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Thermo-magnetic Instabilities in MgB, Bulk
Magnets: A Combined Experimental and Numerical
Investigation

Michela Fracasso, Yiteng Xing, Pierre Bernstein, Jacques Noudem, Gianluca Ghigo, Roberto Gerbaldo, and Laura
Gozzelino

Abstract—The ability of MgB: polycrystalline samples to carry
strong current densities even across high-angle grain boundaries
has boosted the fabrication of large bulk superconductors.
However, the occurrence of thermomagnetic instabilities, such as
flux jumps, compromises the use of this compound at low
working temperatures. Investigating and mitigating these
phenomena are then crucial for future applications, as for
instance permanent bulk magnets. In this paper, starting from
the experimental evidence of flux-jump occurrence in a MgB:
disc-shaped magnet prototype, we numerically investigated this
phenomenon coupling the electromagnetic equations (formulated
using the magnetic vector potential) to the heat diffusion
equation. This numerical approach - validated via the
comparison between computed and experimental results —
provided us with the evolution of the local magnetic field and
temperature in correspondence to a flux-jump. Based on this
information, we finally investigated possible solutions to prevent
flux-jump occurrence through the improvement of the thermal
exchange between the sample and the cooling stage.

Index Terms—Superconducting magnets, Flux pinning, Magnetic
flux density, Magnesium Diboride, Thermo-magnetic instabilities

I. INTRODUCTION

HANKS to their high in-field performance,
superconductors are promising candidates to replace
the traditional solutions for applications such as bulk
permanent magnets or magnetic shields. In this context, bulk
superconductor-based devices also offer the additional
advantage of not requiring a continuous connection to a power
supply [1]. Disc- and ring-shaped permanent cryo-magnets
made of cuprate superconductors [2]-[5], MgB., [6]-[11] and
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iron-based superconductors [12]-[14] have successfully been
fabricated with potential applications in medical, energy,
transport, particle physics fields, to name but a few. Likewise,
open and semi-closed superconducting (SC) tubes have been
proposed as magnetic shields [15]-[19].

Among SC materials, MgB, has shown great potential
since its long coherence length does not prevent the flow of
high current density across clean grain-boundaries, thus
fostering the fabrication of large polycrystalline samples with
almost isotropic and homogeneous critical current density, Jc.
[20]-[23]. Moreover, MgB is a rare-earth-free compound with
cheap and non-toxic precursors and a working temperature
(10-30 K) easily reachable using closed-cycle cryocoolers.
Noteworthy, despite an irreversibility field much lower than
cuprate or iron-based superconductors, trapped magnetic fields
up to 6 T were predicted at 10 K in MgB; disc stacks [24].

On the other hand, this compound has the drawback of
being affected by thermo-magnetic instabilities, such as flux-
jumps, which can compromise its use at low temperatures
[25]-[30]. Flux-jumps consist in abrupt readjustments of the
magnetic flux lines inside the superconductor coupled with a
rapid increase of its temperature, even above the transition
value [31],[32]. Typically, they are triggered by a change,
even a small one, of the external magnetic field or temperature
that produces a magnetic flux motion inside the sample with
the resulting release of a small amount of heat and the local
increase of the superconductor temperature. This in turn
causes a local J. reduction generating a further flux-line
motion with a consequent electric field perturbation. As a
result, additional heat is released inside the sample. In such a
way, due to the low heat capacity and thermal conductivity of
MgB:> [33], an iterative process begins that quickly leads to a
sharp increase of the sample temperature and to the nucleation
of magnetic flux avalanches. In the theoretical investigation of
the flux-jump phenomena the achievement of a local adiabatic
condition is usually assumed. This hypothesis can be
considered fulfilled when the thermal diffusion coefficient, Dy,
is much lower than the magnetic diffusion one, Dn, [34],[35]
as verified at low temperature in MgB; [33].

Several approaches have been pursued to mitigate this
phenomenon. The slower the external magnetic
field/temperature variation over time, the more resilient
against flux jump occurrence the sample is [36]. However, it is
not always possible to have a real control on the
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field/temperature ramp rate. Aldica et al. [37] highlighted that
the heating rate in MgB, growing process can affect the flux-
jump occurrence. Adding additives can also influence both the
magnitude and the frequency occurrence of flux jumps as
found in FeTi- and graphene-doped MgB, bulk samples,
respectively [38],[39]. Higher thermomagnetic stability was
also observed in machinable MgB, samples fabricated with
the addition of graphene instead of h-BN [40]. Furthermore,
based on results achieved on other superconductors affected
by the same issue [41], an improvement of the
thermomagnetic stability is expected using other appropriate
doping elements. Another way to hinder the iterative process
giving rise to flux jumps is the improvement of the thermal
exchange between the sample and the cooling sources [42]-
[45].

