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Modern superconducting intermetallic materials (e.g. NbTi, Nb3Sn) are used to build conductors com-
posed of a matrix and the superconductor strands. One of the most popular materials for matrix is copper,
because of its excellent physical and mechanical properties at extremely low temperatures. Ductile OFE
copper stabilizes, on one hand, the mechanical response of brittle superconductor strands and, on the
other hand, takes over the electrical charge in case of quench (resistive transition). Thus, the composite
structure of modern conductors used to build the coils of superconducting magnets is fully justified. Such
a composite structure results in common deformation of the matrix and the strands when winding the
coils and during the operation, when the coils are subjected to the prestress and to the Lorentz forces
at extremely low temperatures (liquid or superfluid helium). When the loads are large enough, the
copper-superconductor strands composite is subjected to inelastic deformation, including moderately
large plastic strains. It is known, that copper and superconductor strands exhibit the so-called discontin-
uous plastic flow (DPF) at extremely low temperatures, that results in abrupt drops of stress against
strain of different amplitude and frequency. In order to describe correctly the behaviour of composite
superconductors at extremely low temperatures, a constitutive model of DPF has been developed and
applied to both components: matrix and strands. The results of numerical analysis are compared with
the experiments, carried out in dedicated cryostat containing liquid helium and the relevant instruments.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://

creativecommons.org/licenses/by/4.0/).
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1. Introduction the matrix and the strands, both at warm when winding the coils,

and during the operation at extremely low temperatures when the

Superconducting wires are usually composed of brittle super-
conductor strands (e.g. NbTi, Nb3Sn), embedded in a ductile matrix
(Devred, 2004; Zhang et al., 2019). One of the most popular mate-
rials used for matrix is copper, because of its excellent physical and
mechanical properties at extremely low temperatures, including
low electrical and thermal resistance and ductility. OFE copper sta-
bilizes the mechanical response of brittle superconductor strands,
allowing for larger deformations. Also, it takes over the electrical
charge in case of quench, that means resistive transition in the
superconductor strands. Moreover, reasonably good thermal con-
ductivity at extremely low temperatures enables to cool down
the superconductor strands back to their operational temperature
in a fast way. The composite structure of modern conductors is
therefore rational, and the ratio of superconductor to copper
cross-section is close to an optimum. The composite superconduct-
ing wires are used to build the coils of the superconducting mag-
nets. The composite structure leads to common deformation of
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coils are subjected to the prestress and to the Lorentz forces. When
the loads are large enough to induce stresses higher than the yield
stress, the composite is subjected to moderately large plastic defor-
mation, which induces the residual deformation. It is therefore cru-
cial to study inelastic behaviour of the superconductor wires, in
order to predict the extent of plastic deformation and the value
of residual strain. It is quite known (Koch and Easton, 1977;
Pustovalov, 2008; Skoczen et al., 2014), that both copper and the
superconductor strands exhibit the so-called discontinuous plastic
flow (DPF, serrated yielding) when strained at extremely low tem-
peratures. DPF manifests itself by the abrupt drops of stress against
strain (or time), of the amplitude and the frequency depending on
the material tested. In particular, the amplitude and the frequency
of stress oscillations is different for copper and for the supercon-
ductor strands. Discontinuous plastic flow may have significant
impact on the behaviour of the superconducting wires above the
yield stress, including the occurrence of quench, therefore it needs
to be studied from the point of view of materials science and
mechanics. In order to describe the behaviour of composite
superconductor wires at extremely low temperatures, a complex
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constitutive model has to be developed, including the plastic flow
discontinuities. It has to take into account the behaviour of both
components: the matrix and the strands. The homogenization
scheme has to be adopted in order to compute the overall tangent
stiffness of the composite containing the superconducting fibres.
Some initial work on this was carried out by Koch and Easton
(1977), they have used simple mixing law. The same approach
was used by Thilly et al. (2009) to identify the mechanical proper-
ties of a nanocomposite wires composed of Cu matrix embedding
Nb nanotubes. Such a composite represents high strength-high
conductivity materials for non-destructive high field magnets.
The authors carried out cyclic loading - unloading tests during
which the microstructural evolution was investigated by means
of the X-ray diffraction method. Based on the results, the elasto-
plastic regimes were identified and the “tangent moduli” were
obtained for each of them. The Authors considered only elastic
response of the Nb nanotubes. Moreover new criterion for deter-
mining the macro-yield stress was presented.

In order to identify a strengthening mechanism of nanostruc-
tured Cu-Nb-based wires and Cu/Nb/Cu nano-filamentary wires,
Vidal et al. (2009) carried out in-situ tensile tests during neutron
diffraction. Presented results revealed the load transfer from the
Cu matrix to the Nb nanotubes.

More sophisticated approach to characterize a elasto-plastic
behaviour of architectured and nanostructured Cu-Nb composite
wires was proposed by Gu et al. (2017, 2019). The Authors pre-
sented a comprehensive study of the effective elasto-plastic beha-
viour of nanostructured Cu-Nb composite wires by using two
different approaches to model the microstructural features: full-
field finite elements method with periodic boundary conditions
and mean-field B- model. Nevertheless, presented models do not
take into account the plastic flow instability behaviour of polycrys-
talline materials at cryogenic temperatures, near to absolute zero.

In this paper a new multiscale model of DPF in superconducting
multifilament composites is presented. In order to obtain the over-
all tangent stiffness of the composite two approaches have been
used: the mixing law and the mean field methods. Moreover, it
has to be based on a number of assumptions related to the coexis-
tence of both components in the same unidirectional composite,
like the coherence of the copper-superconductor interface, and
the same strain. The assumptions will be listed and justified in
the section dedicated to the model of the composite.

