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In this paper, the nonlinear mechanical behaviors of Nb;Sn superconducting composite wires have been investigated by the
quasi-static loading-unloading tensile and fatigue tests at the temperature of 77 and 300 K, respectively, which indicates that
the quasi-static stress-strain curves and energy dissipations exhibit strong nonlinearity. Meanwhile, the nonlinear and linear
unloading modulus are derived by considering the damage degradation, and the elastic-plastic constitutive is proposed to
predict the quasi-static loading-unloading stress-strain responses and energy dissipation. Moreover, the damage evolution
model has been conducted to elucidate the energy dissipation of fatigue tests for the Nb;Sn composite wire at the temperature
of 77 and 300 K. The combination of experimental and theoretical results indicates that the nonlinearity of energy dissipation is
caused by damage degradation during quasi-static loading and unloading tensile tests. Furthermore, the fatigue fracture modes
of Nb3Sn composite wires also have been analyzed, which indicated that the Nb;Sn sub-elements show brittle fracture at the
temperature of 77 K while ductile fracture at the temperature of 300 K. These findings provide novel insights into the nonlinear
mechanical behaviors of Nb;Sn superconducting composite wires.
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1. Introduction

The international thermonuclear experimental reactor
(ITER) is the largest and most complex experimental fusion
facility with the stored energy of 51 GJ [1-4]. Due to high
critical current density and reasonable price, Nb;Sn super-
conducting composite wires have been selected for the
central solenoid and toroidal field coils to carry capacity in
the ITER [5,6]. Moreover, Nb;Sn composite wires may
become a candidate superconducting material for cutting-
edge high-field magnets such as the future circular collider
[7]. In the application to Nb;Sn composite wires, which
undergo extremely complex working conditions such as low
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temperature, strong magnetic field and large current, and
also withstand cyclic electromagnetic and thermal loading.
These harsh working conditions will undoubtedly lead to the
degradation of Nb;Sn composite wires’ performance, which
is a key engineering and science topic [8,9]. Over the past
decades, numerous experiments and theoretical analyses
have been carried out to focus on the effects of mechanical
deformation for Nb3;Sn composite wires on the critical cur-
rent density [7,10-16], critical magnetic field [17,18] and
current sharing temperature [19-21]. In general, Nb;Sn
composite wires are composed of brittle superconducting
multifilament embedded in a ductile matrix exhibiting
strongly nonlinear deformation [22]. Therefore, the non-
linear mechanical behaviors of Nb;Sn composite wire are
mainly challenging obstacles to the development for high-
field superconducting magnets [23].
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Nonlinear mechanical behavior in the loading-unloading
process is one of the long-standing issues for metal matrix
composites. The isotropic hardening model is the simplest
elastic-plastic model to describe the stress-strain response in
the loading-unloading process, in which the yield surface is
only an extension without translation, but it cannot describe
asymmetric plastic behavior. To overcome this problem of
the isotropic hardening model, Prager [24] and Ziegler [25]
proposed the linear kinematic hardening model, where the
translation of the yield surface has been described by the
evolution of the back stress. Subsequently, Armstrong et al.
[26] introduced a nonlinear kinematic hardening model,
which is better to describe nonlinear mechanical behaviors.
Chaboche [27] improved the kinematic hardening model
with multiple kinematic hardening terms and combined with
the isotropic hardening model. With the increasing com-
plexity in nonlinear loading-unloading deformation, multi-
ple-yield surface models have been proposed [28-31].
Among them, the two-yield surface models are widely used
because of relatively few parameters, the transient Bau-
schinger effect, work-hardening stagnation and permanent
softening in large elastic-plastic deformation [28,29,32,33].
Numerous previous works have expanded the two-yield
surface model [34-37]. For example, Sun and Wagoner [38]
proposed a two-yield surface model, named as the quasi-
plastic-elastic (QPE) model, to describe the nonlinear
loading and unloading behaviors of dual-phase steel. This
model introduced the QPE strain due to dislocation pile-up
and multiplication, and applied the nonlinear unloading
modulus function to describe the complex nonlinear me-
chanical behaviors. Furthermore, Lee et al. [39] combined
the QPE model with a homogeneous anisotropic hardening
model to simultaneously capture the unloading and plastic
flow behavior. Lee et al. [40] proposed a new QPE model
with one yield surface to reduce complexity and computa-
tion time without using the two-surface modeling. Hou et al.
[41] modified the unloading modulus with power ex-
ponential form in the QPE model to describe nonlinear
unloading behaviors under compressive deformation.
However, the above-mentioned theoretical models do not
consider the effects of damage degradation on nonlinear
mechanical behaviors.