In our previous papers, we investigated the effect of flux-
jump occurrence in a MgB, cup-shaped shield [17],[45]. To
this aim, we compared the experimental data with the outputs
of a numerical analysis coupling both electromagnetic and
thermal equations [40]. This numerical approach proved to be
efficient in reproducing the experimental data, thus accurately
predicting the decay of the shielding properties induced by
thermomagnetic instability occurrence. The same model
evidenced the improvement of the heat exchange between the
MgB, shield and the cryocooler cooling stage [45] as well as
the  superimposition of a  high-thermal-capacitance
ferromagnetic shield on the SC one [18] as two possible routes
to increase the thermomagnetic stability of this device.

In this paper, the same numerical model is applied to
investigate the flux-jump occurrence in the magnetization
process of a MgB, bulk disc providing a good agreement
between the experimental and computed results. To describe
the in-field and thermal behavior of the sample, we considered
its critical current density dependence on magnetic field and
temperature, as well as its thermal conductivity and specific
heat values. The analysis of the temperature distribution inside
the disc in the time frame of flux-jump nucleation and
propagation guided us in the study of alternative layouts able
to guarantee a better heat exchange with the cooling stage of
the cryocooler.

The paper is organized as follows. In section II, we
describe the sample fabrication process and report on the
experimental procedures used for its characterization, while
details on the finite-element method used for the numerical
calculations are reported in section III. The comparison
between the trapped field values achieved both experimentally
and numerically is shown in section IV, where also the local
temperature of the sample in the time interval in which a flux
jump nucleates and starts propagating is investigated. Possible
routes for improving the thermal stability of the samples are
then proposed and compared. The main findings are finally
summed up in section V.

II. EXPERIMENTAL DETAILS

A. MgB:; fabrication process and thermal properties
The MgB; cylindrical bulk samples were fabricated via the
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Fig. 1. Thermal conductivity (green symbols) and specific
heat (magenta symbols) measured on a small twin sample
grown following the same sintering procedure as the disc.

in-situ Spark Plasma Sintering (SPS) process. The starting
materials were magnesium metal powder (99.8%, 325 mesh,
Alfa Aesar) and amorphous boron powder (99%, <400 nm,
PAVEZYUM Advanced Chemicals), mixed in a molar ratio of
1:2 under an argon atmosphere. A 6.2 g charge of the mixed
powder was located into a tungsten carbide (WC) mold with a
diameter of 20 mm and sintered using an SPS system (FCT
Systeme HD25) under dynamic vacuum (10 mbar). The
sintering process involved a sequential increase in temperature
and pressure as follows:

i) 500 °C+ 260 MPa/ 15 min (powder compaction).

ii) 650 °C + 280 MPa / 20 min (synthesis).

iii) 750 °C + 300 MPa / 60 min (sintering/densification)

The final sintered bulk disc had a diameter of 20 mm, a
thickness of 8 mm, and a density of 2.46 g/cm3. The transition
temperature was 7. = 38.25 K. Detailed analyses of the
microstructure and J. dependence on magnetic field and
temperature are reported elsewhere [46]. The thermal
conductivity and specific heat measured on a twin sample are
shown in Fig. 1.

B. Measurements details

Magnetization measurements were carried out using a
Physical Property Measurement System (PPMS, Quantum
Design, San Diego, CA, USA). The magnetic field at the
sample's top surface center was measured with a Hall probe
(HE144, Asensor Technology AB, Sweden). The sample was
wrapped in an Al foil to improve the thermal exchange and
mounted in a brass PPMS holder, with its bottom surface in
contact with a copper plate fixed using varnish to ensure good
thermal contact. A schematic drawing of the experimental
setup is shown in Fig. 2 (a). The magnetization process
followed a field-cooling (FC) procedure. The sample was first
stabilized at 45 K, a temperature above 7.. An external
magnetic field was then increased up to 9 T at a rate of 0.9
T/min. Keeping the external field constant, the sample was
cooled down to the target measurement temperatures (20, 15,
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Fig. 2. (a) Schematic drawing of the experimental setup (not
to scale) for the trapped field measurement. The MgB; disc,
wrapped in an Al foil, was placed on a cooper plate and
mounted in the brass PPMS holder. The external field was
applied along the z-direction and the Hall probe oriented so as
to measure the component of the magnetic flux density
parallel to the applied field was positioned at the center of the
sample top surface. (b) 2D axisymmetric model of the
experimental set-up implemented in COMSOL. T'-T'i4
identify domain interfaces (see main text), 7op is the cooling
stage temperature and O, the external domain (vacuum).

