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Application of DIC to extract full field thermo-
mechanical data from an HTS coil

J. Pelegrin, W. O. S. Bailey and D. A. Crump

Abstract—A Digital Imaging Correlation (DIC) test setup was
developed to accurately record the contraction of a Bi-2223 super-
conducting racetrack coil conduction cooled to 154 K. The coil was
gripped at both ends to simultaneously measure the load and dis-
placement induced by its own contraction. Post-processing of the
DIC data derived the displacement and strain fields from two areas
of interest. The global deformation of the coil structure was influ-
enced by how it was restrained, but the stress-strain curve in the y-
direction of the HTS coil was established, and its stiffness when
under thermally induced strain was found to closely match that of
the epoxy resin. The coefficient of thermal expansion determined
from the strain-temperature curve was in the same order of magni-
tude as dilatometer measurements performed upon a sample re-
moved from a similar coil and the difference attributed to small
variability in the temperatures across the coil and the mechanical
restraint placed on the coil.

Index Terms—HTS coils, stress, strain measurement.

I. INTRODUCTION

HE thermo-mechanical stresses in superconducting coils
Tare usually modelled and rightly focused upon evaluating

their impact upon the conductor. Models are normally val-
idated by mechanical tests performed on coupon size speci-
mens removed from sample coils and instrumented with strain
gauges [1-3]. However, the composite construction and com-
plex shapes of superconducting coils (e.g. racetrack) introduce
geometrical inhomogeneities and stress concentrations that of-
ten reduce confidence in Finite Element (FE) models of their
stress-strain and strain-temperature dependent behaviour.

Non-invasive optical techniques can be applied to measure
the global response of the coil, e.g. techniques like Digital
Speckle Pattern Interferometry (DSPI) have been applied to
study deformations of HTS tapes [4].

DIC is a well-established technique that tracks the dis-
placement of pixelated blocks from a series of digital images
to measure surface deformation down to one part per million
of the field of view [5]. The full 2-D or 3-D deformation vec-
tor fields and strain maps are developed after post processing
with software algorithms. The technique is very cost effective
and eliminates the subjectiveness of placing/integrating strain
gauges that capture only localised strain data. The application
of DIC at elevated temperatures has been successful [6-8] with
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many operators opting for non-convective heating methods.
The application of DIC at cryogenic temperatures is almost
untried [9] and presents new challenges, to assess the robust-
ness of speckle patterning and to develop an appropriate cool-
ing technique.

Il. EXPERIMENTAL SETUP AND TESTS

A. Coil description

The HTS coil under assessment is shown in Fig. 1(a). It
consists of 40 turns of Ag sheathed high strength reinforced
Bi-2223 tapes interleaved by a fiberglass sheet and potted with
Stycast 1622. The coils long and short inner diameters are 344
mm and 168 mm respectively. Its width = 19.3 mm, thickness
= 7.5 mm and corner bend radius = 39 mm [10].

B. DIC setup

The experimental setup is shown in Fig. 1(b). The tests
were performed inside an Instron 4204 test machine fitted with
an environmental chamber. The 400 mm x 200 mm viewing
window consisted of two panes of heated glass separated by a
void space of air. The images were captured using two Manta
MG 504B ASG cameras from Allied Vision Technologies fit-
ted with Sigma 105 mm F/2.8 EX DG Macro lenses. Two Nila

Fig. 1. (a) Superconducting coil (red boxes mark the locations where images
were taken), (b) environmental chamber and camera setup (c) coil gripped in
the machine jaws with cooling pipework and thermalising Cu ring shown. T-
type thermocouples Ty, T,, Ts are located at the top, middle and bottom of
the coil respectively.
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Fig. 2. Images of the (a) - (e) top corner and (f) - (j) middle section of the coil taken at different temperatures during the cooling down. The correlation
factor has been included to indicate the degradation of the image quality during the process.

Zaila lights were used for illumination.

Prerequisite work performed upon glass fiber coupons con-
vection cooled to refrigeration temperatures (253 K) in the
same chamber identified a number of problems with the setup
that influenced the quality of the DIC correlation. The cham-
ber is not vacuum tight and condensation tended to form on
the inside of the optical window, particularly in the regions
where the sample was illuminated from. Vapor ripples travel-
ling across the surface of the sample, caused by the natural
convection loops circulating inside the chamber during cool-
ing, increased the deviation (noise) in the strain measurement
from £ 0.0002 mm/mm to £ 0.01 mm/mm. Similar effects are
discussed in [11] for DIC tests at elevated temperatures.

