
IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY, VOL. 26, NO. 3, APRIL 2016 6900204

Superconducting and Mechanical Properties of
Low-Temperature Solders for Joints

Yeekin Tsui, Ra’ad Mahmoud, Elizabeth Surrey, and Damian Hampshire

Abstract—All large superconducting applications require elec-
trical connections between superconductors or between supercon-
ductors and other metallic parts of the systems. Such connections
are essential components for these applications and are usually
made by melting the solder (or soft soldering). In general, the melt-
ing point, electrical resistivity, mechanical and wetting properties,
and toxicity are all important criteria when choosing the best sol-
der for a specific application. If the solder itself is superconducting
under the operating conditions of the application, then there is also
the possibility of extremely low resistance joints. In this work, we
report on the superconducting properties of six low-melting-point
solders, namely, Bi49Pb18In21Sn12 (Cerrolow 136), Pb20Sn34Bi46,
Pb20Sn60Bi20, In52Sn48, Pb38Sn62, and Pb57Bi36Sb7, and the me-
chanical properties of three of the six solders (Pb38Sn62, Cerrolow
136, and Pb20Sn34Bi46). We have found that all the solders except
Pb38Sn62 and In52Sn48 have relatively high upper critical fields
(higher than 2 T) at temperatures lower than 3 K. Although the
good ductility and high maximum fracture elongation of Pb38Sn62

is useful when using low-temperature superconductors, other sol-
ders may be preferred with high-temperature superconductors
because their lower melting temperatures mean they are less likely
to delaminate them.

Index Terms—Coated conductor, solder, soldered joint, tensile
test.

I. INTRODUCTION

SOLDERED joints are essential components of all large
superconducting applications. These applications include

superconducting power lines, high-field magnets for MRI ma-
chines, nuclear fusion reactors and particle accelerators. To en-
sure reliable operation of soldered joints, a detailed knowledge
and understanding of all the relevant electrical, thermal and
mechanical properties of the solder are required. As part of the
first screening of solders for joints, we usually consider elec-
trical resistivity, melting point, mechanical strength, wetting
properties and toxicity. The importance of each of the solder’s
properties can differ from one application to another. If high-
temperature superconducting coated conductors are involved
then the melting point of the solders used must be low. A high
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TABLE I
MAXIMUM TEMPERATURE USED TO MELT THE SAMPLES AND THE

COOLING RATE USED TO FABRICATE THE SOLDER

SAMPLES FOR MECHANICAL TESTS

soldering temperature can lead to delamination of the coated
conductors and change of oxygen content in the supercon-
ducting layer. These effects will degrade the superconducting
properties of the coated conductors [1]. However for joints
using low temperature superconductors, the superconducting
materials are much more chemically and structurally stable and
melting point of the solder is not so important. The mechanical
properties of commonly used solders such as Pb38Sn62 have
been studied extensively [2]. However, the superconducting
properties of many low melting point solders that are potential
materials for joints have not yet studied in detail. In this paper
we find that the cooling rate during the solidification of the
solder strongly affects its mechanical properties, most probably
because of the different microstructures formed [3]. Hence we
present a study of both the superconducting and mechanical
properties of six low melting point solders, so that with good
control of sample preparation, we identify good candidate
solders for superconducting applications.

II. EXPERIMENT

A. Sample Preparation

All the samples except the Cerrolow 136 were fabricated
in-house at Durham. Cerrolow 136 was obtained from a com-
mercial company. All the constituent elemental metals of each
solder were placed into a crucible. The crucible was then heated
to well above the melting point of the solder (cf. Tables I and
II). Heat was removed when the molten solder was formed and
the crucible was allowed to cool down to room temperature
in air. The samples for mechanical tests were made by re-
melting the solders at temperatures well above their melting
temperatures. Each sample was then cooled down to room
temperature at a constant rate in air. The cooling process was
monitored by two thermocouples to ensure there was no thermal
gradient across the sample. We found that controlled cooling
rates were essential to ensure reproducibility of the experi-
mental results. Table I gives the maximum temperature and
cooling rate used during the fabrication of the sample for
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TABLE II
MELTING POINT, RESISTIVITY, AND SUPERCONDUCTING

PROPERTIES OF THE SOLDERS STUDIED

the mechanical tests. The samples were formed as rectangular
slabs with typical dimensions of 80× 4.4× 2.2 mm3. For ac
magnetic moment measurements, a small piece of each solder
was cut and mounted in a plastic straw.