and 10 K) and held at that temperature for one hour to ensure
thermal stabilization. The magnetic field was then gradually
reduced according to the following protocols to minimize flux
jumps at each measurement temperature:
- at20K:9T — 0T at 0.06 T/min;
- atl15K: 9T —>3Tat0.06T/min, then3 T — 0 T at
0.015 T/min;
- atl0K: 9T — 4T at0.06 T/min, then4 T — 0 T at
0.006 T/min.

III. NUMERICAL MODELING

A. Electromagnetic and thermal equations

To reproduce the experimental data, the model equations
have to account both for the electromagnetic and the thermal
behavior of the superconductor [47]. The model was
implemented by the finite element software COMSOL 6.2
Multiphysics® [48] coupling the magnetic field interface (mf)
and the heat transfer module (%7).

The changes in the local value of temperature in the SC
domain and sample-holder regions were calculated using the
following heat diffusion equation:

oT
V- (k(T)VT) = C(T) * p* 5o+ Q =0

where Q = E -] gives the volumetric heating rate and pm, £,

and C are the mass density, thermal conductivity, and specific
heat, respectively. The temperature dependence of the last two
parameters, k(T) and C(T) were involved in the model via a
piecewise cubic interpolation of the experimental data
reported in Fig. 1.

The electromagnetic behaviour of the SC and the
surroundings domains was described by Maxwell’s equations
formulated using the magnetic vector potential A [49],[50].
Taking advantage of the axial symmetry of the experimental
set-up (see Fig. 2), the equations take the form:

0A
¢
E¢ - '

a1
B = —a—zd)llr +;[5(TA¢)] u,
being ur and u. the unit vectors along the - and z-directions,
respectively.

The relationship between the local electric field and current
density (£ — J) in the SC domain was accounted for via the
hyperbolic tangent function proposed in [49],[50], which is a
smooth approximation of the stepwise £ — J behavior
predicted in the critical state model. Accordingly, the
electrical conductivity of the superconductor, csc, considered
in the Ampere Law’s module in COMSOL was customized as
follows:

1
Ogc = w]C(B,T) . tanh(

E
where Gnom 1s the normal state conductivity, here assumed to
be equal to 10® S/m, as proposed in [31] and Ey is a threshold
electric field that controls the sharpness of the £ — J function
[51], set to 10 V/m in this case [45].

The magnetic field and temperature dependence of the
critical current density J. (B,T) was accounted for by fitting
the experimental J. curved reported in [46] by the equation:

B \Y(M
]C(B'T)ZICO(T)'eXp [_(BO(T)> ]

where the temperature dependence of the parameters Joo , Bo
and 7y takes the form:

JeolD) = [1 - (£)"]” M
Bo(1) = By [1 - (Tlc)ﬁz]ﬁg @)
Y(T) =v1+y, T +ysT? 3)

and o, Bi and y; (i = 1, 2, 3) are fit coefficients. Their values
are summarized in table 1.

The thermal equation was solved exclusively within the
material domains, namely the SC, brass, copper and Hall
probe regions. In contrast, the electromagnetic equations were
solved in all domains, including the vacuum region (Qv) (see
the model schematic in Fig. 2 (b)).
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TABLE I
PARAMETERS EMPLOYED FOR THE ELECTROMAGNETIC
MODELING OF THE MgB; DISC

Parameters | Description | Value
Ey Threshold electric field 107 V/m
T. Critical temperature 38.25K

Grorm Normal state conductivity 103 S/m

o Parameter of equation (1) | 1.01-10'° Am™
o2 Parameter of equation (1) 1.92
03 Parameter of equation (1) 1.41
Bi Parameter of equation (2) 320T
B2 Parameter of equation (2) 2.04
B3 Parameter of equation (2) 1.39
Y1 Parameter of equation (3) 0.021
V2 Parameter of equation (3) —9.6:10° K!
V3 Parameter of equation (3) 1.85 K2
P MgB, mass density 2.46 g/cm?

