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A probe has been designed and built to measure the critical current density (Jc) of
short superconducting wires and tapes as a function of strain (e€) in small bore high
field magnets. The probe can measure currents of up to 100 Amps and strains of
1.0% on both low and high temperature superconductors. Measurements can be made
in our 40 mm bore 17 T high magnetic field system in pumped cryogens. Strain is
measured using commercial strain gauges pasted directly onto the samples. A Ag-
sheathed Bi,Sr,Ca,Cu;0x tape has been measured at 4.2 K in magnetic fields up to
12 T. Jc is hysteretic in high magnetic fields and is weakly dependent on magnetic
field and tensile strain up to ~ 0.29%. Beyond ~ 0.29% strain, the filaments break and
Je drops precipitously. Results are also presented for the effect of tensile and com-
pressive strain for a 0.37 mm diameter Nb;Sn wire at 4.2 K and 2.9 K from 10 T up to
14 T. The data confirm that a simple scaling law that includes the upper critical field
(Bc,(T,e)) and the reduced field (B/Bc,( T,€)) alone cannot accurately describe the field,
temperature and strain dependence of J.. 0 1998 Elsevier Science Ltd. All rights
reserved

Keywords: superconductors (A); critical current density (C); flux pinning (C); mechan-
ical properties (C); critical field (C)

The effect of strain on the current carrying capacidy)( superconducting sample is mounted onto the probe. Then
of superconducting tapes and wires is an important factor a brief outline of the external circuitry and the procedure
in their technological use. Superconducting magnet appli- for taking data is described. The next three sections provide
cations, for example, subject the conductor to strain on thethe critical current data for a BiSCCO tape and a;8tb
order of 0.2% during the process from winding the conduc- wire and an analysis of these data. This is followed by a
tor to forming a magnétFor Nk,Sn a tensile strain of 0.5%  discussion of the performance of the probe and the experi-
at 14 T can reduce ity by 509. Therefore, it is important  mental results. Finally, a short summary of the main find-
to understand the strain toleranceJgfin superconducting  ings is provided.
tapes and wires.

This paper describe_s the_ design and operation of a probe-rhe strain probe
for use in small bore high field magnets. Variable tempera- . .
ture data are presented, obtained using pumped cryogen&rinciple of operation
for both compressive and tensile strain. Tensile measure-The measurement procedure consists of attaching a strain
ments on the high temperature superconductor (HTS)gauge to the sample which is situated at the bottom of the
Bi,Sr,CaCu;0x (BiSCCO) tape show that degradation of probe. Current leads are attached to the sample together
Jc is consistent with the filaments cracking -at0.29%. with two voltage taps at a distance of 3—5 mm apart. The
By measuring the low temperature superconductor (LTS) strain gauge lies between the voltage taps. The probe is
Nbs;Sn at 4.2 K in tension and 2.9 K in compression, direct inserted into a high field magnet. Strain is applied to the
evidence is provided for the functional form of the field, sample via a gear system located at the top of the probe.
temperature and strain dependencelof The value of the strain is calculated from the change in

The next section outlines the principle of operation and resistance of the strain gauge. The transport current through
design of the probe. There follows a description of how the the superconductor versus voltage across the taps (I-V) is
measured as a function of magnetic field. Then the -V
measurements are repeated at the different values of
*To whom correspondence should be addressed strain required.
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The construction of the probe which are insulated using PTFE to reduce friction. The bot-
tom part of each lower brass strut has two brass posts for
sample mounting which are insulated with tufnol. The
lower brass struts are attached to the demountable stainless
steel sheath by inserting the stainless steel pivot pin which
prevents the bottom section of the probe from rotating when

Figure 1shows the overall construction of the strain probe.

It uses a gear system to transfer the driving force from the
top of the probe down to the sample operating in a similar
way to a ‘car-jack’. The gear system rotates the upper and

lower rod. Because the lower brass struts are fixed by the® ~"*" :
pivot pin, the rotation moves the threaded end of the lower Strain is applied. The two halves of the lower brass struts
are connected to each other by two springs which return

rod into the screwthread housing which lifts it towards the ; " ;
collar. This causes the upper brass struts at the bottom sect€ lower brass struts to their normal position when tension

