
  
Abstract—Knowledge of the thermal-mechanical properties of 

epoxy/superconductor/insulation composite is important for 
designing, fabricating, and operating epoxy impregnated high 
field superconducting magnets near their ultimate potentials. We 
report measurements of the modulus of elasticity, Poisson’s ratio, 
and the coefficient of thermal contraction of epoxy-impregnated 
composite made from the state-of-the-art powder-in-tube 
multifilamentary Ag/Bi2Sr2CaCu2Ox round wire at room 
temperature and cryogenic temperatures.  Stress-strain curves of 
samples made from single-strand and Rutherford cables were 
tested under both monotonic and cyclic compressive loads, with 
single strands insulated using a thin TiO2 insulation coating and 
the Rutherford cable insulated with a braided ceramic sleeve.  
 

Index Terms—Bi-2212/Ag, mechanical property, strain, 
thermal contraction, composite material modeling. 

  
 

I. INTRODUCTION 
ith critical current densities (Jc) exceeding 2500 

A/mm2 in 20-30 T at 4.2 K [1, 2], Bi-2212/Ag round wire 
has long been considered as a candidate for constructing 

solenoids capable of generating fields that exceed the ~22 T 
limit of Nb3Sn and constructing 16-20 T dipoles for particle 
accelerators.  A critical issue is, however, how to manage the 
high electromagnetic stresses in such high field magnets.  The 
conductors within these magnets are subject to enormous 
pressures when the magnet is operating; at 20 T, the magnetic 
pressure is 320 MPa, high enough to cause plastic deformation 
of copper. Stress management will be a crucial design 
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consideration for high-field magnets based on Bi-2212 
conductors since Bi-2212 is brittle after reaction and its 
current-carrying capability depends on strain. Ic of Ag-sheathed 
Bi-2212 wires is virtually insensitive to tensile strain up to a 
sample dependent strain limit, beyond which the Ic decreases 
quickly and irreversibly. Applying compressive strain to 
Ag-sheathed BSCCO conductor causes a gradual and 
irreversible decrease of Ic [3]. For commercial Ag-0.2 wt% 
Mg/Ag/Bi-2212 (area ratio AgMg:Ag:Bi-2212 = 0.25:0.5:0.25) 
round wire, the working stress maximum is around 120 MPa at 
4.2 K whereas the irreversible tensile strain is between 0.3% 
and 0.45%.  In addition to the electromagnetic stresses during 
normal operations, both solenoids and dipoles are subject to 
complex mechanical motions and significant non-uniform 
temperature changes during quenching, both resulting in 
changes in conductor strain states that can’t be ignored when 
magnets work near their mechanical limits.  Moreover, 
construction of cosine-theta dipoles requires the coils to be 
pre-stressed to reduce conductor motion and thus minimize the 
probability of motion-initiated quenches.  

To understand and predict the strain state in the 
superconductor and devise a support structure capable of 
minimizing the stresses in the coils from magnet assembly to 
excitation, Fermilab initiated a program to measure and 
compute displacements, stress, and strain of all the components 
during assembling, cooling-down, and excitation for magnets.  
Here we report measurements of the mechanical properties and 
thermal contraction for epoxy-impregnated Bi-2212-based 
composite materials fabricated using the same method as for 
full size magnet coils.  