B. Boundary conditions

During the experiment, the sample was wrapped by an
aluminum foil and cooled via the tight thermal contact with
the copper plate located below it (see Fig. 2(a)). A thermal
contact between the sample and the brass sample-holder was
also assumed through the Hall probe package and the lateral
wall (I, and I's boundaries in Fig. 2(b), respectively), even
though with a lower exchange coefficient.

To properly describe the interfacial heat flux density
between the sample and the environment we used the
boundary conditions reported below. The thermal exchange
between the brass sample-holder and the cryocooler cooling
stage was modelled defining the following equation on
boundary T's (see Fig. 2 (b)):

u, - (kg (T) - VT) =¥ - (Top — Torass) 4)

where W, denotes the heat transfer coefficient, Top the
operational temperature (corresponding to the cooling stage
temperature), Torass the temperature of the brass sample-holder,
and kg, the brass thermal conductivity. u, is the unit vector
perpendicular to the boundary surface.

On interface I';, I's and I'4 traced in Fig. 2 (b), the thermal
contact node was employed to model the heat transfer between
the superconductor and, respectively, the Hall probe, the brass
sample-holder, and the copper plate. The thermal exchange
equations at these boundaries are:

Across I uy - (kg (T) - VT) = W5 - (Tyau prove — Tsc) (5)
Across Ts: uy - (kg (T) - VT) = W5 - (Tprass — Tsc) (6)
Across Ta: Uy, - (—kg(T) - VT) = ¥y - (Teopper — Tsc)  (7)

where ky; is the aluminium thermal conductivity and THai probe,
Teopper and Tsc are the temperature of the Hall probe package,
copper plate and superconductor, respectively. To take into
account the different thermal coupling across the different
contact surface, we assumed ¥, = ¥,/20 and ¥;= ¥,/100. ¥,

Magnetic flux density, B, (T)

Trapped field, Btrapped,Z (M

Applied field, poH,ppy (T)

Fig. 3. (a) Magnetic flux density measured at the center of the
top surface of the disc. (b) Trapped field values measured
(symbols) and calculated (lines) at the same position as in
panel (a).

evaluated through an iterative procedure is 10000 W/(m? K).
No thermal exchange was assumed across the interfaces I'¢ —
T4,

The source term for the applied magnetic field, Happi, was
considered through the boundary condition on surface I'y: at a
large distance from the disc, the magnetic flux density was
assumed to be constant and equal to the applied field.

IV. RESULTS AND DISCUSSION

Fig. 3(a) shows the values of the magnetic flux density
measured at Top = 10, 15 and 20 K as the applied field was
reduced. No flux-jumps were recorded at 15 K and 20 K and a
remnant magnetic flux density of 3.4 T and 2.8 T was
achieved, respectively, after field zeroing. These results are
only slightly lower than the highest trapped field values
obtained on MgB; discs of similar size [52], [53]. This
difference can be attributed both to geometric factors (for
example a slightly larger radius in the case of the discs shown
in [53]) and to the different growth techniques and precursor’s
grain size. Conversely, at 10 K, some flux jumps occurred
when the applied field decreased below 1.7 T.

Fig. 3(b) compares the measured and computed values of
the trapped field, Bippeds, defined as the difference between
the magnetic flux density B, and the applied field, poHappl.
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Fig. 4. (a) Evolution of the trapped field calculated at the center of the top surface of the disc (red curve) and of the SC disc
average temperature (blue curve) while the applied field is decreasing. Dots (b) — (i) identify the applied field values at which the
maps reported in the corresponding panels (b)-(i) were extracted. (b)-(i) Magnetic flux line and temperature distributions (color
maps) in the MgB; disc at the applied magnetic fields highlighted with dots in panel (a). Panels (b)-(d) share the same color bar.

The same for panels (e)-(g) and panels (h)-(i).

Note that after the applied field removal the remnant flux
density coincides with the trapped field. Clearly, at 15 and 20
K there is a remarkable agreement between the experimental
and modelling results. At 10 K, the calculated curve replicates
very well the occurrence of the first flux-jump at 1.7 T, but
fails to reproduce the subsequent ones, indicating that the
layout of the experimental set-up introduced in the model still
needs further refinements. Despite this discrepancy, the
numerical computation, predicting the variation of the
temperature distribution inside the sample as the applied field
decreases, can be a guide for designing experimental setup
adjustments able to improve the thermal exchange between the
sample and the cooling source.