tion of the probe to move upwards. This upward movement S rémoved. , _
causes the top part of the lower brass struts to close which 1he overall length of the probe is 1825 mm. The diam-
opens the bottom part of the lower brass struts. This move-&ter of the probe is limited to 37 mm so that it can be
ment stretches the sample. The upper and lower rod can bdnserted in the 40 mm bore of our Oxford Instruments 17
rotated clockwise for tensile measurements and anticlock- T€sla magnet. The top brass head consists of two electrical
wise for compressive measurements. leadthroughs for current leads, two 10-pin connectors for
The collar is one of the fixed points in the probe. The instrumentation leads, a one-way valve and a gear system
fastening screws ensure the collar is anchored to theattached to an aluminium lifting bracket. A thin-walled
demountable stainless steel she&ilgure 2shows the bot-  demountable stainless steel sheath protects the instrumen-
tom section of the probe. The slot screw locates into a slot tation leads. It also helps to reduce heat loss and the overall
in the stainless steel rod and ensures the lower rod canweight of the probe.
rotate but cannot move up or down with respect to the col-  The high current leads enter the middle section of the
lar. The upper brass struts are connected to the screwthreatbrass head via two vacuum-tight current leadthroughs
housing and the lower brass struts by stainless steel ping(Figure 1). At this point they each consist of five pairs of

r (0 Lifting bracket

5——— Knob (gear system)
h

One-way Stainless steel rod
valve

Brass head
Current lead throughs

Ten-pin connectors

240mm 1 |
Current leads Upper rod
— .:
‘ — Demountable sheath
(stainless steel)
7
CM
Al
]
Lower rod
/J
z/
1630mm J_ .
Fastening screws ,?i_____ Collar
Slot screw
Threaded stainless
steel rod .
Screwthread housing
Upper brass struts
Brass sleeve
housing
Lower brass struts
181 OmmJ: Demountable brass sleeve
1825mm Pivot pin

4>
37mm

Figure 1 The strain probe (drawn to scale)
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Figure 2 The bottom section of the strain probe (drawn to scale)

twisted copper wires of 0.71 diameter. Travelling down the ducting material makes up about 40% of its cross-sectional
probe the number of wires in the leads is reduced until there area. It was fabricated using the oxide-powder-in-tube tech-
is only a single pair attached to the sample which reducesnique. The second series of experiments were made on a
helium consumption. The current leads are electrically iso- bronze route 0.37 mm diameter, Mmn multiflamentary
lated from the main body of the probe by wrapping them wire which consists of 4500 Nb filaments in a bronze
with Mylar tape. Instrumentation leads are connected to two matrix. The superconducting N®n layer was formed using
10-pin connectors at the middle of the brass head. All a heat treatment of 70Q for 64 h.
instrumentation leads are twisted pairs to minimize electri- Before starting a series of measurements, the demount-
cal noise in high fields. Since the central rod rotates during able stainless steel sheath is temporarily removed to check
strain measurements, enough slack is given to the instru-the instrumentation leads inside the probe. The pivot pin is
mentation leads and the high current leads to cater forinserted and the sample assembly, which includes the strain
these rotations. gauge, is attached to the brass plates across the lower brass
When high sample currents flow, the Joule heat producesstruts. It is critical to mount the sample assembly properly
cold helium gas. Some of this gas flows past the currentto obtain correct results. The procedures for making the
leads through several holes in the stainless steel demountsample assembly for the BiSCCO tape and thgS¥bwire
able sheath and out through the one-way valve at the brassare described below.
head. These holes are placed below the line of the cryostat
baffles. The gas flow prevents the current leads from
overheating and also helps reduce helium consumption.
The whole system is leak-tight so that variable tempera- The HTS tape was cut to about 9 mm long. A commercial
ture measurements can be made from 4.2K to 1.8 K in strain gauge (Micro-Measurements: WK-06-062AP-350)
liquid helium using vapour pressure thermometry. was reduced to 4.8 2 mm by removing some of the sur-
rounding backing material. The manufacturers procedure
was used to mount the strain gauge directly onto the tape
Sample mounting and strain measurements between the voltage taps. After curing at 10Gor 4 h, the
sample was soldered onto a %510 x 0.1 mm brass foil.
The first series of experiments reported here were made onWe found by trial and error that a foil thickness of 0.1 mm
a multifilamentary BjiSr,Ca,Cu;O4/Ag (BiISCCO) tape. It was required to support the tape. With thinner foils the tape
has a thickness 0.3 mm and a width 3.4 mm. The supercon-broke prematurely. With thicker foils unacceptably large