II. SAMPLE DESCRIPTION 
The wire stack samples were prepared as follows: 

commercial powder-in-tube Bi-2212/Ag wire from Oxford 
Superconducting Technology (0.8 mm diameter, 37x18 
filament architecture with filament diameter of ~20 µm) were 
insulated with a nGimat TiO2 coating [4] that consisted of a 
TiO2 basecoat ~20 µm thick and a polymer top-coat ~3 µm 
thick. The wires were hexagonally wound around a small 
Inconel 600 racetrack mandrel, heat-treated in 1 bar flowing 
oxygen using a standard heat-treatment procedure [5] of 
Bi-2212/Ag wires, and then impregnated with epoxy 
(CTD-101K).  After reaction, no visible signs of leakage were 
found but we believe that the coil contains leakage spots 
because of silver creep driven by internal gases common in the 
1 bar melt processing of long-length Bi-2212 wires [6]. The 
outer sheath of the wire was Ag-0.2wt%Mg, with area ratio of 
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AgMg:Ag:Bi-2212 = 0.25:0.5:0.25. The density of filament 
was approximately 75% of theoretical value. The coil was 
expected to carry ~65-80% of short sample Ic (short samples 
carried ~440 A in self-field and 190 A in 5 T at 4.2K).  The 
straight sections of the wire stack were cut (with Inconel 
removed) and polished.  A typical sample size was about 12 
mm x 12 mm x 18 mm (axial direction).  A typical sample 
contained about 13-15 by 13-15 strands.  Fig. 1a shows a 
typical sample stack.  The mechanical properties of these 
samples are necessary for any detailed design study of 
solenoids wound from Bi-2212 strands. 

 

 
Table 1: Specifications of the strand composite sample 

Strand sample  
Conductor Ag/Bi-2212 

External sheath Ag-0.2wt%Mg 
AgMg:Ag:Bi2212 0.25:0.50:0.25 
Strand diameter 0.8 mm 

Insulation nGimat TiO2 
coating 

Insulation 
thickness 

23 µm 

Winding Hexagonal 
Sample size 

[mm3] 
12 x 12 x 18 

 
 

Table 2: Specifications of the cable composite sample 
Cable sample  

Conductor Same as strand 
sample 

Cable width [mm] 1.46 
Cable 

thickness[mm] 
7.80 

Cable pitch length 39 mm 
No. of strands in a 

cable 
17 

Cable insulation  Al2O3-SiO2 

sleeve 
Insulation 
thickness 

150 µm 

Sample size 
[mm3] 

8.5 x 15.4 x 
20.6  

 
The Rutherford cable samples (Fig 1b) were cut from a 

racetrack coil (HTS-SC04) fabricated at Lawrence Berkeley 
National Laboratory (LBNL) [7]. The Rutherford cables were 
made from a 17-strand Bi-2212 wire (the specification of single 
strand is similar to that described above) with a nominal 
cross-section of 1.46 x 7.80 mm2.  The pitch length of the cable 
was 39 mm.  Wires were not twisted before cabling.  The cable 
was insulated with a braided Mullite fiber sleeve with a 

thickness ~150 µm (the sizing of the insulation was removed by 
baking the sleeve at 600 °C for 1 hour in a constant flow of O2).  
The racetrack coil contained two layers of Rutherford cables 
impregnated with CTD-101K epoxy.  The coil was tested at 
LBNL and carried 1526 A at 4.2 K.  A typical mechanical 
sample size was 8.5 mm (azimuthal direction) by 15.4 mm 
(radial direction) by 20.56 mm (axial direction).  Fig. 1b shows 
a typical cable composite sample.  The mechanical properties 
of these samples are useful for designing and fabricating 
accelerator dipoles and quadruples made from Bi-2212 
Rutherford cable. 

III. THERMAL CONTRACTION MEASUREMENT  

A. Measurement Method 
The thermal contraction of the Bi-2212 samples was 

determined using a thin film gage technique.  Strain gages 
(Micro-Measurements, WK-09 series) were mounted on the 
samples along principle orthogonal directions (defined in Fig. 1) 
using M-bond epoxy.  Samples were then cooled down from 
room temperature to 77 K and 4.2 K.  Before and after cooling 
down, the resistances of the strain gauges were determined by 
the standard four-point method.  The resistance change ∆R 
consists of: (i) resistance change of gage material with 
temperature; (ii) resistance change proportional to the thermal 
contraction difference between the gage grid alloy and the tested 
material. The thermal output, defined by  (R0 
and FG are the resistance of the strain gauge at room 
temperature and the gage factor), can be expressed as: 

 

 

εs =
∆R

R0 ⋅ FG

= [
βG

FG

+ (αs − aG )]⋅ ∆T                   (1) 

 
where βG is the thermal coefficient of resistivity of gage grid 
material, (αs - αG) is the thermal expansion coefficient 
difference between specimen and grid respectively, ∆T is the 
temperature change. 