For the nonlinear mechanical behaviors of Nb;Sn com-
posite wire, despite that numerous quasi-static loading-un-
loading experiments have been conducted, the existing
elastic-plastic theoretical models do not completely resolve
the nonlinear problems [42-46]. For example, in 2005, van
den Eijinden et al. [42] constructed the four fitting functions
to describe the nonlinear responses of the axial tensile
stress-strain curves of Nb;Sn composite wire manufactured
by the bronze routes, internal tin, and powder-in-tube
method, respectively, but they are not suitable for all Nb;Sn
composite wires in the full range of strain. In 2011, Bajas
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[47] developed a nonlinear finite element simulation (FEM)
method for modeling the mechanical behavior of Nb;Sn
superconducting composite wires, in which fifth order
polynomial function or exponential function were used to fit
the behaviors of the envelope curve and the behavior of
loading and unloading response. In 2021, Du et al. [48]
established a discrete element model of Nb;Sn super-
conducting composite wires based on the discretization of
the continuum and improved the cohesive model, in which
the constitutive models of cohesive model used nonlinear
fitting function of Bajas [47]. However, the nonlinear fitting
function cannot be used for elastic-plastic constitutive of
Nb;Sn composite wires, and the elastic-plastic constitutive
for nonlinear loading-unloading responses is also urgent.

Several elastic-plastic models have been proposed to re-
veal nonlinear unloading-reloading stress-strain responses.
In 2016, Wang et al. [49] developed a multi-filament twist
FEM model considering the influence of breakage of fila-
ments to explore elastic-plastic behaviors of Nb;Sn com-
posite wires, where copper and bronze matrix were treated
as combined hardening materials, and Nb;Sn filaments were
treated as elastic materials. In 2019, Lenoir et al. [46] es-
tablished the multiscale model of Nb;Sn composite wires, in
which copper was modeled with elastic-plastic behavior
considering kinematic and isotropic hardenings, and
homogenized the superconducting filamentary area using
the representative volume element. Therefore, combining
experimental and numerical results, it can be found that the
existing elastic-plastic models do not precisely describe
nonlinear stage during the unloading process and have re-
dundant fitted parameters.

To the best of our knowledge, studies on the fatigue be-
haviors of Nb;Sn composite wires are still lacking. In 1979,
Cogan et al. [50] presented the simulated model of two-
component composites with perfect elastic Nbs;Sn filaments
in a ductile matrix to analyze the fatigue behaviors of Nb;Sn
composite wires at cyclic load, which can well predicate the
residual stress and matrix yield strength. In 2021, Riccioli
[51] conducted the fatigue tests on the Nb;Sn composite
wires under cyclic tensile and compressive stresses at both
cryogenic and room temperature, and obtained the strain
evolution with fatigue cycles. Jiang et al. [52] investigated
the damage evolution of Nb;Sn composite wires under
asymmetric strain cycling of various strain peaks and ranges
at room temperature, and analyzed the nonlinear change of
stiffness degradation and plastic accumulation with fatigue
cycles. Nevertheless, these previous investigations have
limited capability to explore fatigue mechanical behaviors
of Nb;Sn composite wires.

It is worth noting that, for the nonlinear mechanical be-
haviors of Nb;Sn composite wires, there are still three key
problems that need to be explored: (1) Can the QPE model
solve the nonlinear mechanical behaviors during the quasi-
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static loading-unloading process? (2) If the QPE model does
not resolve this problem, how can we establish a new
elastic-plastic model? (3) Whether the energy dissipation
characteristics of Nb;Sn composite wires during the fatigue
process are the same at the temperature of 77 and 300 K? In
this work, the quasi-static loading-unloading and fatigue
tests of Nbs;Sn composite wires are conducted at the tem-
perature of 77 and 300 K to analyze its nonlinear mechanical
behaviors. Meanwhile, new linear and nonlinear unloading
moduli are derived by considering damage degradation, and
the quasi-static elastic-plastic constitutive is proposed. In
addition, the damage evolution model is derived by con-
sidering the proposed three-parameter damage model to
obtain the energy dissipation during the fatigue tests of Nb,
Sn composite wires.

The paper is organized as follows. In Sect. 2, the ex-
perimental materials and methods of static loading-unload-
ing tests and strain fatigue tests for Nb;Sn composite wires
are discussed. Section 3 is the experimental results. In Sect.
4, the unloading modulus is derived, and the quasi-static
elastic-plastic constitutive is established. Section 5 in-
troduced the damage evolution model and obtained the en-
ergy dissipation during fatigue processes. The discussions
and concluding remarks are presented in Sects. 6 and 7,
respectively.