2. Discontinuous plastic flow (DPF) at extremely low
temperatures

The discontinuous plastic flow has been studied, mainly exper-
imentally, by many authors, among them Basinski, 1957, Schwarz
and Mitchell, 1974, Reed et al., 1988, Reed and Walsh, 1988, or
Zaiser and Hahner, 1997. It was first Basinski, who developed a
consistent approach to the serrated yielding based on a thermody-
namic approach. He observed that the specific heat and the ther-
mal conductivity tend to zero with temperature, which is
consistent with the 3rd principle of thermodynamics. Moreover,
by assuming the adiabatic heating hypothesis, he noted that “any
fast dissipative process that occurs at extremely low temperature
leads to increase of local temperature, which results in a drastic
decrease of the flow stress”. Thus, the drops of stress were attrib-
uted to the variations of the flow stress, resulting from the oscilla-
tions of temperature, under quasi adiabatic conditions. This
approach was followed by a number of authors, however, the real
breakthrough came with the experiments where the load was
measured directly on the sample.

The question of other possible explanations was raised by
Wessel (1957), and Tabachnikova et al. (1984), who postulated

that if the flow stress at extremely low temperatures is sufficiently
high, it can induce some sort of avalanche-like process of multipli-
cation of mobile dislocations. Such a process can potentially lead to
the plastic flow instabilities.

A significant step forward has been made by Obst and Nyilas
(1991, 1998), who performed a series of experiments with the load
measured directly on the sample (Fig. 1). Following the way of
thinking of Seeger (1957), the Authors postulated that the cause
of discontinuous plastic flow is related to the pile-ups of disloca-
tions on the internal lattice barriers (e.g. the Lomer-Cottrell locks,
the Cottrell atmospheres, the Suzuki locks, etc.) The presence of the
dislocation pile-ups on the barriers leads to the stress concentra-
tions of the order of theoretical shear strength. As soon as the local
resolved shear stress at the head of dislocation pile-up reaches a
critical value, a catastrophic process of breaking the barrier takes
place, and the released dislocations can freely glide away. If such
a process takes simultaneously place in many locations in the lat-
tice, the effect is collective and massive, and results in macroscopic
slip equivalent to sudden jump of strain and drop of stress. Thus,
according to Obst and Nyilas, the DPF is of mechanical origin. Sim-
ilar experiments were performed by Tabin, Skoczen and Bielski
(2016, 2017, 2019) with even higher precision and better instru-
mentation, leading to confirmation of the hypothesis expressed
by Obst and Nyilas. Clearly, the thermal response is crucial, and
has to be taken into account by analysing the thermodynamic
background, characteristic of extremely low temperatures (Fig. 2).

The thermodynamic background is strictly related to the 3rd
principle of thermodynamics which postulates that the entropy
tends to zero with temperature. Similar behaviour is attributed
to the specific heat and the thermal conductivity that both tend
to zero with temperature. Based on the literature data (Bauer
et al., 2007; Marquardt et al., 2000; Rossi and Sorbi, 2006), the esti-
mates of the specific heat and of the thermal conductivity for OFE
Cu and for superconducting wires (NbTi, Nb3Sn) were obtained in a
wide range of temperatures. Both thermodynamic functions are
non-linear with temperature, and tend to O when the temperature
approaches absolute zero, as shown in Figs. 3 and 4. It is worth
pointing out, that the thermal conductivity of OFE Cu is still quite
high in the range above 1 K.

As the thermodynamic functions tend to 0 with temperature,
the so called thermodynamic instability takes place. The derivative
of heat with respect to temperature is equal to the product of mass
and specific heat of the sample:

dQ

G =mCy (M)
Computing the inverse derivative, one obtains:

dT 1

40~ mc, (2)

Knowing that:

T—0

Cy' =0 3)
one obtains:

dT 1-0
dQ %
This means that in the proximity of absolute zero an arbitrary
small dissipation of energy in the lattice will produce significant
increase of temperature. Among possible sources of energy dissipa-
tion, such processes like inelastic deformation or micro-damage
evolution have to be accounted for. In particular, plastic deforma-
tion represented by massive motion of dislocations in the lattice or
by a localized effect in the form of macroscopic slip, will produce
enough energy to raise the temperature by several Kelvins.

(4)
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Classical plastic flow

Dispersed point defect

Fig. 1. DPF at extremely low temperatures (below T,), illustrated by means of the plot of yield stress against temperature for Cu 99.9% (Obst and Nyilas, 1991).
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Fig. 2. The mechanism of DPF in the context of shear band propagation.

Thermodynamic instability plays an important role in the discon-
tinuous plastic flow, since it affects the excitation of lattice in the
proximity of the macroscopic slip resulting from the collapse of
local lattice barriers under the stresses caused by the pile-ups of
dislocations.

3. The constitutive model of DPF

The constitutive model of discontinuous plastic flow is physi-
cally based, which means that the main mechanisms of plastic flow
related to the motion of dislocations have been taken into account.
Two mechanisms are considered: redistributed motion of disloca-
tions in the whole volume of the RVE, and localized macroscopic
slip due to the motion of released dislocations after a collective col-
lapse of the lattice barriers under the shear stresses developed in
the pile-ups of dislocations. Such a model of DPF has been devel-
oped by Skoczen at al., since 2008 for single materials, such as the
stainless steel (304, 316LN, etc), the OFC copper and C15100. In this

paper a constitutive model of DPF for composites has been pro-
posed. It is assumed that the plastic flow can take place both in
the matrix, and in the superconducting fibres. Local behaviour of
the matrix and the superconducting fibres is defined by the relevant
tangent stiffness operators, computed at each stage of the deforma-
tion process. The behaviour of the composite results from the beha-
viour of the matrix and the fibres. In particular, the model of
unidimensional composite is based on the definition of the tangent
stiffness operator resulting from the operators computed for the
matrix and for the fibres. The model is developed at the mesoscopic
level, and the results are imported to the macroscopic framework of
classical plasticity, including the associated flow rule.