Consequently, some adaptations were made to the cooling
technique. The coil was placed inside the environmental
chamber (purged with dry nitrogen) and clamped in the grips.
The chamber's force flow gas cooling system and window
heaters were disabled in favor of locally cooling the coil by
conduction with liquid nitrogen (LN,). A heat exchanger fed
with LN, was coupled to each grip and a split copper ring po-
sitioned behind the coil to improve the distribution of cooling
as in Fig. 1 (c). Copper wire ties were used to bring the coil
and copper ring in better contact, however, the coil was still
able to slide freely against the rings, except in the gripped re-
gion. A positive pressure was maintained inside the chamber
by recirculating the cold return gas in at the top (behind the
coil) with the chamber fan operating, and venting gas from the
bottom of the chamber.

A separate digital camera focusing on each speckled region
was synchronized with a StarTech acquisition controller card
and LabVIEW software to take an image and record the load
measured by the Instron's load cell every minute during cool
down. The local temperature of the coil was recorded with
thermocouples connected to an Agilent 34970A data logger.

C. Speckle pattern

Prior to installation of the coil in the chamber, a speckle
pattern was applied to the coil by masking off two regions and
spraying a solid layer of matt white paint, followed by a fine

spray of black paint to produce small randomly distributed
speckles. A good pattern should have a broad contrast between
black and white to enhance detection of intermediate greyscale
values and the uniqueness of each signature is only guaranteed
if the surface has a non-repetitive and isotropic pattern. The
corner of the coil in Fig 2 (a) to (e) and straight section in Fig,
2 (f) to (j) both have an area of interest (shown in Fig. 1 (a)) of
~ 45 mm x 19 mm and the full width of the coil is included in
the field of view to use the edges of the coil as a reference
point to confirm its free movement against the copper ring.

D. Test execution

The sequence of camera images presented in Fig. 2 repre-
sent five pairs of images taken at 0, 20, 40, 60 and 75 minutes
during cool down. The corresponding temperature recorded at
the middle of coil is included in each image. Differences in the
temperature gradients measured between the top-to-middle
(4Ty, = 4 - 5 K) and middle-to-bottom (47»; = 8 - 10 K) sec-
tions of the coil were caused by heating from the external
lights. After 20 minutes, a reduction in luminosity is evident,
and the shiny surface of the Cu ring behind the coil darkens as
ice begins to form. Thereafter, the illumination in each image
remains constant despite condensation forming on the inside
of the window, caused from heating by the external lights. The
cameras field of view was fortunately unaffected by the patch-
es of condensation. Images (e) and (j) show a “mist” of vapour
approaching from the right represented by “blurring” in the
images. The test was subsequently stopped after 75 minutes.

E. Post-processing

A DIC software package (MatchlD) was used to process the
2-D displacements and strains from the array of images. The
software interrogates two images at different states of dis-
placement. They are compared by using a pixel and its signa-
ture in the undisplaced image, and searching for the same pix-
el in the displaced image to satisfy a given similarity function.
This function is usually based on a least-squares formulation.
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Fig. 3. Horizontal displacements produced on the (a) - (e) top corner and (f) - (j) middle section of the coil obtained in the DIC analysis. Temperatures at
which these were images were captured match the corresponding labelled images in Fig. 2.
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Fig. 4. Vertical displacements produced on the (a) - (e) top corner and (f) - (j) middle section of the coil obtained in the DIC analysis. Temperature at
which these were images were captured match the corresponding labelled images in Fig. 2.

A subset size (collection of pixels) and step size (number of
pixels over which the subset is shifted in the x- and y-direction
to calculate the next result) must be defined as inputs. The size
of a subset can be, e.g. 7x7, 11x11, 15x15 pixels, etc. and
should contain at least three unique features. The step size can
be 3, 5, 7 pixels, etc. and often sized so subsets overlap.

Using guidelines from [12], a square subset of 51 pixels and
step size of 25 pixels were applied. Therefore, one pixel
equates to 16 um, giving a total measurable displacement of
1.26 mm.

The correlation factor, R, output by the software (embedded
in the bottom right corner) in Fig. 2 (a) to (j) gives an indica-
tion of the effectiveness and accuracy of the Zero Normalized
Sum Square Difference (ZNSSD) correlation performed be-
tween “displaced” images and the reference image. An R > 0.8
is generally regarded as reliable [12] and therefore, the R val-
ues in Fig. 2 > 0.9 suggest very good accuracy.