To obtain αs, the same type of strain gage was mounted on a 
reference sample with known contraction coefficient αR. The 
thermal output measured from the reference sample is: 

 

                 (2) 

 
Subtracting (2) from (1), and rearranging,  
 

                              (3) 

 
It should be pointed out that thermal contraction coefficient is 
usually not a constant over a large ∆T and the α appearing in the 
above equations should be understood as ε/∆T.  The reference 
samples used in this study were high purity quartz, of which 
thermal contraction was taken to be zero, and Al-6061. Several 
thermal cycles were performed to determine the repeatability 
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Figure 1.  Samples with definition of loading directions: (a) strand 
sample (a=axial, t=transverse); (b) cable sample (z=axial, r=radial, 
θ=azimuthal). 
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and data scatter.  

B. Measurement Results and Comparison to Analytical 
Thermal Contraction 

The thermal contraction results are listed in table 3. For 
simplicity, αquartz is taken to be zero.  Data were averaged from 
three thermal cycles.   
 
Table 3: Mean thermal contraction data for Bi2212 composite samples 
(specifications listed in table 1 and 2) from 293 K to 77 K, and from 293 K to 
4.2 K 

Temperature ∆L/L 
(293K77 K) 

∆L/L 
(293K4.2K) 

Strand – axial direction -0.316% -0.351% 
Strand – transverse direction -0.436% -0.493% 
Cable – axial direction -0.296% -0.326% 
Cable – radial direction  -0.357% -0.397% 
Cable – azimuthal direction -0.489% -0.525% 
Al-6061 (measured)  -0.387% -0.423% 
Al-6061 (theoretical) -0.389% -0.414% 

IV. ROOM TEMPERATURE AND 77 K MECHANICAL PROPERTY 
MEASUREMENT  

A. Measurement Method 
Stress-strain curves for samples were tested under 

compression for principal orthogonal directions using a loader 
and a stainless steel sample fixture, as shown in Fig. 2.  The 
sample fixture features guiding pins to minimize non-uniform 
loading, which is further minimized by carefully polishing 
samples to ensure the distance variation between each pair of 
parallel planes to be less than ±0.8%. For 77 K measurements, 
samples were placed in a cryostat immersed in liquid N2.  The 
modulus of elasticity is calculated using Hooke’s law. 

To certify the validity and reproducibility of the 
measurement method, a reference Al-6061 sample was tested.  
The aluminum sample measured 12.7 mm x 12.7 mm x 25.4 
mm. The measured value of the Young’s modulus is 72.2 GPa 
(typically reported value is 69 GPa) whereas the measured 
Poisson’s ratio at 293 K is 0.389 (comparing the typical 
reported value of about 0.35). The standard deviations of these 
measurements were lower than 6%. 

 

 
B. Modulus measurement of strand samples  

Table 4 lists the measured Young’s modulus of the strand 
composite sample along both axial and transverse directions at 
293 K and 77 K.  Table 4 also lists the room temperature, 77 K 

and 4 K elastic modulus for the strand composite sample 
calculated using a lamina modeling of fiber-embedded 
composite materials [8] by treating strands as fibers and epoxy 
as matrix. In this calculation, a Bi-2212 filling factor of 25% 
was used. A strand-packing factor of 0.785 was used for the 
strand sample and the epoxy was assumed to completely fill the 
gaps between strands.  The calculation results agreed 
reasonably well with the experimental results. 
 