3.1. The kinetics of single serration and the criterion of drop of stress

The kinetics of DPF is based on the rate of production of lattice
barriers as a function of plastic flow intensity. It is assumed that
the probability of lattice barrier formation is strictly related to
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Fig. 3. Thermal conductivity of OFE Cu, low-temperatures superconductors (NbTi, Nb;Sn), and 304 stainless steel as a function of temperature (Bauer et al., 2007; Marquardt

et al., 2000; Rossi and Sorbi, 2006).
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Fig. 4. Specific heat of OFE Cu, low-temperatures superconductors (NbTi, Nb3Sn), and 304 stainless steel as a function of temperature (Bauer et al., 2007; Marquardt et al.,

2000; Rossi and Sorbi, 2006).

the intensity of plastic strains, reflected by the accumulated plastic
strain (Skoczen, 2008):

dB d
G =Filp.o. 1) H(P —py) (5)

where B denotes the number of lattice barriers per unit surface, Fj
is a function reflecting the influence of dislocations density, stress
and temperature, and p is the accumulated plastic strain. H(..)
stands for the Heaviside function and p; represents the threshold
above which the lattice barriers evolve. Assuming, that the thresh-
old has been reached, one obtains:

dB = Fjdp (6)

here, the accumulated plastic strain is expressed by:
2
(dp)* = §de§.de§. (7)

In order to compute the shear stress at the head of dislocation
pile-up, firstly the density of dislocations has to be determined.
Local dislocations density obeys the following law (Kocks and
Mecking, 2003; Mecking and Kocks, 1981):

dpm, = dp73,w+ + dp7;77 (8)

where (+) denotes production of dislocations, whereas, (—) denotes
annihilation of dislocations. Given the fact, that the production part

is inversely proportional to the mean free path of dislocation in the
lattice:

dp.," = (ib)"! 9)

and the mean free path is expressed by:

=30 (10)
i

one obtains:

it =d T 4 kg p®® (11)

where k., is a constant, and d denotes the grain size. The annihila-
tion term is expressed by the following equation:

dp,,” = —kep (12)

with k, being the dislocations annihilation constant. Finally, the dis-
locations density is expressed by the following equation:
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dp,, = (db) " +kab ™ p°° — kap (13)

It is now assumed that the elastic strains are negligible when
compared to plastic strains, and the local shear stress and the local
resolved shear strain can be converted to the macroscopic stress
and strain, respectively, by means of the Taylor factor M:

o =Mrt;y=Me
In the light of the above micro/macro relationship one obtains:

dp,, = M[(db)’l + kb p05 — kup] (15)

Now, the average shear stress in the lattice can be computed:
T = To + pobp® (16)

which reflects the frictional term, and the term related to interac-
tion of dislocations, determined by the shear modulus p and the
coefficient o. Finally, the shear stress at the head of dislocations
pile-up is expressed by:

Te = (1 — v)(bp) 77> (17)

where the mean free path of dislocation represents the distance
between source and a lattice barrier:

) =" 4 koB® (18)

Here, B is computed from the Eq. (5) evolution equation. The
pair of variables (B,7.) is sufficient to determine the conditions of
drop of stress due to the catastrophic failure of internal lattice
barriers, when the number of barriers and the level of shear stres-
ses at the heads of dislocation pile-ups are large enough (Skoczen,
2008):

Te — Ter

B— Bmin
= i T > Tmin ANB > B 19
Bcr - Bmin Tmin — Ter i i ( )

On the other hand, the following conditions hold:
T < Tmin = B =By

B < Buin = Te = Ter (20)

The above criterion is piecewise linear, and determines the con-
ditions of single serration for a process that starts with the vari-
ables (B,t.) obtained from the previous serration. The values:

Biin = 0Ber;  Tmin = e Ter (21)

were obtained as a function of the critical values. As soon as the cri-
terion is fulfilled, the drop of stress takes place. The magnitude of
drop of stress is determined by means of the following equation
(Skoczen et al., 2010):

AG = Mpob (/5 —/7y) (22)

and depends on the density of dislocations before and after the ser-
ration. It is worth pointing out, that the drop of stress results from a
macroscopic slip between two portions of lattice, each of them
being unloaded. The elastic unloading of both lattice portions
involved in the macroscopic slip is equivalent to the amount of slip
in the following way:

Ao
pS __
AeP = E (23)

where E denotes the Young modulus.
Thus, the plastic deformation contains essentially two compo-
nents: the redistributed deformation based on the motion of dislo-

cations (A&P?), and highly localized plastic slip (AeP). In the present
model these two effects are superposed, so that:

AEP = Agk + AgPs (24)

3.2. Multiaxial constitutive model

In the case of multiaxial constitutive model, the general consti-
tutive equation reads:

d
Ojj = E,’jk( <8k( — 8;:[ — 8%5) (25)

where Ejy, is the 4th order elasticity tensor. The plastic flow is rep-
resented by the yield surface in the following form:

fy =Ja(si = Xij) =R —00; ] (55 = Xy)
3 05
= (365, - %), X)) (26)

where J, is the second invariant of the stress tensor, s; denotes the
deviatoric stress, X denotes the back stress, R denotes the isotropic
hardening variable, and oy is the yield stress. In order to derive the
plastic strain increment, the associated flow rule is assumed:

Ay

P din. —
dej = ding = di 90,

(27)
where n;; denotes vector normal to the yield surface. The evolution
laws for the back stress, and for the isotropic hardening variable,
read:

pd
de8 H

ij

2

aX; =

dR = Crdp (28)
where Cx and Ci denote the kinematic and the isotropic hardening
moduli, respectively. As soon as the plastic strain increment is
obtained, the parameter B is computed, and the serration criterion
is checked.

In order to establish a proportion between the kinematic and
the isotropic hardening, the Baushinger parameter B can be
introduced:

ot -0

ﬁ—m7 0<p<1 (29)
where o' denotes the stress level at which the unloading process
starts, o~ is the yield stress at the reverse active process and gy is
the yield point. The Baushinger parameter varies between 0 (isotro-
pic hardening, no Baushinger effect) and 1 (kinematic hardening,
pure Baushinger effect). In view of foregoing, the evolution of iso-
tropic hardening and kinematic hardening depend on Baushinger
parameter in the following way:

2 2
dR = f(1 — f)Crodp = Cadp, dX; =3 BCxodel! = §de8§d (30)

In order to define the kinematic and isotropic hardening vari-
ables the integration with respect to the accumulated plastic strain
and plastic strain are required.

