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Abstract— The materials used in superconducting magnet coils 

and in the structural magnet constituents are textured to various 
extents. This causes an angular dependence of the Young’s 
moduli that needs to be taken into account when predicting the 
stress and strain distribution in the magnets. We have measured 
by neutron diffraction the texture in metallic materials typically 
used in superconducting magnets. Based on the neutron 
diffraction data the elastic anisotropy of the different materials 
has been calculated. Among the materials studied, the extruded 
Al oxide dispersion strengthened Cu coil wedges exhibit the 
strongest elastic anisotropy of 37%. The Young’s moduli 
calculated from single crystal elastic constants and grain 
orientation distributions are compared with highly accurate 
Young’s moduli derived experimentally from resonance tests. 
 

Index Terms—Superconducting magnet, Nb3Sn, Cu, DISCUP, 
stainless steel, Al 7175, anisotropy, Young’s modulus, neutron 
diffraction 

I. INTRODUCTION 
HE LHC High Luminosity upgrade (HL-LHC) [1] 
requires the installation of new superconducting magnets 
[2] based on Nb3Sn technology. Very high field Nb3Sn 

magnets are also studied for the Future Circular Collider 
(FCC) project [3]. 

To control the stress distribution in superconducting 
magnet components under the huge Lorentz forces is a main 
challenge in the magnet design. Most of the magnet and 
conductor constituent materials are textured, and exhibit 
anisotropic materials properties. The mechanical anisotropy 
needs to be taken into account when predicting the stress and 
strain distribution in the magnets at the different assembly and 
operation stages. 

The stress-strain behavior is usually determined from 
uniaxial stress-strain measurements [4],[5]. The goal of the 
present study is to determine how the Young’s modulus of the 
different magnets materials depends on the load direction. 

Previously we have studied the texturing of the fine-grained 
Nb3Sn filaments and its effect on the elastic properties by 
Electron Backscatter Diffraction (EBSD) [6]. For other more 
coarse grained materials like the annealed Cu stabiliser EBSD 
could not provide the necessary texture information. 

Neutron diffraction is commonly used for obtaining a 
global texture description that enables the determination of the 
angular dependence of the Young’s modulus. We have 
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measured by neutron diffraction the texture in metallic 
materials typically used in superconducting magnets. Based on 
the neutron diffraction data the elastic anisotropy of the 
different magnet and composite superconductor constituents 
has been calculated. 

The Magnetil, YUS-130, DISCUP and Nb3Sn/Cu 
conductor block samples were extracted from 11 T dipole 
prototype components [7],[8]. Uniaxial static stress-strain and 
dynamic mechanical test results for these materials are 
presented in [4]. The Al 7175 sample was extracted from a 
MQXF prototype magnet shell [9]. 

II. TEXTURE MEASUREMENTS AT STRESS-SPEC 
Neutron texture measurements have been performed at the 

STRESS-SPEC instrument at MLZ [10], with a wavelength of 
about 1.683 Å produced from a Ge(311) single-crystal 
monochromator. The incoming beam size was Ø25 mm while 
the diffracted beam side was open. Pole figures were 
measured with the STRESS-SPEC robotic system using a 
continuous scanning routine [11] (Fig. 1). 

 
Fig 1: Set-up for texture measurements using a robotic system. 

III. CALCULATION OF ANGULAR DEPENDENCE OF THE 
YOUNG’S MODULI FROM SINGLE CRYSTAL ELASTIC CONSTANTS 

The orientation distribution functions (ODFs) were 
calculated using the measured complete pole figures using the 
harmonic series expansion method. With the calculated C-
coefficient and the single crystal elastic constants (SEC) [12], 
the triaxial bulk Young’s moduli were calculated for the 
different samples using the Cub_PHY program based on a 
cluster model [13],[14]. 
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Effective Young’s moduli of polycrystalline materials can 
be calculated with the assumptions that either the strain (Voigt 
[15]) or the stress (Reuss [16]) are constant in the entire 
material. In most cases, the experimentally determined 
Young’s moduli lie between the upper and lower bounds 
predicted by these models. For many materials, the 
experimentally determined Young’s moduli are close to those 
calculated according to the Hill model [17], which is the 
arithmetic mean of the Reuss and Voigt values, taking into 
account the effect of grain interactions [14]. 

IV. RESULTS 
A  Low carbon steel yoke (Magnetil) 

The 11 T dipole yoke is made of hot rolled sheets of an 
ultralow carbon steel with C content of less than 0.0025% 
(trademark “Magnetil”). The texturing produced by the rolling 
process improves the magnetic properties of the yoke [18]. For 
texture measurements two 5.8 mm-thick samples with 
10×10 mm2 cross section extracted from a Magnetil yoke 
sheet have been used. The Fe (110) pole figure presented in 
Fig. 2 reveals a {110} and {100} texture in <110> direction, 
which is due to the sheet rolling at 800 °C [18]. 

 
Fig 2: Fe (110) pole figure of the Magnetil sheet.  

