transverse one. The
accuracy of these criteria under multi-axial loading conditions
is limited. Better predictions in this regard can be obtained
by quadratic interactive criteria as Tsai-Hill [33] or Tsai-Wu
[34]:

TABLE 11
NB3SN COIL PROPERTIES

Unit R.T. 45 K
Elastic  Plastic  Avg. Elastic Plastic = Avg.
Ey GPa 52.6 11.3 31.9 48.0 12.0 30.0
Ey GPa 37.4 11.6 245 40.2 12.0 26.1
E, GPa 66.1 28.1 47.1 77.2 384 57.8
Gzy GPa 18.8 17.7
Gy, GPa 19.8 22.5
Gz> GPa 229 24.1
Vzy / 0.19 0.24
Vyz / 0.17 0.16
Vgz / 0.23 0.18
Qg mm/m 3.65
Qy mm/m 4.03
o mm/m 2.33

X V4

Fig. 5. Coil reference system. In Cos(d) designs, the x, y and z directions
correspond respectively to the radial, azimuthal and longitudinal ones.

2 2
0'1 0109 0'2 T12
- T 3 +72+t27 <1 (6)
SL SL ST LT

F110% + Fao03 + FeeTin+
Fioy + Fooy + 2F 150100 <1 (7)

Finally, physically based criteria express multi-axial limits
as a function of different failure modes (e.g. Hashin [35],
[36], Puck [37], LaRC [38], [39]). Of particular interest for
magnet design are matrix failures under compressive loads
transversal to the fibers. In particular, it was found in [40]
that quadratic criteria can be inadequate to predict failures
under confining pressure. The Mohr-Coulomb theory, used in
many of these physically based criteria, predicts failure occurs
for any stress state whose Mohr circle is tangent to the Mohr-
Coulomb fracture line, and can be written as [39]:

tan(2a9) = —1/n ®)

where 7y, is the shear stress acting on a potential failure plane;
o, is the normal traction; 7 a friction coefficient related to
the failure plane angle g (equal to 53° for most composite
materials [38].)

Tfp = 8 —no, Wwhere:

IV. SUPERCONDUCTING COILS
A. Stiffness

The stiffness of Nbs;Sn coils is measured on stacks of
impregnated cables. Many of these measurements were per-
formed in the past, using various experimental set-ups and
cable geometries [41]. However, published results differ sub-
stantially, making it challenging to select the correct value. In



TABLE III
NB3SN COIL STRENGTH LIMITS

Unit R.T. 45 K
Compression  Tension  Compression  Tension
er, % -1.1 0.25 -1 0.35
sT MPa -175 20 -150 20
trr MPa 20 20

reality, the actual properties of the coil are a function of the
overall cable design, and should be computed on each design
as for other composite materials. This process can be time
consuming, and not adoptable in early design studies, when
the cable geometry is not well defined. ‘Generic’ properties are
then required. In the past, the coil was assumed as elastic, with
a transverse modulus of 44 GPa [24]. However, it was shown
in [2] that a significantly lower value (20 GPa) was required to
match the measured magnet behavior. The significant differ-
ence between this result and the earlier assumptions was likely
due to different interpretations of the coil non-linear behavior,
due to the early on-set of plasticity in the copper matrix [42].
In particular, past authors were using the ‘unloading’ modulus,
while in most situation the load in the coil increases, making
the tangent modulus a preferred choice. Elasto-plastic models
[43] can be more accurate for simulating cycling behaviour.
Using the modeling strategy proposed in [42], an MQXF
cable stack was tested under loads in all directions. Results
are provided in Table II, where FE; represents the Young’s
modulus in the i-th direction, v;; the Poisson coefficient, «;
the integral thermal contraction from room temperature to 1.9
K. The directions z,y, z are defined following the reference
system shown in Fig. 5. We also provide an ‘average’ between
the elastic and plastic behavior, which can be useful for quick
computations.

B. Strength

Nbs3;Sn coils can fail in many ways: filament crack-
ing/failure, insulation damage, epoxy cracking, insulation
debonding. Their critical current is also a function of the
applied strain [43]. Failure in the coil composite may not
result in a reduction of performances. For example, detachment
between coil and insulation can be tolerated [44]. Because
of this, an univocal definition of ’strength’ for Nbs;Sn coils
does not exist: it could be any failure of any part of the
composite, or anything that would reduce magnet performance.
Consequently, it has been difficult to establish a clear design
criterion. Currently, the coils are verified against the Von Mises
stress, computed assuming an uniform elastic material model.
This approach is a result of consistent comparison between
magnet tests and computations [45]. However, it cannot be
used with more advanced modeling strategies and material
models, and it is not coherent with typical failure criteria used
in composite mechanics.

Here an orthotropic failure criterion, based on mixed max-
imum stress-strain limits, is proposed. In this exercise the
failure is defined as a reduction of the current-carrying ca-
pability of the strand/cable, and the limits are extracted from
the available experiments where this reduction was measured.

No physical consideration on the failure mode at the filament
level is made in this definition. The selected measurements,
performed on superconducting strands and Rutherford cables,
have allowed to probe the coil limits under a variety of uni-
axial loading conditions. The criterion is non-interactive, since
no clear failure tests under multi-axial conditions exist, and is
defined as follows:

er <ep < ez

sp <02 < s; )]

|T12| < trr

where 1 is the strand axis, and 2 the transverse one. Measure-
ments on Rutherford cables under transverse loading allowed
to measure a compressive limit s.. At room temperature, a
limit of 175 MPa was measured [46]; some irreversible critical
current reduction was measured at 150 MPa at cryogenic
temperatures [42]. Reasonably, this limit should not change too
much when rotating the load in the cross-sectional plane. The
limit is also in reasonable agreement with results from multi-
scale numerical models [43]. The longitudinal limits ez, ey,
can be measured with Walter-spring measurements on strands
[47]-[49]. Failure in shear ¢;7 and transverse tension séﬁ is
likely connected to internal debonding, and can be measured
with dedicated tests [50]. The strength limits are reported in
Table III. Further to this, bonds between the coil and other
components can fail. Their progressive failure can be included
in numerical models with cohesive elements [44]. The reported
limits are potentially non-conservative, and based on failure
measurements with low or no statistics. On the other hand, it
is possible that the real limits might be higher under multi-
axial stress conditions, especially under compressive loads.

V. CONCLUSION

This paper is an attempt at providing all the mechani-
cal properties necessary to design a NbsSn superconducting
magnet. We have highlighted how the percentage of thermal
contraction, as a function of the temperature, does not change
for the materials of interest. The state-of-art of magnets design
criteria for metal and composite components was described.
Finally, we proposed an orthotropic elasto-plastic model and
failure criterion for NbsSn coils, built on available experimen-
tal data.
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