3.3. DPF in the composite containing long fibres

A composite consisting of the superconducting wires embedded
in the Cu matrix is considered. Both materials exhibit the discon-
tinuous plastic flow so that the composite is subjected to two types
of serrations: in the strands and in the matrix. Each material is con-
sidered elastic-plastic with linear hardening. In order to determine
the equivalent tangent stiffness operator, a homogenization algo-
rithm is applied. Four possible cases in terms of the behaviour of
matrix and strands are studied: elastic-elastic (I), plastic-elastic
(1), elastic—plastic (III) and plastic-plastic (IV). In each case, the
tangent stiffness operator in the isotropic or quasi-isotropic form
will be used. In what follows, the matrix will be denoted (1) and
the strands will be denoted (2).
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3.3.1. The elastic-elastic case
The elastic behaviour of the matrix is represented by the 4th
order stiffness tensor:

ykl 3k1]ukl + 2,“1 Kijkl (31)
where
_ E; ) . E
’u172(1+v1)7 ’<1*3(1—2\J1) (32)

whereas, the elastic behaviour of the strands is represented by the
following tensor:

ykl = 3kaJiju + 21, Kija (33)
where

B,
=50 =302 (34)

The resultant stiffness tensor reads:
Efy = 3kuliju + 214, Kiju (35)
and the stress increment can be computed in the following way:
doj; = Ejjdéen (36)

In order to obtain the resultant stiffness tensor, the Mori-
Tanaka homogenization scheme will be used:

.
3ky +3k" = {3(!:11k) +3 < }

-1 37
2,uH+2u { ST R T z+u>} (37)

9ky+81y

=320 = M 320

where ¢ denotes the volume fraction of strands in the composite.

3.3.2. The plastic-elastic case

In this case the matrix is subjected to plastic flow, whereas, the
strands remain elastic. The tangent stiffness operator for the
matrix reads:

n;®n
ykl = 3k + 214 <Kukl : kl) (38)

C
1+%

where the second term in the bracket contains dyadic product of
the tensors representing normal to the yield surface. In order to
use the homogenization algorithm, the tangent stiffness operator
has to be projected into the space of isotropic operators, and takes
the form:

ykl = 3kaJj + 214 Kija (39)

where

_ Ex _ En _ EG
Mo =30 vy ka T3(1-2w)’ En TE+G
Here, E; denotes the elasticity modulus, and C; denotes the

hardening modulus for copper. The tangent stiffness operator can
be reduced to the following form:

(40)

C
Efjlkl = nlEi]jklnl = ﬁ (41)

The elastic behaviour of strands is represented by the same
stiffness tensor like in the previous case:

Eizjkl = ko) + 21K (42)

By performing the homogenization according to the following
scheme:

-1
3ky +3k" = {_;11l<1+k 513 k2+l< )}

-1
2py + 210 = { n1u1+u +2 z+u>}

k1 +814y

K= 301103 200 = 13 Ly 5500

one obtains the resultant tangent stiffness operator in the following
form:

Eﬁil 3’([{]1}’([ + Z,MHK,-]-,([ (44)
and the stress increment reads:

dO'ij = Egi,d&'k[ (45)

(43)

3.3.3. The elastic-plastic case
The elastic—plastic case is similar to the previous one, however,
the roles are inverted. The behaviour of the matrix is elastic:

Ej = 3kiJii + 204, Kij (46)
and the response of the strands is plastic:

C
Etﬁl = ”zEx‘zij = EZTZCZ (47)

The relevant set of equations for the Mori-Tanaka algorithm
reads:

4
ki + 3k = {3(k1+k*) + 3(VIZI<Z+I<*)}

-1
Uy + 20 = {W + W}
K =520 =y 39112122
and the resultant tangent stiffness operator reads:
Ukl = 3knfjis + 21 Kija (49)
with the stress increment equal to:

dO'ij = Eieji,dS/d (50)

(48)

It is worth pointing out that in Cu-NbTi composite elastic-plas-
tic case does not appear. Nevertheless, presented consideration can
be used for wide range of composite.

3.3.4. The plastic-plastic case

Finally, the plastic-plastic case represents the simultaneous
plastic behaviour in both components of the composite. Thus,
one obtains for the matrix:

G
E'[J]kl = rllEl’ljkl; n = E] + C] (51)
and for the strands:

G
Eju=Ej: =g e (52)

The homogenization algorithm is reflected by:
-1
3kH +3k = { (711k1+k* + 3( n2k2+k )}
-1
- 4 53

2ty + 2 = { '71.‘41H1)+ (ﬂzllzﬂl")} (53)
k=005 200 = 1, g 5ok
and the stress increment reads:
dO'ij = Egi,dé]k[ (54)

All the above cases may occur as a function of the mutual prop-
erties of the matrix and the strands.
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4. Experimental validation of DPF in superconducting
multifilament composites

4.1. Experimental set-up for tensile test at cryogenic temperatures

Kinematically controlled uniaxial tensile tests at the liquid
helium temperature (4.2 K) were performed for OFE Cu wires,
OFE Cu flat specimen and for a superconducting multifilament
composite Cu-NbTi. The stress-strain curve for NbTi specimen
was adopted from Koch and Easton (1977).

Tensile tests were carried out on the unique experimental
set-up. The general schemes of the experimental set-up, as well
as the cryostat interior, are presented in Fig. 5. The cryostat with
the specimen and the transducers were mounted between the
grips of the tensile test machine. The cryogen (liquid helium)
was transferred to the cryostat by means of the transfer line,
until the specimen with the transducers was immersed in the
medium. The level of the cryogen was indicated by a thermistor
mounted inside the cryostat. The kinematically controlled uniax-
ial tensile tests were carried out with the cross-head speed of
0.1 cm/min. During the tests, the elongation of the specimen
was measured by means of the clip-on extensometers, the
applied force by means of the piezoelectric transducer mounted
just behind the specimen. The temperature of the specimen dur-
ing plastic deformation was measured by means of the thermis-
tor mounted on it.