BiSCCO sample assembly
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driving forces were required to produce the required strain. Having measured more than 10 samples using the probe,
PbSnAg solder (Fibra-Sonics S-100A-10) was used for sometimes when the upper and lower rod were rotated
sample mounting rather than ordinary PbSn solder. The clockwise, the sample compressed rather than stretched. We
PbSnAg solder has a melting point of 3@5and is more attributed this to differential thermal contraction between
ductile at low temperaturésThe tape/foil was soldered various components of the probe. This problem did not
onto the brass plates at the bottom end of the probe. Forcompromise the data because the strain gauge was directly
tensile measurements, an additional 0.45 mm diameter cop-attached to the sample between the voltage taps.

per wire was soldered to the brass posts which were electri- After the sample has been mounted and the instrumen-
cally insulated from the tape with tufnol. Finally, the cur- tation leads connected, the demountable brass sleeve is
rent leads and voltage taps were soldered directly to endsattached to the probe to protect the sample while the probe
of the sample. This ‘wire and foil' helped to extend the is inserted into the magnet.

range of strain to well above the required 0.3% before the

sample assembly broke.

External circuitry
Nb;Sn sample assembly

It is essential that the sample is as straight as possible whenFIgure 3 represents external circuitry and equipment for

the strain measurements are made. A steel holder whichStraln measurements. The constant current through the

. : train gauge is supplied from a Lakeshore 120 current
consisted of a recess to contain the sample was used whe . .
the sample was reacted (64 h at T0Q. The sample was riource. The voltage across the strain gauge is detected by

coiled at both ends of a straight sectien9 mm long. A a Keithley DMM (voltmeter 1). The system is computer

small commercial strain gauge (Micro-Measurements, type: fg,?tﬂglifd EéIYnSt?rr?gtlt\éi,er%? (Ie t{;n_ ei ?&%r!cm software writ-
EA-06-015DJ-120) was reduced in dimensions to 2.5 g '

X . . , The sample current is generated either by a 100 Amp
0.6 mm by cutting away some of its backing material. The :
strain gauge was pasted directly onto the wire and held in Thor Power Supply or by a 500 Amp Power Supply built

place around the wire using nylon string during curing in-house. The sample current is ram_ped by_a_Kepco \_/oltage
(100°C for 4 h). Two copper posts were soldered into the programmer and measured by a Keithley digital multimeter

L (voltmeter 2) using a standard resistor (c) in series. The
Rg:gz ?onatgc?ebrtﬁseplggtass W'Az:ls8 ?on%rtgq ;r;rt())rsa; fhfg” Iv;/ltehs ThSamIOIe voltage is measured using a Keithley 182 digital
P p P - Nfanovoltmeter. Communication is by the IEEE bus for all

Nb;Sn sample was then soldered along its entire length onto. o9
. . instruments except for the magnet power supply which is
the foil/plates so that the coiled ends of the sample sur- connected by the RS232 bus.

rounded the copper posts. The coiled ends increased the
length for current transfer into the superconductor. Solder
was very sparingly used along the straight length of the
sample. The sample assembly (sample/foil/posts/plates)Experimental results
was fitted to the brass posts at the bottom of the probe as .
shown inFigure 2 The current leads were attached directly Je for BISCCO
to the copper posts, the voltage taps to the sample and thé=igure 4 showsJ. versus tensile strain for the BiSCCO
instrumentation leads connected to the strain gauge ter-tape at 4.2 K at different fieldsl. is calculated using the
minals. cross-sectional area of the superconductor alone. The field
was applied perpendicularly to both the direction of trans-
port current and the flat surface of the tape (Begparallel
to the c-axis of the tape). These data were deduced from
After the sample has been mounted on the probe, the conV-I traces using a 1.V criteria (equivalent to
traction of the probe when cooled to 4.2 K can strain the 3 wV cm™) to ensure good signal to noise. The data starts
sample. In order to account for this, the resistance of a setat about 0.05% strain indicating that the tape was strained
of strain gauges mounted on the BiSCCO and thgSdb  on cool-down by the probe. The figure shows thatis
samples, and then freely suspended in liquid Helium was almost independent of strain from 0.05% to abeuit.29%.
measured. These resistance readings were used to definAbove ~ 0.29% strainJ. starts to decrease dramatically.
the zero strain values in this paper. The uncertainty in the After J. has decreased to less than half its original value,
zero strain value from one sample/strain gauge to anotherthe strain measured between the taps decreased. This is due
wast 0.02% for the NBSn wire, and for the BISCCO tape to inhomogeneity in the mechanical properties of the tape
+ 0.04%. which is discussed below. Consistent with this explanation,
During each 1-V measurement, the change in strain of three other short samples from the same tape were meas-
the sample due to the Lorentz force was monitored and ured (not presented in this paper). One sample showed
found to be less than 0.025%. When all the V-1 traces were similar properties to those reportedfiigures 4and>5. The
completed as a function of field, the strain reading typically other two samples showed an initial degradationrJinat
returned to within 0.03% of its original value. The sensi- much lower strains of 0.05% and 0.1% followed by further
tivity of the strain measurement detected by the DMM is decreases id. as the strain was increased.
1.4 x 10% for the tape and 4.8 10%% for the wire. The Figure 5shows thatl is hysteretic with magnetic field.
control for changing the strain was typically 0.01% for the Jc is higher in decreasing fields than in increasing fields.
wire and 0.005% for the tape. We suggest the control is This type of hysteresis has been observed béfove attri-
limited by slippage in the gearbox system when the sample bute the anomalous hysteresis at 0.5 T at the high strain of
is subjected to high strains, friction in the joints in the 0.297% to filament breakage during the in-field measure-
probe, and/or cracking in the solder. ments.