2. Experiments and methods

2.1 Materials

Nb;Sn superconducting composite wires are multi-filaments
twist composites, where its matrix is bronze or copper, and
Nb;Sn sub-elements contained Nb filaments, Cu and Ta
[53]. In this work, the NbsSn superconducting composite
wires were manufactured by the inner tin method [54] from
Western Superconducting Technologies Co. Ltd. Nb;Sn su-
perconducting composite wires consisted of 50% Cu matrix
and 50% Nb;Sn sub-elements. NbsSn superconducting
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composite wires were heat-treated: 210 °C x 50 h + 340 °C x
25h +450°C x 25h + 575°C x 100 h + 650 °C x 100 h.
The diameter of all samples was 0.81 mm, and the length of
the interception was 152 mm, as shown in Fig. 1.

2.2 Test methods

The quasi-static loading-unloading tests of Nb;Sn super-
conducting composite wires were conducted with the elec-
tronic universal testing machine at 77 and 300 K. The
loading rates were all set at 0.1 mm/min during the loading
and unloading processes, respectively. Two samples were
performed for each test. For the fatigue cyclic testing, the
strain-controlled tension-tension fatigue tests were con-
ducted with INSTRON 8802 fatigue machine at 77 and
300 K (see Fig. 2), and the sine cyclic waveform was ap-
plied at a frequency of 2 Hz during fatigue tests. The fatigue
strain range (Ae¢) for Nbs;Sn composite wires varies from
0.005 to 0.0065, and the strain peak is 0.03. For each group
of tests, at least two samples were performed.

Nb,Sn Sub-element
Nb,Sn JIS—

SnBar
y

Diffusion barrier_

Figure 1 a Nb;Sn superconducting composite wires; b the schematic of
cross section for Nb;Sn superconducting composite wires.

a b
\ [
[ I ]
> G10
Top fixture < £
» Sample
> Liquid
Bottom fixture< f nitrogen
Liquid nitrogen
Dewar

Figure 2 a Electronic universal testing machine; b the schematic of INSTRON fatigue machine, where G10 is adiabatic epoxy.
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3. Experimental results

3.1 Quasi-static mechanical behaviors

Figure 3 shows the stress-strain curves of Nb;Sn super-
conducting composite wires with the temperature of 77 and
300 K. It can be seen that, the Nb;Sn superconducting
composite wires exhibit significant nonlinearity during the
loading-unloading-reloading processes. Moreover, the non-
linearity at 300 K is more obvious than at 77 K due to the
brittle of Nbs;Sn superconducting composite wire of the
former being weaker than that of the latter. The nonlinear
mechanical response during the unloading-reloading process
is caused by the anelastic strain linked with the reversible
movements of microstructures, such as the dislocation pile-
up and multiplication [55], and the anelastic strain will
vanish during the unloading process.

Due to the nonlinear mechanical response, stress-strain
hysteresis loops and energy dissipation can occur during
loading-unloading processes. By integrating the area of
stress-strain hysteresis loops, the relationship between the
energy dissipation and unloading stress can be obtained (see
Fig. 4), which indicated that the energy dissipations show
nonlinearity behaviors with the increase of unloading stress.
However, the nonlinearity of energy dissipations for Nb;Sn
superconducting composite wires is different from advanced
high-strength steels in Refs [38,39], where the energy dis-
sipations are linearly elevated as the unloading stress in-
creases, which will be detailed interpreted by the elastic-
plastic model in Sect. 6.

3.2 Fatigue mechanical behaviors

The stress-strain curves for Nb;Sn superconducting com-
posite wires during fatigue tests at Ae = 0.005 are shown in
Fig. 5, which shows that the nonlinearity of the stress-strain
responses at 300 K is larger than the temperature of 77 K
during fatigue cycles. With the increase of fatigue cycles
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Figure 4 The relationship between energy dissipation and unloading
stress for various temperatures.

number, the nonlinearity of the stress-strain responses in-
creases at the temperature of 300 K. Varying nonlinearity of
the stress-strain responses will change energy dissipation, so
there is an obvious difference in energy dissipation at the
temperature of 77 and 300 K.