HELIUM TRANSFER
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It is worth pointing out, that the clip-on extensometers are rec-
ommended by the international standards (ISO 19819, Metallic
materials, Tensile Testing in Liquid Helium). For the present work
very light Nyilas-type extensometers were used, which were
specifically designed for the superconducting wires and filaments
(Shin et al., 2008). Nevertheless, during the tensile test in the liquid
helium, such dynamic effect in material like the DPF can generate
vibrations of the extensometers-specimen structure. It leads to
erroneous interpretation of tensile test results. Simple approach
to determine the dynamic properties of the extensometers-
specimen structure was discussed by Tabin and Pracik (2015).
Based on this approach, suitable clip-on extensometers were
selected to perform the cryogenic tensile tests at extremely low
temperatures (see Fig. 5).

The composite specimen for tensile test at cryogenic tempera-
tures was severed from superconducting auxiliary busbars which
are used to feed the “spoolpieces” - superconducting corrector
magnets located in the main dipole in the Large Hadron Collider
at CERN (Tock et al., 2004). These busbars consist of a rectangular
shape copper conductor with NbTi filaments. The cross-section of
tested specimen and the specimen grip system are presented in
Fig. 6. The OFE Cu wire specimens were severed from cable tested
in SMC (Short Model Coil).

The parameters of the superconducting multifilament compos-
ite, the NbTi wire, the OFE Cu wire and the OFE Cu flat specimen
are presented in Table 1.
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Fig. 5. Experimental set-up for tensile testing at extremely low temperatures; cryostat (1) equipped with the suitable instrumentation: quartz link (5), clip-on extensometers
(6), thermometer (7), specimens: superconducting multifilament composite (8) and NbTi wire (9), DAQ system (4).
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In our case the volume fraction of NbTi wires in composite is
less than 15%, what has significant influence on composite beha-
viour, obviously. Such a ratio results from the fact that during
resistive transition (quench) the heat transfer is mainly realised
by copper matrix.

4.2. Test results

Discontinuous plastic flow (DPF) was observed in the OFE Cu flat
specimen during the kinematically controlled uniaxial tensile tests
at 4.2K. The uniform gauge section had the length of 25.4mm, and
the cross section of the gauge section was of 9.06mm?. Based on the
time responses of the extensometers and the force transducer the
stress—strain curve for OFE Cu was obtained (Fig. 7).

During the monotonic tensile test, the recorded saw-tooth func-
tion of force is correlated in time with the step function of elonga-
tion, and the 3-Dirac temperature distribution (Fig. 8b,c).

The time responses of transducers reflect the microstructural
processes that occur inside the specimen. For instance, the massive
failure of lattice barriers during DPF is followed by the fast motion
of glissile dislocations in the lattice, thus the macroscopically
abrupt drop of stress is observed. The heat released in the course
of this process depends on the plastic work and the internal fric-
tion in the lattice, and it is reflected by the temperature distribu-
tion (Fig. 8). It is worth pointing out, that specific heat vanishes
when the temperature approaches absolute zero (Fig. 4), thus small
amount of heat generates drastic increase of temperature. It is the
so-called thermodynamic instability, which is reflected during the
test by the §-Dirac temperature peaks (see Chapter 3).

The maximum recorded temperature jump during DPF in OFE
Cu specimen was about 6 K. It is much lower, compared to the aus-
tenitic stainless steel (304), where it is about 35 K (Tabin et al.,
2016). The reason is that the thermal conductivity of copper spec-
imen in liquid helium is significantly higher than the austenitic
stainless steel (Fig. 3). Therefore, the relaxation stage is not
observed in OFE Cu.

Each serration in the OFE Cu stress-strain curve (red curve in
Fig. 9) has similar pattern: after initial elastic process (1) smooth
plastic flow occurs (2), until the abrupt drop of stress (3) takes

8¢ 615

Table 1
Geometrical parameters of Cu-NbTi composite, NbTi wire (Koch and Easton, 1977)
and OFE Cu specimens.

Cu-NbTi (composite)

Diameter of NbTi filament 43.1um
Number of NbTi bundles 6

NbTi filaments in bundle 44

Area of NbTi filaments 0.39mm?
Area of Cu matrix 2.63mm?
Volume fraction of filaments in composite 0.148
NbTi (wire)

Diameter of wire 0.45mm
Area of wire 0.16mm?
OFE Cu (wire)

Diameter of wire 0.65mm
Area of wire 0.33mm?
OFE Cu (flat specimen)

Type of cross section rectangular
Area o cross section 9.06mm?

place. Heat generated during DPF is reflected by the temperature
distribution (blue curve). The experimental result indicates, that
during third stage of DPF, the increment of plastic strain is related
to sudden and collective motion of dislocations after the collapse of
the lattice barriers (the steps on elongation curve, Fig. 8b). Hence,
the mechanism of plastic deformation is different than in the clas-
sical continuous plastic flow (stage 2). Since the total value of
strain in stage 3 remains constant, the increment of plastic part
is equivalent to decrement of the elastic one and results in a drop
of the stress value (Fig. 9).

The DPF effect was also observed in the OFE Cu wire specimen.
The results of test at 4.2 K are presented in Fig. 10 (blue curve).

It is worth pointing out that the plastic flow instability reflected
by the oscillations occurred relatively late in OFE Cu wire specimen
(Fig. 10a). Moreover, the stress amplitude of serration in OFE Cu
wire is much smaller than in the NbTi wire (Fig. 11). This fact is
crucial for identification of DPF in the Cu-NbTi composite speci-
men. It is worth pointing out that there are metallographic evi-
dence indicates that in annealed Nb-55-wt%Ti a systematic

Fig. 6. a), b) Superconducting multifilament composite Cu-NbTi after the uniaxial tensile test at 4.2 K, c), d) cross-section of composite.
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lattice transformation (twinning or martensitic) is induced at 76 K

and 4 K (Read, 1978).