B. Experimental Procedures

All mechanical tests were carried out using a Mecmesin
Multi-Test 2.5-d tensile & compression test system. A pair
of Nyilas-type extensometers [4] were used to measure the
elongation of each sample at different strain rates. These very
sensitive extensometers consist of a copper-beryllium frame
and are equipped with a Wheatstone bridge of strain gauges.
The double extensometer configuration also has the advantage
of mitigating against experimental errors resulting from sam-
ple distortion. Ac. magnetic moment measurements of all the
solder samples were performed in a Quantum Design Physical
Properties Measurement System in magnetic fields up to 2 T
and at temperatures from room temperature down to 2 K. The
resistivity of the solders was measured using the standard dc
four-terminal method.

III. RESULTS AND DISCUSSIONS

A. Superconducting Properties

Bc2(T ) of Cerrolow 136, Pb20Sn34Bi46, Pb20Sn60Bi20 and
Pb57Bi36Sb7 was determined from the ac magnetic moment
measurements. The values of Bc2(T ) for these solders were
obtained from the onset of the superconducting transition in
decreasing temperature. Fig. 1 shows typical ac magnetic mo-
ment against temperature curves at different applied magnetic
fields for one of the solders studied. Bc2(T ) of Pb38Sn62 or
In52Sn48 was obtained from resistivity measurements. Typical
resistivity data for Pb38Sn62 are shown in Fig. 2 Bc2(0) and
the transition temperature (Tc) were obtained by fitting the
Bc2(T ) data with the Werthamer-Helfand-Hohenberg (W-H-H)
equation [5] as shown in Fig. 3. Melting point, resistivity,
Bc2(0) and Tc of all solders are summarized in Table II.
Pb38Sn62 or In52Sn48 have Bc2(T ) values almost 10 times lower
than the other solders and relatively low Tc values. The solders
with higher Bc2(0) values open the possibility of very low
resistance joints if the joints are located in low field regions for
a given application. Some also have substantially lower melting
points (i.e. all except Pb57Bi36Sb7) which can ensure there is no
degradation for example to HTS coated conductors during the

Fig. 1. Ac. magnetic moment against temperature in different applied magnetic
fields for Pb57Bi36Sb7. Lines are guides to the eye.

Fig. 2. Normalized resistivity of the Pb38Sn62 solder as a function of magnetic
field at different temperatures. Lines are guides to the eye.

Fig. 3. Upper critical field as a function of temperature for Pb57Bi36Sb7.
Curves are fitted using the W-H-H equation.

soldering process. Equally if low temperature superconductors
are being used and the operating conditions for the joints are at
high magnetic field, then the soldering temperature need not be
important and Pb38Sn62 may be a better solder to use because
of its much lower resistivity and better mechanical properties.

B. Mechanical Tests

Fig. 4 displays a typical stress-strain curve for the samples
measured in this work. The elastic modulus, tensile strength
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Fig. 4. Stress–strain curve for Bi49Pb18In21Sn12 at a strain rate of 0.053 %/
second.

Fig. 5. Stress versus strain at different strain rates for Pb20Sn34Bi46.

and fracture elongation were extracted from these curves at
different strain rates for each sample (see Fig. 4). Fig. 5 shows
the stress/strain curves for Pb20Sn34Bi46 at different strain rates
which shows the strain rate has a substantial effect on the
solder’s mechanical properties. The figure also demonstrates
the good reproducibility obtained for nominally identical sam-
ples. The high strain rate dependence of mechanical properties
is well established for both Pb-Sn and Pb-free solders in the
literature [6]. Figs. 6 and 7 show the elastic modulus (E) and
tensile strength (σT ) against strain rate for all three solders.
Among these 3 materials, Pb38Sn62 has the best mechanical
properties then Cerrolow and finally Pb20Sn34Bi46. The values
of E and σT differ by ∼30% for Pb38Sn62 and Cerrolow 136.
Figs. 8 and 9 display the fracture elongation of the samples
as a function of strain rate. In Fig. 8, the fracture elongation
was measured using the whole length (∼44 mm) of the sample
between the grips of the stress/strain measuring machine after
failure. Whereas in Fig. 9, the maximum fracture elongation
was measured in that part of the samples (25 mm in length)
outside of the breaking point of the sample. Both of these
figures show the fracture elongation of Pb38Sn62 is several times
higher than that of Cerrolow 136. We conclude that the much
lower values in Fig. 9 compared to Fig. 8 are much more
relevant and useful for practical assessment of the best solder
for joints. Consistent with our extensive experience making