Table 4: Elastic Modulus for Bi-2212 composite (strand sample) 
Temperature Axial 

(GPa) 
Transverse 
(GPa) 

293 K measured) 48.6 25.8 
77 K (measured) 54.19 27.21 

293 K (calculated) 51.64 24.01 
77 K (calculated)  56.46 28.62 

4.2 K (calculated)  57.93 31.38 

 
The Young’s modulus values listed in table 4 were measured 

with applied stresses no greater than 20 MPa, below which the 
stress - strain curves of the strand sample remain linear.  
Stress-strain curves of Bi-2212 strands were reported to 
become nonlinear for stress greater than ~40 MPa in the axial 
direction.  Figure 3 shows the stress–strain curve of the strand 
sample loaded axially (cyclic loading, 77 K) up to 105 MPa.  
Both nonlinear strain-stress behavior and strain hardening 
effects were observed. 

 
C. Poisson’s ratio measurement results of strand samples 

The Poisson's ratio measurement results are shown in Fig. 
4 for which the loading direction was axial and the test occurred 
at 293 K.  Table 5 summarizes the Poisson’s ratios at 293 K and 
77 K.  For the strand samples, the Young’s modulus and 
Poisson’s ratio satisfies E1/ν12=E2/ν21, a typical behavior of 
orthotropic materials. 

 
Table 5: Poisson’s ratios for Bi-2212 composite (strand sample) 

Temperature ν12 ν21 
293 K (measured) 0.35 0.16 
77 K (measured) 0.36 0.14 

 

 
Fig. 2.  Experimental setup used for the compression test. Left: The stainless 
steel compression test fixture that includes a bottom anvil (left) and a top 
piece (right). Right: the hydraulic loader with electronics and dewar. 

       
Fig. 3.  Stress strain curves of the strand sample along the axial direction under 
cyclic loading with stress up to 105 MPa at 77 K 
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D. Modulus measurement of cable samples  

Table 6 lists the Young’s modulus values of the cable 
composite sample along three orthogonal directions.  The 
Young’s modulus values listed in table 6 were measured with 
applied stresses up to 20 MPa.    
 

Table 6: Elastic modulus for the Bi-2212 cable composite sample 
Temperature Axial 

(GPa) 
Azimuthal 
(GPa) 

Radial 
(GPa) 

293 K (measured) 38.58 18.2 12.68 
77 K (measured) 40.21 20.5 14.0 

 

E. Poisson’s ratio measurement results of cable samples 
The Poisson's ratio measurements are shown in Fig. 5 for 

which the loading direction is azimuthal and the test occurred at 
293 K. Table 7 summarizes the Poisson’s ratios at 293 K and 77 
K. 

 
Table 7: Poisson’s ratios for Bi-2212 composite (strand sample) 

Temperature ν31 ν13 ν12 ν21 
293 K (measured) 0.31 0.11 0.13 0.40 
77 K (measured) 0.31 0.12 0.12 0.37 

 
Note that the cable results reported above were measured 

with gages mounted on a layer of epoxy. If the cable samples 
were further polished so that the gages were mounted on the 
exposed strands, complicated strain-stress curves and Poisson’s 
ratio results were observed. Poisson’s ratio exceeded 0.5 or 
even 1 in such situation. This is probably because of the 
structure of cables; the strands are twisted and transposed so the 
loading directions were not strictly along principal orthogonal 
directions.  Loading off axis may result in complicated local 
stress on the strand. Similar behavior has been reported in study 
of fiber-reinforced materials loaded along off-axis directions 
[9]. On the other hand, results measured by gages mounted on 
epoxy may be considered as an average behavior. 

 

V. CONCLUSION 
The stress-strain curves and the thermal contraction 

coefficients of epoxy/Ag-Bi2212 composites were 
experimentally established. The measurements are compared to 
values estimated using a rule of mixture calculation.  The 
calculation is reasonably consistent with the experimental data. 
This data may be used for designing and operating high field 
magnets based on Bi-2212/Ag wires.  
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Fig. 4. Stress - strain measurement of the strand composite sample at room 
temperature. The loading was in axial direction and the strain was measured 
along axial and transverse directions.  
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Fig. 5.  Stress - strain measurement of the cable composite sample at room 
temperature. The loading was in azimuthal direction and the strains were 
measured along azimuthal and axial directions. 
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