The calculated angular dependence of the Magnetil 
Young’s modulus is presented in Fig. 3. The Young’s moduli 
determined experimentally by resonance measurements are 
EMagnetil_L=196 GPa and EMagnetil_T=219 GPa [4]. 

 
Fig. 3: Magnetil Young’s modulus as a function of the angle with respect to 
the rolling direction L (at 0°), whereby T is the transverse direction. The 
circular symbols indicate the experimentally determined Young’s moduli in L 
and T directions [4]. 

B  Austenitic stainless steel collar (YUS-130) 

The 3 mm-thick collars of the 11 T dipole magnets are 
made by fine-blanking of austenitic steel X8CrMnNiN19-11-6 

sheet, which is also known under the tradename YUS-130 
[19]. Samples for texture measurements were cut from the 
nose of the 11 T dipole collars. The L (rolling) direction is in 
the direction of the nose pressing onto the pole wedge. The 
YUS-130 pole figures are shown in Fig. 4. 

 
Fig 4: Austenite (111) and (200) pole figures of the YUS-130 sheet.  

The Young’s modulus dependence on the angle with 
respect to the rolling direction is presented in Fig. 5. From 
resonance measurements the Young’s moduli EYUS-

130_L=196 GPa, and EYUS-130_T=192 GPa were determined [4]. 

 
Fig. 5: YUS-130 Young’s modulus as a function of the angle with respect to 
the rolling direction L (at 0°), whereby T is the transverse direction. The 
circular symbols indicate the experimentally determined Young’s moduli in L 
and T directions [4]. 

C  Dispersion strengthened Cu coil wedge (DISCUP) 

The 11 T dipole coil wedges between the conductor blocks 
are made of aluminum oxide dispersion strengthened copper 
with the tradename “CEP DISCUP® C3/30”. This contains 
0.6 wt.% Al, and has an ultra-fine structure with a texture in 
the direction of extrusion [20],[4]. The Cu pole figures of the 
DISCUP sample of Fig. 6 shows a main α <110> fiber with a 
weak cube {001}<100> component and a weak Goss {110} 
<001> component, as expected for hot extruded fcc metals. 

 
Fig 6: Cu (111), Cu (200) and Cu (220) pole figures of DISCUP. 

The angular dependence of the DISCUP Young’s modulus 
calculated from the ODF is presented in Fig. 7. For 
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comparison, the Young’s moduli determined by compression 
stress-strain measurements in the extrusion direction (89 GPa) 
and perpendicular to the extrusion direction (96 GPa) are 
shown as well [4]. 

 
Fig 7: DISCUP Young’s modulus as a function of the angle with respect to the 
wedge extrusion direction L (at 0°). The circular symbols indicate the 
experimentally determined Young’s moduli in L and T directions. 

D  Nb3Sn/Cu coil conductor block 

The 11 T dipole coils consist of six conductor blocks, 
which are wound from non-reacted Nb3Sn keystoned 
Rutherford type cable. The brittle Nb3Sn is formed during a 
reaction heat treatment with a peak temperature of 650 °C. 
The textured Nb3Sn filaments exhibit anisotropic materials 
properties [21]. 

A 15×15×15 mm3 Nb3Sn/Cu cube sample extracted from 
11 T dipole short model coil #107 has been used for texture 
measurements. For more information about the Nb3Sn/Cu 
sample see reference [22]. The Nb3Sn (200), Nb3Sn (211), Cu 
(111) and Cu (200) pole figures are shown in Fig. 8. 

 
Fig 8: Nb3Sn (200), Nb3Sn (211), Cu (111) and Cu (200) pole figures. 

 
Fig. 9: Nb3Sn in coil #107 Young’s modulus as a function of the angle with 
respect to the drawing direction A (at 0°). Open circles indicate the Young’s 
moduli determined from SEC and EBSD data of a RRP wire. 

The angular dependence of the Nb3Sn Young’s modulus 
calculated using the Nb3Sn crystal elastic constants [20] is 
presented in Fig. 9. For comparison, the Young’s moduli of 
the Nb3Sn filament in a RRP wire calculated from EBSD data 
are shown as well (Eaxial=140 GPa and Etrans=129 GPa, 
respectively [21]). The comparatively smaller elastic 
anisotropy in the coil samples can be partly explained by the 
wire transposition pitch in the Rutherford type cables of the 
coil. 

In the reacted RRP type wires Nb3Sn exhibits a <100> 
growth texture, with a very small <110> component remanent 
from the Nb drawing texture [6]. After the coil reaction the Cu 
stabiliser exhibits a duplex texture with <111> and <200> 
orientations in the axial direction [23]. 

The angular dependence of the Cu stabiliser Young’s 
modulus in coil #107 is presented in Fig. 10. The elastic 
anisotropy in the Cu stabiliser is much smaller than in the 
extruded DISCUP coil wedges (Fig. 7). In the Cu stabiliser the 
maximum Young’s modulus is in the axial direction, while in 
the DISCUP coil wedges it is obtained when the load is 
applied in an angle of 50° with respect to the axial direction. 

 

Fig. 10: Annealed Cu Young’s modulus in 11 T dipole coil #107 as a function 
of the angle with respect to the drawing direction.  