Strain measurements
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Figure 3 External circuitry and equipment for strain measurements
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Fi_gure4 Je versus tensile strain in high fields at 4.2K for a Figure 5 The hysteresis of J; versus magnetic field at 4.2 K at
BiSCCO tape three different strains for a BiSCCO tape. The J; values are
higher when the field has been decreased to the required value
Jc for Nb,Sn rather than increased

Figure 6 shows the typicalE-J characteristics for the

Nbs;Sn wire. The strain value starts at about 0.1%. At low Figure 6 shows that as the strain increases from 0.1% to
currents, there is a resistive baseline which can be attributed0.2%, J- increasesFigure 7 shows the dependence &f

to current transfer. Because the sample is so short not all thein-field on tensile strain for the NBn wire at 4.2 K.J-
current has transferred into the superconducting filamentsreaches a peak value at about 0.25% and then decreases.
between the voltage tapdVe have chosen a relatively high  For currents above- 90 Amps, the data are unreliable
criterion of 10uV ( ~ 25V cm™) to definel, to avoid because the sample quenches.Figure 8 the magnetic
errors associated with current transfer. The valuedof  field and strain dependence &ffor a second sample meas-
qguoted are for the entire cross-sectional area of the wire.ured in compression at 2.9 K is shown. For these measure-
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Figure 7 J. versus tensile strain in high fields at 4.2K for a
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Figure 9 The upper critical field (Bc,) as a function of intrinsic
strain for the two Nb;Sn samples at 4.2 K. For comparison the
data by Ekin® on doped NbsSn is included. The arrows denote
data sets where (i) Bc, = 19.1T and (ii) B, =19.8T
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Figure 10 A Kramer plot: J"2.B"* versus B for Nb;Sn. Data are
taken for sample 1 at 4.2 K, 0.1% strain and 0.4% strain and for
sample 2 at 2.9 K, — 0.4% strain

reduced field = B/B., whereBc. is the upper critical field.
The Fietz—Webb Temperature Scaling Caweplaces
a(T,e) by aB", (a is a constant). For NISn and its ter-
naries, it is found experimentally that the Kramer Taw
operates wherp = 1/2 andq = 2. Equation (1) can then
be rearranged to give:
J¥BY = Bz (B, - B) (2)
By replotting the data irFigures 7and 8 on a Kramer

plot (i.e. J-?BY versusB), a straight-line least-squares fit
to the data at each temperature gives valueB-gf In Fig-

ments made at low pressure, the sample quenches at curdre 9 the calculated values d8., are presented for the

rents above- 80 Amps.

The Kramer dependence in Nb;Sn

The Scaling Laws in the literature which parametrize the
volume pinning forceF, can be written in the form:
Fo = a(T,e)bP(1 - b)a (1)

where «(T,e) is a function of temperature, strain and the
microstructure of the sample;andq are constants and the