The temperature distribution inside the disc calculated at
Tor = 10 K as the applied field decreases is reported in panels
(b) — (i) of Fig. 4 and correlated to the value of the trapped
field plotted in panel (a). The average temperature of the
superconductor — calculated applying the Mean Probe
function in Comsol to the variable Tsc of the SC domain — is
shown in panel (a), as well. As can be seen from the
temperature color maps, when the flux-jump occurs the
temperature of the disc locally exceeds 40 K causing a partial
transition of the sample to the normal state. Concurrently, the
average temperature of the disc rises above 32 K and the
magnetic flux lines take an almost regular spacing and a
direction parallel to the applied field direction indicating an

homogenous penetration of the magnetic field inside the
sample and a zero trapped field value. The heat is then
removed from the sample but its ability to work as a
permanent magnet is compromised (it can be restored only by
repeating the whole magnetization process).

Figs. 4 (e),(f) highlight that the sample overheating, which
gives rise to the flux-jump, is triggered by a hot spot
developing in correspondence to the lateral surface of the disc.

Based on this evidence, we first simulated what could be

expected if the thermal contact between the lateral surface of
the sample and the brass sample-holder was improved. To this
aim, we modified (6) assuming a heat transfer coefficient ¥;
across interface I; instead of W;. Following this adjustment, a
flux-jump of amplitude similar to that occurred in the previous
configuration still arises, although at an applied field 0.25 T
lower than before (Fig. 5).
Therefore, considering that before the flux-jump nucleation a
heating was already detected at the top outer region of the
sample (panel (d) of Fig. 4), a second attempt was done also
assuming that the area delimited by the interfaces I'g — I'1g —
I'i — T'i2 (Fig. 2 (b)) was completely filled with an indium
ring, which in turn was assumed to be in good thermal contact
with the brass sample-holder. Accordingly, the equation
governing the thermal exchange across the interface I'g
becomes:

u, - (kg (T) - VT) =¥ - (Tingium — Tsc) (®)
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layout as in the experiment (see Fig. 2 (b) and the main text in
Section III.B), (b) a heat transfer coefficient ¥; across
interface I'; instead of W3 (see Fig. 2 (b) and equation (6)) and
(c) a heat transfer coefficient W across interface I'; instead of
Y3 and an indium ring totally filling the area delimited by the
interfaces ['o — I'1o — ['11 — T'12 (see Fig. 2 (b) and equation (8)).

As shown in Fig. 5 (curves labelled (c)), this further
improvement in heat exchange totally prevents the appearance
of flux jumps and the computation predicts a maximum
trapped field greater than 3.5 T.

V. CONCLUSIONS

In this work, we investigated the flux-jump occurrence in a
prototype of MgB: disc-shaped permanent magnet. To this
aim, the experimental characterization was supported by a
numerical model coupling electromagnetic equations based on
the A-formulation to the heat diffusion equation in order to
gain a comprehensive understanding of this phenomenon.

The disc was magnetized in the normal state, then after
being cooled down to the working temperature the external
magnetic field was removed. A trapped field of 2.8 and 3.4 T
was measured at 20 and 15 K, respectively, in correspondence
of the center of the sample top surface, while at 10 K a
multiple flux-jump occurrence markedly compromised the
maximum achievable trapped field. The comparison with the
computed Birapped,, curves evidences a good agreement at 20
and 15 K. At 10 K, the calculated curve well reproduces the
first jump occurring in the experimental curve but cannot
predict the smaller jumps at lower applied fields.

Nevertheless, the calculation of the temperature distribution
inside the disc guided us in studying possible improvements in
the heat exchange between the sample and the cooling system
to mitigate the thermal instabilities. The numerical analysis
shows that a good thermal exchange on only one of the two
base surfaces and on the lateral surface is not sufficient to
guarantee the thermal stability. Conversely, an additional
adequate heat transfer through at least part of the second base

surface could be enough to prevent flux-jump occurrence.
Additional refinements of the model are still underway to
achieve more accurate predictions and reach a better
agreement with the experimental results. At the same time, we
are planning further experiments with a new setup modified
according to the computation outputs in order to guarantee an
improved heat exchange between the sample and cryocooler.
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