The Young’s moduli of a hard drawn Cu wire before and 
after full annealing in the wire drawing direction derived from 
stress-strain measurements are 127 GPa and 108 GPa, 
respectively [4]. Since the loading stress-strain curves of 
annealed Cu do not exhibit a pronounced linear part, the 
annealed Cu Young’s modulus value has a relatively large 
uncertainty in the order of 10% [4]. 

E  Aluminum alloy shrinking cylinder (Al 7175) 

 
Fig. 11: Aluminum 7175 sample 10×10×10 mm3 cut from Al magnet shell for 
texture measurements with definition of the principal directions. 
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The Al 7175 alloy (EN AW-7175), temper designation T74 
[24] is used for the outer shrinking cylinder of the MQXF 
quadrupole magnets. Al 7175 is alloyed with about 6% zinc, 
and less magnesium and copper. 

For texture measurements a 10×10×10 mm3 Al 7175 cube 
samples was cut out from the 29 mm thick MQXF magnet 
shell. For the Al 7175 sample the rolling direction “L” 
corresponds with the radial direction and “T” with the 
transverse direction, as defined in Fig. 11. The Al (111) and 
Al (200) pole figures of the Al 7175 alloy are presented in Fig. 
12, showing a {211} texture in <111> direction and a {100} 
texture in <100> direction, as it is commonly observed in 
rolled aluminium alloys [25]. 

 
Fig. 12: Al (111) and Al (200) pole figures of Al 7175. 

The Al 7175 Young’s modulus angular dependence is 
presented in Fig. 13. Only a very small elastic anisotropy is 
observed. The Young’s modulus in L direction obtained 
eperimentally with the resonance method is 69.2 GPa [26], 
which is 1% lower than the value calculated from SEC with 
the Reuss assumption. This small difference can be explained 
by the uncertainty of the resonance test, which is about 1% 
[4]. 

 
Fig. 13: Al 7175 Young’s modulus as a function of the angle with respect to 
the drawing direction. The circular symbol indicates the experimentally 
determined Young’s modulus in L direction. 

V. DISCUSSION AND CONCLUSION 
Finite element (FE) models are an essential tool for the 

design of superconducting high field magnets. The results 
presented here can be used to further refine FE models, which 
require as input reliable materials data. 

All magnet metals studied here exhibit a strong preferential 
crystal orientation, and some a pronounced elastic anisotropy. 
The extent of elastic anisotropy is summarised in Table I, 
where the relative Young’s modulus differences with respect 
to those calculated in the L direction are compared. The L 
direction is the wire drawing or wedge extrusion direction, or 
for sheets the rolling direction.  

TABLE I 
YOUNG’S MODULUS IN T DIRECTION, MAXIMUM (MAX) AND 

MINIMUM (MIN) IN PERCENT OF THE MODULUS IN L DIRECTION. 
THE ANGLES WHERE THE MAX AND MIN VALUES OCCUR ARE 

CALCULATED WITH RESPECT TO THE L DIRECTION. 
Material E in percent of E in L direction (%) 

Transverse max angle min angle  
Magnetil 110 110 90° 100 0° 
Al 7175 99.8 100.5 43° 99.8 90° 
YUS-130 98.1 100 0° 98.1 90° 
DISCUP 115 137 50° 100 0° 
Cu stabiliser 99.1 100 0° 98.6 53° 
Nb3Sn 97.6 100 0° 96.7 54° 

The measured YUS-130 and Magnetil Young’s moduli are 
within the upper and lower bounds calculated according to 
Reuss and Voigt, and are close to the calculated Hill values. 
For Al 7175 the measured Young’s modulus is 1.0% and 1.6% 
smaller than the Reuss and Voigt calculations, respectively. 

Among the materials studied here, the extruded Al oxide 
dispersion strengthened Cu (DISCUP C30) wedges exhibit the 
strongest elastic anisotropy of 37%. The Young’s modulus of 
89 GPa measured in the L direction corresponds with that 
calculated assuming iso-stress conditions (Reuss). This value 
is significantly lower than the modulus of pure Cu. The 
measured T value of 96 GPa is slightly lower than the one 
obtained by the Reuss calculation. The calculation relies 
strongly on the SEC. For the calculation of the DISCUP 
moduli the SEC of pure Cu were used, which may be a reason 
for the discrepancy between calculated and measured Young’s 
moduli.  

In contrast to DISCUP, the pure annealed Cu stabilizer in 
the Nb3Sn conductor exhibits only a small elastic anisotropy 
that may be neglected in FE calculations. 

The direct measurement of Nb3Sn filament Young’s moduli 
is extremely challenging because samples appropriate for 
standardized mechanical tests cannot be produced. Therefore, 
Nb3Sn elastic anisotropy can only be determined from the 
grain orientation distribution and SECs. The difference 
between the L and T Young’s moduli calculated from neutron 
diffraction data (this study) and from previous EBSD data 
obtained for wires is partly explained by the misalignment of 
the L and T directions in the coil due to the cable transposition 
pitch. 
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