1012 Cryogenics 1998 Volume 38, Number 10

Nb;Sn measured in tension at 4.2 K and in compression at
2.9 K as a function of intrinsic strain. The intrinsic strain
is defined to be zero wheB, is at its peak value. The
precompression is 0.25%. For comparison, data by Ekin
for a doped NESn compound are presented. Arrows-ig-

ure 9 highlight that a value 0B, of either~ 19.1 T or~
19.8 T can be found at three different values of strain and
temperature. IFigure 1Q a Kramer plot for the three data
sets giving a value foB., of ~ 19.1 T are presented. It is
apparent that despite the valuesBgf, being approximately
the same, the gradient of the lines are different. Similarly,
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the data sets plotted on a Kramer plothigure 11show measure tensile and compressive strains. Strain is applied
a similar value ofBc, and quite different gradients. For by exerting a force to the legs of the U-shaped spring. The
comparison, Kramer plots calculated from the data in springs were made from brass because it has a low Young’s
Ekin’s work® (Figure 2) are shown. Ekin's data at 4.2 K modulus (95-100 GPa) and is simple to machine and easy
and our data at 4.2 K and 2.9 K are consistent with eachto solder. However, these brass springs are massive and a
other. WhenB, is lowered by applying strain, the magni- large driving force is needed to apply strain. The strain
tude of the gradient of the Kramer line increases. range for this system is 1.2%. Haken has investigated the
role of deviatoric strain in determining the critical para-
meters of superconductors.
Discussion An elaborate description of a spiralled bending spring
method was given by Waltefs This system was designed
for tensile and compressive strains. In its original form, the
The design and operation of the strain probe has advan-system requires quite a large bore size magnet, approxi-
tages: mately 55 mm. Since the sample is supported by a spring,
the spring material must have a greater elastic limit than
1. the probe can fit into any magnet of bore size greater the maximum required for the measurements. Walters used

The strain probe

than 40 mm; 318 titanium alloy to meet this requirement. The disadvan-
2. tensile and compressive strain can be measured; tage of this alloy is that it is difficult to solder the sample
3. very small strain can be applied to the sample by use onto it. However, an important advantage of this probe is

of the gear system; that it can be used to measure very high transport currents.

4. it is possible to measure the change in strain of the
sample during measurements resulting from the Lor-

entz force; and BiSCCO tape
5. variable temperature data can be obtained using vapour
pressure thermometry. The effect of strain on thd. values for the BiSCCO tape
presented in this work is consistent with the literature. It
The limitations include: should be borne in mind that the precompression for Ag

sheath BiSCCO is calculated to be 0.04%@ he effect of
1. only short samples can be measured. This leads to thestrain onJ. is very small at 4.2 K. Our current understand-
current transfer length problem and to sample heating ing of flux pinning mechanisms that determifesuggests

with high transport currents; and that this result is consistent with very large valuesBgf
2. the success of the measurements is very sensitive tofor BiSCCO which suggests that high field measurements
how well the sample is mounted onto the probe. at high temperatures will be informatitfe

The degradation of. above 0.29% shown in this work
is irreversible and consistent with the brittle filaments
breaking. The variation in the strain toleranceJgfin the
other short samples measured shows that the mechanical
One of the most successful apparatuses designed to mak@roperties of the BiSCCO tape are not uniform on the scale
strain measurements on superconductors was reported byf the spacing between the voltage taps—a few millimetres.
Ekin®. The sample length measured was approximately Necessarily, crack propagation is first initiated in the poorer
16.5 mm. Strains in excess of 1% were applied and meas-sections of the tape. The remaining sections then contract
ured using a strain gauge extensometer. This system wasintil the Ag matrix adjacent to the crack has work hardened
not designed to measure both tensile and compressiveto sustain the applied stré&sHence, the reduction in strain
strains. Ekin has extensively analysed strain data in the con-asJ. decreases shown Figure 4suggests that cracks were
text of the Scaling Laws which are discussed below. first initiated outside of the voltage taps in a section with
Haker? has used U-shaped bending springs, designed topoorer mechanical properties. The insensitivity Jof to
strain up to 0.3% at the @V cm™ electric field criterion
is for the section with better mechanical properties and is

Probes used by other workers

5 I more likely to represent intrinsic properties of BiSCCO.
—3 Such properties may be achieved over long lengths as the
T, yryw— T homogeneity of the tapes is improved. At very low electric
g T O e fields ( ~ 10 nVcn1?), a residual resistivity has been
¢ Al 2 < reported in other BiISCCO tapés Further measurements
I 3 3 . X i
o =) are required to determine the strain tolerancdoét such
5; ) E; low electric fields where current transfer into and out of
s 14 e the Ag matrix and microcracks play an important t8f&
” - Effort is being made worldwide to improve the mechan-
in ical properties of the BiSCCO tapes. It has been shown that
l Lol ol Ll the strain tolerance is increased by using a multifilamentary
Qo 11 12 13 14 15 16 17 18 19 20 configuratiod”’ 1% Equally, by reducing the filament thick-
B(T) ness from 2Qum to less than @m, the strain at which