The results of uniaxial tensile test of composite specimen are
presented in Fig. 12. The specimen consists of NbTi filaments,
which are twisted together and embedded in an OFE Cu matrix

J. Tabin et al./International Journal of Solids and Structures 202 (2020) 12-27

The following mechanical parameters (Table 2) were identified

during kinematically controlled uniaxial tensile test of Cu-NbTi

specimen (stress-strain curve in Fig. 10):
where Ej is the initial elastic stiffness of composite, gpand Ej
represent the stress and hardening modulus when plastic deforma-

(Fig. 6d). tion occurs in the matrix (index 1) and then in the filaments (2).
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Fig. 7. a) Stress-strain curve for OFE Cu flat specimen at 4.2 K; b) in the zoom window red and green curves correspond to the load transducer outside and inside the cryostat.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 9. Single serration during the uniaxial tensile test of OFE Cu at 4.2 K; the result
of kinematically controlled tensile test; illustration of the amount of slip A¢; during
the process of catastrophic failure of lattice barriers.

The experimental results indicate that during the test, the typ-
ically full-size serrations in the NbTi filaments were combined
with the gentle serrations in the copper matrix. Moreover, the
DPF in the matrix was observed at the final stage of the uniaxial
tensile test (Fig. 11). It is worth pointing out, that DPF is macro-
scopically reflected by the temperature distribution. In the com-
posite specimen the peaks of temperature generated during DPF
in the filaments are much higher than those generated by the
matrix (blue curve in Fig. 12b).

5. Computational aspect of DPF in superconducting
multifilament composites

Previously developed numerical model (Skoczen et al., 2014;
Tabin et al., 2016, 2017, 2019) is adopted to describe the DPF in
the superconducting multifilament composite. The explicit incre-
mental scheme (Forward Euler Method) was applied for the stress
integration, controlled with a constant value of the total strain
increment. The model assumes that DPF takes place independently
in the NbTi filaments and in the OFE Cu matrix. The response of
stress during the kinematically controlled uniaxial tensile test
was defined for the composite specimen in terms of three stages
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Fig. 11. Stress amplitude of single serrations in OFE Cu (blue) and NbTi (red) (Koch
and Easton, 1977). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

within each serration cycle: elastic loading (1), smooth plastic flow
(2), abrupt drop of stress (3). Experimental results show that large
serrations come from DPF process in the filaments, while the smal-
ler ones come from the matrix. The earliest serrations are observed
in the filaments, and then in the matrix, despite the fact that the
copper matrix reached the yield stress before the NbTi filaments.
The model assumes that the increase of the plastic strain due to
stage 3 (fast slip) is caused by a different mechanism (see Fig. 13c)
than in the regular continuous yielding within stage 2 (motion of
dislocations). Moreover, following the experimental results, it is
assumed that the abrupt drop of stress (stage 3) occurs at a con-
stant value of total strain. Hence, the redistribution of the elastic
and the plastic parts of strain takes place in the stage 3 (Fig. 13).
In order to calculate the equivalent tangent modulus of multifil-
ament composite during DPF, the two approaches were used,
namely the homogenization method and the mixing law (Fig. 14).
The equivalent tangent moduli were obtained for each range of
the deformation during the tensile test (Table 3). Elastic behaviour
of the composite is described by the elastic-elastic effective modu-
lus. Then, the plastic deformation starts in the matrix whereas the

20001
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Fig. 10. Stress—strain curves for NbTi wire, OFE Cu wire and Cu-NbTi composite obtained during kinematicaly controlled tests at 4.2 K.
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Table 2
Experimentally identified mechanical parameters of Cu-NbTi.
Eo[Pa] ao1[Pa] g02[Pa] Epi[Pa] Epy[Pa]
Cu NbTi 0.60-10" 1.00-10° 3.66-10° 0.135-10" 0.0079 - 10"
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Fig. 13. a) Illustration of different mechanisms of the plastic deformation during DPF (Skoczen, 2008, 2010); b) the amount of slip A&*" during the process of catastrophic

failure of the lattice barriers; c) redistribution of plastic strain within one serration.

filaments remain still elastic. Thus the composite specimen is General scheme of the numerical algorithm of DPF is presented
in (Skoczen et al., 2010; Skoczen et al., 2014; Tabin et al., 2016,

described by the plastic-elastic effective modulus. After the yield
stress of the filaments is reached the composite is described by 2017, 2019), therefore identification of the effective tangent mod-
the plastic-plastic modulus. uli is presented in this paper as well as the experimentally identi-
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Fig. 14. a) Material parameters of the filaments and the matrix, b) the equivalent modulus of composite calculated by means of the Mori-Tanaka homogenization scheme.

Table 3
General equations of equivalent tangent moduli of multifilament composite.
Tangent equivalent modulus Mori-Tanaka homogenization scheme Extra parameters
elastic-elastic o + 2088 3K 4 3k — (ﬁ*w«ﬁ)il
K :‘%ul,/f :%
plastic-clastic B = kit + 20 3k + 3k = ( (mkl T 3(k2 K )71 = Eliﬁlc‘

2 3
M + 30" = (fmwu uzﬂt
N1th 9m'<1+8mu|)
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Table 4
Parameters of numerical model of DPF in the multifilament composite.

parameter Units Cu OFE NbTi filament

Eo elastic modulus Pa 0.45.10" 1.28.10"

Ey hardening modulus Pa 14.50-10% 0.364 - 10"

v Poisson’s ratio - 035 0.31

oo initial yield stress value Pa 250-108 8.00-10°

Po density of dislocations 1/m? 3.0.-10"2 12.0-10'2

By initial value of density of the lattice barriers 1/m? 50.10" 50.10"

To internal lattice friction Pa o

u shear modulus Pa _E

2(1+v)

k bulk modulus Pa ﬁ

b length of the Burgers vector m 258.10°1°

d average grain size m 25.10°% 200-10°°

M Taylor’s constant - 3.0

o dislocations interaction factor - 0.4 0.4

ke constant - 0.031 0.25

ke constant - 0.002 0.01

kaq dislocation annihilation constant - 0.01 0.01

Pgo initial plastic strain threshold for the evolution of the lattice barriers - 0.0651 0.0005

plastic strain when first serrations are observed 0.075 (flat specimen) 0.018 (cylindrical specimen)
0.083 (composite) 0.028 (composite)

Apg variable increment of the threshold for the evolution of the lattice barriers; - —0.05pg —0.05p;
fied mechanical properties and material parameters of the Cu Some of the parameters in Table 4 come from the literature
matrix and the NbTi filaments are shown. The numerical results position (Koch and Easton, 1977; Schmidt, 1978). Some of them

were obtained for the following set of parameters: were identified during tensile test at 4.2 K (Skoczen, 2004,
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Skoczen et al., 2010) and a few were chosen to calibrate the numer-
ical model.