I1l. RESULTS

A. Coil displacements

The color contours in Fig. 3 (a) to (j) show how the coil
contracts in the horizontal (x-direction) at the five temperature
conditions; 293, 274, 200, 166, and 154 K. The corner of the
coil in Fig. 3 (a) to (e) extends outwards with reducing tem-
perature. The distribution of displacements is lowest near the
region where coil is gripped and follows the curvature of the
tapes. The greatest extension of 475 pm (659 pm — 184 pm)
occurs at the straight part of the coil as it begins to straighten.
This equates to ~ 0.8 % of the racetracks short radius dimen-
sion (93.5 mm to the middle of coil) in the x-direction. In con-
trast, the outer edge of the corner of the coil displaces nega-
tively in Fig. 3 (a) to (e) and bows outwards from the centre of
the racetrack.
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Fig. 5. Stress-strain data points (0) obtained from the DIC analysis with the
linear fit (solid line) used to evaluate Ep,c.
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The greatest displacement (=305 pum (~ —-0.3 %)) is found on
the inner edge of the corner section on approach to the grips.
Some inconsistent behavior is observed near the copper tie in
Fig. 3 (f) to (j). This region begins contracts inwards and re-
laxes after 166 K. It seems the copper tie, needed to improve
the contact between the rear of the coil and the Cu ring, actual-
ly influenced the movement of the straight section in the x-
direction, despite it being free to slide at ambient.

The color contours in Fig. 4 (a) to (j) show how the vertical
(y-direction) displacements evolve when reducing tempera-
ture. From Fig. 4 (a) to (e), the total difference in free dis-
placement in the corner of the coil (measured from start to end
of test) between the regions of maximum displacement 496
pm (655.6 pm — 159.5 pum) and minimum displacement 309
pm (396.2 pm — 87.7 um) is 187 pm.

The vertical displacements are mapped in Fig. 4 (f) to (j) for
the straight section of the coil. The maximum displacement of
248 um (295.7 um — 48.3 um) occurs on the outer edge of coil
approaching the corner. This equates to ~ 0.13 % of the race-
tracks long radius dimension (181.5 mm to middle of coil) in
the y-direction, and is 6 times lower than the corresponding
extension in the x-direction of coil. These results clearly
demonstrate the gripping has impaired the coils natural con-
traction in the y-direction. The patchy contour plots in images
(e) and (j) of Figs 3 and 4 highlight the deterioration of the
DIC correlation due to the vapor mist and condensation.

B. Stress-strain curve

The strain at the surface of the coil can be derived from the
same collection of images and using the “virtual strain gauge”
feature in MatchlD. The size of this virtual strain gauge was
defined as 5.8 mm, which is relatively large (~ 1/3 width of
the coil) to improve strain resolution, given no sudden changes
in strain were expected [12]. The strain derived by the soft-
ware in the vertical y-direction, from all the measured points
during the cool down, is plotted against the corresponding
force (N) translated to stress (MPa) in Fig. 5. The slope of the
stress-strain curve produces a stiffness Epic = 1.9 GPa during
the cooling down. This stiffness corresponds well with the
elastic modulus of Stycast 1266 epoxy resin at low tempera-
tures, which varies between 1.3 — 2.5 GPa between 293 K and
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Fig. 6. Linear coefficient of thermal expansion plotted as function of tempera-
ture obtained from the DIC analysis (0) and experimental measurements.
The corresponding solid lines are used to evaluate apic and aey, respectively.

150 K [13]. The linear coefficient of thermal expansion (CTE)
of Stycast 1266 at low temperature (cex, = 3.7-x 10° K™) [14]
is ~3.5 times greater than G10 fibreglass and ~2 times greater
than the conductor constituents [15]. It suggests the resin is the
most reactive component in the composite coil structure at low
temperatures and low strains.

C. Strain-temperature curve

The thermally induced strain in the straight section of coil
in the y-direction derived by DIC is plotted against tempera-
ture (0) in Fig. 6. This curve is plotted together with an exper-
imental measurement of a sample removed from a similar coil
using a cryogenic dilatometer setup (o) [16]. The slopes of the
curves represent the linear CTE of the composite coil and are
opic = 0.74 x 10° K™ and aey, = 1.34 x-10° K™ respectively.
The CTE value obtained by DIC is ~2 times smaller than
measured with the dilatometer. This difference may be ac-
counted for by gripping imposed at both ends of the coil and
small temperature gradients measured across the length (y-
direction) of the coil during cooling.

IV. CONCLUSIONS

This novel piece of work has confirmed that DIC can be
successfully deployed at cryogenic temperatures. The speckle
pattern can survive at these extreme temperatures and provide
high fidelity full field data. The displacements and strains that
occur in complex components like HTS racetrack coils were
mapped over larger regions to reveal complex interactions that
would probably be missed if applying strain gauges.

The stress-strain and strain-temperature curves were pro-
duced to derive a coil stiffness (in the y-direction) induced by
reducing temperature that matched well with the stiffness of
the resin, and a linear CTE partly influenced by the configura-
tion used to grip the coil and measure the force of contraction.
The remaining challenges to improve the existing setup in-
clude, building and conducting further tests in a bespoke vac-
uum chamber and uniformly supporting and compressing the
coil to match the configurations typically deployed in HTS
machines.
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