Figure 11 A Kramer plot: J2.B" versus B for Nb.Sn. Sample cracks start to occur is increased from 0.2% to *D®is-

gur . Vi u . . . . . .
1at4.2K, 0.2% strain and 0.3"/(; strain and for samp3le 2at29K, persion hardenlng_the Ag matrix can also |mprc_)ve_the strain
- 0.32% strain (left-hand axis). Data are also shown from Ekin® properties of the BiISCCO. Another method which improves
at 4.2 K at — 0.29% strain and + 0.39% strain (right-hand axis) the strain tolerance of the BiSCCO tape is to co-process
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the BiSCCO powder with Ag powder. With this fabrication
route, the Ag powder acts as a crack arresStor

Nb;Sn tape

Ekin® found experimentally that the strain dependence of
the upper critical field at 4.2 K can be parametrized by:

Bea(€) = Beo€ = €n)(1 — ale — ) (3)

wherea, u, ande,, are constants is the applied strain and
€n IS the strain at whictB., is a maximum. He found a
strain scaling law of the form:

Fe = o'BEA(€)b?(1 - b)* (4)

where o’ is a constant. In general, the value rofin the
strain scaling law is not the same asn the Fietz—Webb
Temperature Scaling Law. For example, the variable strain
data at 4.2 K suggest that for NbTi, B8n and \{Ga, mis

4, 1.0 and 1.4, respectivély However, the variable tem-
perature data gave values foof 222, 222 and 34, respect-
ively. Because the values oh and n are not the same,
a(T,e) cannot be written in the fornw*B"c,(T,€)(a*, n

Hampshire

Concluding remarks

Real progress in the application of superconducting
materials depends on the understanding of their mechanical
properties such as the effect of strain dg of these
materials. Experiments range from simple bending tests to
those involving complicated strain apparatus. The design
and construction of a strain probe capable of measuring
tensile and compressive strain and its effectlgimas been
presented. The probe can measure strains up®% on

LTS and HTS wires and tapes. Strain is measured via a
strain gauge pasted directly on the sample. The probe can
be inserted into any magnet system with a bore size greater
than 40 mm. The maximum current that can be passed
through the probe is about 100 Ampd&: versus strain
measurements can be made using vapour pressure ther-
mometry in Helium or Nitrogen.

For a BiSCCO tape, it has been found thatis hyster-
etic in high magnetic fields and is weakly dependent on
magnetic field and strain up to 0.29% at 4.2 K. Beyond
0.29% strain, the filaments break add drops precipi-
tously.

For a NRSn wire, Jc has been measured as a function
of strain at 4.2 K and 2.9 K in high magnetic fields. Con-
sistent with the form of Ekin’s proposed scaling fawhe
results in this work confirm that a simple scaling law which
includesB.4T,e) and the reduced fieldb(= B/BcAT,€))

constants). The variable-temperature variable-strain data inalone, cannot accurately describe the field, temperature and

Figures 10and 11 provide experimental confirmation that
the gradient of the Kramer plots is not uniquely determined
by the value oB¢,. Werea(T,e) of the forma*B"c(T,€),

if the upper critical field were increased (for example, by

strain dependence af.
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original value (for example by increasing the strain), the
gradient of the Kramer plot should be unchanged. The
experimental results ifrigures 10and 11 do not show
such behaviour.

Ekin proposed a general scaling law to unify the tem-
perature and strain scaling results of the form:

Fp=o(1 - ale - en[")™(1 - t)"b°(1 - b)d (5)

where " is a constant andl = T/T(e). The first term in

brackets has been included to account for strain scaling and é:

the second for temperature scaling. The implicit assumption
underlying Ekin’s law is thaw(B,T), at least to a reason-
able approximation at 4.2 K, is of a separable variable form
in temperature and strain. This assumption awaits experi-
mental confirmation.

Historically, the Fietz—Webb Scaling Law has provided
the central framework to describe flux pinning. It allows
the scaling of a limited data set to predict the general func-
tional form. The results in this work confirm that a simple
scaling law which include8.,(T,e) and the reduced field

(b) alone, cannot accurately describe the field, temperature

and strain dependence &. Model calculations of for
many pinning functions show thaf, depends on the
Ginzburg—Landau parameterx)s. It is currently not

known whether the strain and temperature dependence ofi4.

k is also of separable variable form which could resolve

the discrepancy between the experimental data and modef>-

pinning calculations. Alternatively more complex pinning
calculations or non-pinning mechanisthsnay need to be
considered.
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