Based on the Mori-Tanaka homogenization scheme and the
material parameters the following equivalent effective moduli
were obtained for the Cu-NbTi specimen:

Having determined the effective tangent moduli (Table 5), the
linear stress increment is calculated for each strain increment Ag,

Table 5
Equivalent effective moduli for Cu-NbTi.

elastic-elastic [Pa]

plastic-elastic [Pa]

plastic-plastic [Pa]

K = 0.534- 10"
e =0.200- 10"

ki = 0.0194 - 10"
1#£¢0.0071 - 10"

kP = 0.0190- 10"
WP =0.0069 - 10"
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with the effective tangent modulus depending on the deformation
stage in the filaments and the matrix (36):

AO-comp = EZA& 17] =6ep (55)

Alternatively, the mixing law, based on the section equilibrium
condition, may be used to obtain the stress-strain relation for the
composite. After the integration algorithm is applied separately for
Cu (matrix) and NbTi (filaments), the effective stress in composite
is calculated for each total strain value (the same for Cu and NbTi):

Eou+ Enpri = 1 (54)

The mixing law is applied for the estimation of serrations in the
both above approaches.
The results of numerical simulation of DPF for the OFE Cu flat

Gcomp = éCu Ocu + éNbTi ONbTi
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composite are presented in Figs. 15 and 16. The result of the mix-
ing law applied is denoted Composite (1), and of the effective tan-
gent moduli - Composite (2). The computed stress—strain curves
for OFE Cu and NbTi exhibit good correlation with the experimen-
tal data obtained during the kinematically controlled uniaxial ten-
sile test at 4.2 K.

6. Discussion

The superconducting multifilament composite composed of the
copper matrix and the unidirectional long fibres (strands) has been
tested at extremely low temperatures (liquid helium, 4.2 K) in
order to verify the type of inelastic behaviour, both in the matrix
and in the fibres. It turns out that the so-called discontinuous plas-
tic flow (DPF) is observed both in the copper matrix and in the
superconducting fibres (strands), however, their behaviour in
terms of hardening, the frequency and the amplitude of drop of
stress is quite different, which is certainly motivated by different
chemical composition and microstructure of both components. In
particular, the copper matrix exhibits quite frequent oscillations
of stress against strain (or time), however their amplitude is not
very large (of the order of 5 MPa). The stress oscillations are
accompanied by the oscillations of temperature, which is justified
by the so-called thermodynamic instability (see Chapter 2). It has
been clearly shown, that the specific heat tends to zero with tem-
perature, which leads to the conclusion that the derivative of tem-
perature with respect to heat (dT/dQ) tends to infinity with
temperature approaching absolute zero (Eq. 4). This becomes the
main cause of the thermodynamic instability, associated directly
with the phenomenon of adiabatic heating. The process of plastic
slip in the matrix generates local dissipation of energy in the pri-
mary form of plastic power. As a result of conversion of plastic
power to heat in the nearly adiabatic conditions (the thermal con-
ductivity tends to zero with temperature), the temperature rise is
observed. The temperature spikes may reach some 2-4 K in the
case of copper, and they are systematically correlated to the drops
of stress. The behaviour of copper matrix at very low temperatures
(liquid helium) is therefore discontinuous by nature, as long as the
process is kinematically controlled. Similar behaviour is observed
in the case of NbTi fibres (strands), that show the same type of
mechanical response, even if the frequency of stress against strain
oscillations is much smaller and the amplitude of drops of stress is
much larger (of the order of 20 MPa or more) than in the case of
copper. Also, the NbTi fibres exhibit much higher hardening when
compared to copper, which has strong influence on the behaviour
of the entire composite (Fig. 12). As a result of discontinuous plas-
tic flow in the matrix and in the fibres, the resulting behaviour of
the composite in terms of plastic flow is also discontinuous. More-
over, the composite is characterized by frequent and small (in
terms of amplitude) stress oscillations due to the behaviour of cop-
per, and less frequent but large stress oscillations due to the beha-
viour of fibres (strands). This makes the response of the whole
composite less regular and more complex for the constitutive
and the numerical modelling. In the present paper, an improved
constitutive model of the discontinuous plastic flow, when com-
pared to the model developed in the previous papers, has been
applied. Moreover, the model has been applied in the entirely
new circumstances given the fact that the matrix and the fibres
are connected to each other by an interface that is not coherent,
however, it is able to carry the longitudinal tangent loads. In the
primary approach, the Bernoulli hypothesis of flat cross-sections
has been applied, which leads to the same strain in the matrix
and in the fibres within the same cross-section. Initially, the mix-
ing law has been applied in order to apportion the stress compo-
nents to the matrix and to the fibres. The mixing law, even if

very simple, allows to represent the serrations both in the matrix
and in the fibres, and to obtain rather complete representation of
the behaviour of the whole composite. Thus, frequent serrations
of small amplitude in the copper matrix are accompanied by rare
serrations of large amplitude in the fibres, which fits well to the
behaviour of the composite during the low temperature tests. Such
a model is regarded as the first, and rather basic approach.