Fig. 6. Elastic modulus versus strain rate for three solders on a log-log scale.
Lines are guides to the eye.

Fig. 7. Tensile strength versus strain rate for three solders on a log-log scale.
Lines are guides to the eye.

Fig. 8. Fracture elongation as a function of strain rate for three solders at room
temperature. Elongation was calculated from measuring the full length of the
broken sample (∼44 mm in length). Lines are guides to the eye.

soldered joints between HTS coated conductors and copper-
beryllium using both Pb38Sn62 and Cerrolow 136 and then
straining the joints, we found Cerrolow 136 soldered joints
sometimes came apart when they were cooled down to 4.2 K
from room temperature and often failed at very low strain
values at about 0.5%. Such behavior very seldom happened
with Pb38Sn62 soldered joints.
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Fig. 9. Maximum fracture elongation as a function of strain rate for three
solders at room temperature. Elongation was measured in the middle section of
the sample (25 mm in length) that was unbroken—outside the breaking point.
Lines are guides to the eye.

IV. CONCLUSION AND FUTURE WORK

We have measured some of the electrical, mechanical and
superconducting properties of some relatively high Bc2 solders.
These solders can provide good properties for applications
requiring joints. We have reported that at room temperature
the maximum fracture elongation and ductility of Pb38Sn62 is

much greater than Cerrolow 136 and that a measurement of the
maximum fracture elongation provides a good measure of the
solder’s mechanical properties for joints. In the future, we are
going to extend the measurements to low temperatures, include
wettability tests and expand the solder selection to contain other
increasingly used lead-free solders such as Sn96.5Ag3Cu0.5 [7].

REFERENCES

[1] Y. Tsui, E. Surrey, and D. Hampshire, “Soldered joints—An essential com-
ponent of demountable high temperature superconducting fusion magnets,”
Supercond. Sci. Technol., to be published. [Online]. Available: http://dx.doi.
org/10.15128/gh93gz491.

[2] M. Fink, T. Fabing, M. Scheerer, E. Semerad, and B. Dunn, “Measurement
of mechanical properties of electronic materials at temperatures down to
4.2 K,” Cryogenics, vol. 48, no. 11/12, pp. 497–510, Nov./Dec. 2008.

[3] K. S. Kim, S. H. Huh, and K. Suganuma, “Effects of cooling speed on
microstructure and tensile properties of Sn-Ag-Cu alloys,” Mater. Sci. Eng.,
A, vol. 333, no. 1/2, pp. 106–114, Aug. 2002.

[4] A. Nyilas, “Thermal contraction measurements of various materials using
high resolution extensometers between 290 K and 7 K,” in Proc. AIP Conf.,
2004, vol. 711, p. 151.

[5] N. R. Werthamer, E. Helfand, and P. C. Hohenberg, “Temperature and
purity dependence of the superconducting critical field, HC2. III. Electron
spin and spin-orbit effects,” Phys. Rev., vol. 147, pp. 295–302, 1966.

[6] W. J. Plumbridge and C. R. Gagg, “Effects of strain rate and temperature on
the stress–strain response of solder alloys,” J. Mater. Sci., Mater. Electron.,
vol. 10, no. 5, pp. 461–468, Jul. 1999.

[7] H. Ma and J. C. Suhling, “A review of mechanical properties of lead-
free solders for electronic packaging,” J. Mater. Sci., vol. 44, no. 5,
pp. 1141–1158, Mar. 2009.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues false
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