In order to proceed further and to develop more precise model,
the mean field methods were applied. In particular, the Mori-
Tanaka homogenization scheme has been adopted in order to com-
pute the overall tangent stiffness of the composite containing the
superconducting fibres. The Mori-Tanaka homogenization scheme
is explicit, therefore the overall tangent stiffness is computed in
one go. Moreover, it is suitable in all the cases where the volume
fraction of secondary component is much smaller when compared
to the volume fraction of primary component (the matrix), which is
the case of the unidirectional copper stabilized superconductors. In
order to represent all possible cases, the following states were
taken into account (matrix/fibres): elastic-elastic (1), plastic-
elastic (2), elastic-plastic (3), plastic-plastic (4). It is worth point-
ing out that two first cases (1,2) were already derived in the previ-
ous papers (Ortwein et al., 2014; RyS and Skoczen, 2017; Skoczen,
2007) with respect to the phase transformation process, where the
primary phase was elastic or plastic, and the secondary phase was
elastic. In the present paper, an entirely new plastic-plastic case
has been added, that represents simultaneous plastic behaviour
in both components of the composite. This means that in both
cases (matrix and fibres) the tangent stiffness operator has been
derived in its full anisotropic form, containing dyadic product of
the vectors normal to the yield surfaces. In order to obtain simpler
form of the tangent stiffness operator, its projection to the space of
isotropic operators has been performed. As a result, the dyadic pro-
duct of the vectors normal to the yield surfaces has been reduced,
whereas the shear and the bulk moduli were simultaneously
enriched by the tangent stiffness modulus computed by means of
the elastic and the hardening moduli, for each component (ma-
trix/fibre) separately. This linearization allows to apply the Mori-
Tanaka homogenization scheme at each stage of the deformation
process, since both components have their own isotropic represen-
tation of the tangent stiffness operator. Thus, all the above men-
tioned cases (1-4) can be efficiently solved. In the case of soft
copper matrix and much stiffer superconducting fibres, the follow-
ing states are active (matrix/fibre): elastic-elastic, plastic-elastic
and plastic-plastic. Given the fact, that the proportion between
the matrix and the fibres does not change during the deformation
process, the above approach leads to a piecewise linear representa-
tion of the composite, containing both small and large serrations.
Such a representation fits reasonably well to the experimental
results (Fig. 16), where the piecewise linear behaviour of the com-
posite is well visible. It is worth pointing out that experimentally
tested Cu-NDbTi is subdivided into fine filaments, which are twisted
together and embedded in a OFE Cu matrix. It is required to elim-
inate instabilities in the superconductor known as flux jumps. On
the other hand, the filament twisting reduces the inter-filament
coupling under time-varying fields, while cooper matrix (high
thermal and current conductivity) is used as a current shunt in
the case of transition of the filaments to the normal resistive state
(so-called quench effect). Therefore, precise calibration of the
numerical results versus the experimental data in terms of fre-
quency and amplitude of serrations is rather difficult, that is why
the results presented in the present paper have to be treated in a
qualitative manner. Nevertheless, the very fact that both types of
serrations were accommodated in the model, and the overall stiff-
ness of the composite has been obtained by means of the mean
field methods, makes this model quite promising in terms of phys-
ical representation of the phenomena that take place in the copper
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matrix and in the superconducting fibres. Another problem that
arises is linked to the fact, that the interface between the matrix
and the fibres is not coherent, which might contribute to possible
stick-slip effect in the interface. The stick-slip effect has, however,
quite different appearance at the macroscopic level, and can be
easily distinguished when compared to the classical serrations.
More sophisticated method, that might help to distinguish
between the stick-slip in the interface and the serrations (discon-
tinuous plastic flow) is the acoustic emission that is currently
being developed for extremely low temperatures. Finally, it is
worth pointing out that the temperatures spikes measured in the
course of the deformation process are precisely correlated with
the drops of stress, as indicated in Fig. 12, which is an obvious
result of the thermodynamic instability described in Chapter 2. In
the present model, the thermodynamic coupling between the ser-
rations (drops of stress) and resulting energy dissipation in the
form of plastic power, accompanied by the temperature oscilla-
tions, was not taken into account and remains the matter of the
future investigations.

Moreover the mechanism of discontinuous plastic flow (DPF,
serrated yielding), that occurs at extremely low temperatures in
fcc materials was explained in the context of uniaxial tensile test,
what will happen during kinematically controlled combined loads
and non-proportional loading paths? To this end, dedicated set-up
is being developed. Based on this, the modelling of the fracture
mechanisms in heterogeneous materials (multiphase and compos-
ite), subjected to multiaxial loads (proportional and nonpropor-
tional paths) at extremely low temperatures (liquid nitrogen
77 K, liquid helium 4.2 K, superfluid helium 1.9 K) will be
considered.

7. Conclusions

The constitutive model discussed in the paper describes one of
the fundamental dissipative phenomena that occur at very low
temperatures - discontinuous plastic flow (DPF) in complex com-
posite material: In order to describe the mechanical behaviour of
a composite composed of matrix (OFE Cu) and the superconductor
strands (NbTi, Nb3Sn) two approaches have been used: the mixing
law and the mean field methods. The first one allows to represent
the serrations both in the matrix and in the fibres, and to obtain
complete representation of the behaviour of the whole composite.
On the other hand, the Mori-Tanaka homogenization scheme (the
mean field methods) has been adopted in order to compute the
overall tangent stiffness of the composite containing the supercon-
ducting fibres.

Validation and verification of DPF model developed in the
paper, have been carried out based on the uniaxial tensile tests
of Cu-NbTi composite specimens. The experimental results indi-
cate that the full-size serrations in the NbTi filaments were com-
bined with the “gentle” serrations in the copper matrix.
Moreover, the DPF in the matrix was observed at the final stage
of the uniaxial tensile test (cf. Koch and Easton, 1977). It is worth
pointing out, that DPF is reflected by the temperature distribution.
In the composite specimen the temperature peaks generated dur-
ing DPF in the filaments are much higher than generated in the
matrix.

The constitutive model is physically based, and reflects all the
important features of the DPF in the composite materials. More-
over, the model allows to reproduce the observed serrations both
in the matrix and in the strands.

The superconducting multifilament composites (Cu-NbTi) are
commonly used for the coils of the superconducting magnets in
large scientific instruments, such as: Large Hadron Collider (LHC,
Switzerland), Tevatron (USA) or magnetic resonance imaging

(MRI). Therefore, the following question has been raised: how to
design the modern conductors in order to reduce the dissipative
effects like DPF or the stick slip effect?

The heat released in the course of DPF process, due to thermo-
dynamic instability, generates drastic increase of temperature,
which can lead to resistive transition (quench) in the supercon-
ducting magnets. In order to describe correctly the mechanical
behaviour of composite superconductors at extremely low temper-
atures, the constitutive model of DPF developed in the present
paper can be successfully used.
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