The relationship between energy dissipation and fatigue
cycles number for Nb;Sn superconducting composite wires
with various strain ranges (0.005, 0.0053, and 0.0057) is
shown in Fig. 6. It can be seen that energy dissipation in-
creases with increasing fatigue cycles number of cycles at
300 K. However, when the fatigue test temperature is 77 K,
the energy dissipations of Nb;Sn superconducting composite
wires show three stages: initially rapid drop, gradually
steady and accelerated increase stages, which is the same as
what happened to hybrid carbon nanotube/glass fiber/poly-
mer composites [56], caused by residual stresses. In the
initial rapid drop stage, the energy dissipation drops sharply
due to the thermal residual stress [57] induced by thermal
mismatch among the Nb, Sn, Cu and Nb;Sn in Nb;Sn su-
perconducting composite wires slowly releases. Subse-
quently, the Nb;Sn superconducting composite wires are
brittle at 77 K, and energy dissipation changes are slow and
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Figure 3 The tensile stress-strain curves during loading-unloading processes of Nb;Sn composite wires with temperature of a 77 K and b 300 K.
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Figure 5 The stress-strain responses for Nb;Sn superconducting composite wires during fatigue test at Ae = 0.005 with the temperature of a 77 K and b 300 K.
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Figure 6 The energy dissipation-fatigue cycles number curves for Nb;Sn superconducting composite wires for various strain range with the temperature of

a 77K and b 300 K.

steady in the steady stage. In the accelerated increase stage,
a large number of macroscopic cracks were formed, which
led to the increase of plastic strain and caused an augment of
energy dissipation. More results of fatigue damage have
been shown in Sect. 1 of Appendix.

4. Quasi-static elastic-plastic model

4.1 Theory analyses

In Fig. 7, the outer surface called the yield surface represents
a transition from elastic or anelastic behavior to plastic
elastic. When the stress state is on the yield surface, Nb;Sn
superconducting composite wires will appear plastic de-
formation and damage. In most of the studies, plastic damage
is evaluated by applying the continuum damage mechanics
(CDM) [58-60]. However, when the CDM method is applied
to nonlinear unloading processes, the number of parameters
will increase. To avoid more parameters, a plastic-strain-
dependent linear unloading modulus £}, and nonlinear un-
loading modulus E,, (see Fig. 7) will be derived according to
the chord modulus and unloading process.

In classical damage mechanics, the damage could be re-
presented by the degradation of the linear unloading mod-
ulus Ej,. In general, damage D can be defined as

E
fl(‘)’, )]
where E| is the initial elastic modulus. It can be seen that the
degradation of damage can lead to the lower linear un-
loading modulus Ej,.

In Fig. 7a, the anelastic surface can be separated from
unloading and reloading processes into linear and nonlinear
processes. The linear unloading process refers to going from

D=1-

the point A(&,,,4> Omax) t0 point B(ey, g;,), and the nonlinear
unloading process is from the point B(gj,0,) to point
C(£,,0) (see Fig. 7a). During the unloading process from
point 4 to C, the relationship between strain and stress can
be written as
:‘.'p

E, de,

€0
Echord(‘gpi‘gmax) = Eludg—’_J‘ (2)

€0
where E..q is the slope from point 4 to C, and can be
expressed as
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Figure 7 Description of variables in the two-surface model.

Eopora = Eg=K(1—¢ ™). 3)
Here, K = Ey— E,, E, is Young’s modulus under infinitely

large strain, and { is a material constant [61].
In Eq. (2), E,, is a nonlinear unloading modulus between

the point B(g(, o) to point C(&p,0). Sun and Wagoner [38]
have defined the nonlinear unloading modulus in QPE
model, which can be written as

E,=Ey, fEl(l - e’b1||d*‘”d*"‘p||)(1 — ¢ trfldemdeply (4)

where E; and b; are material parameters determined from
measured loading and unloading stress-strain curves, re-
spectively. E,, is reduced from linear unloading modulus £},
during nonlinear unloading. If no damage degradation, E|, is
the initial elastic modulus £, which is the same as the QPE
model. However, when damage degradation appears, Ej, is
related to plastic strain, which does not be solved by the
QPE model. As follows, E), considering degradation will be
derived according to the relationship between the unloading
path and chord modulus.

Substituting Eq. (4) into Eq. (2), that is
E _ _ _ Eibiegey

chord(gp gmax) Elu(go gmax) + ble P

£ (5)

5 T(Ey—ED(e,— &),

and then the linear unloading modulus £, can be written as

I S
(Emax—¢5p)
which reflects the relationship among the chord modulus,
plastic strain and linear unloading modulus.

Substituting Eq. (6) into Eq. (4), the nonlinear unloading
modulus E,, can be described as

E
—le

Elu = Echord + b
1

*“f”+ﬂ@fwﬁff+(®
1

S
(8 max 8p)

- E][l - e*bllldf"*d*"'p||]_

Enu = Echord +

B —p(eg-c,) E
5,° ot +E1(So_€p)_b—1

(7

It is worth noting that &g can be considered as
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Yield surface f‘

Anelastic surface f,

an

80:8max_E—lu’ (8)

where R, (p) represents the size of the linear unloading
region [38] between point A(& 4> Omax) a0d B(g, 0,), which
can be defined as
Ran(p) = Aan(l 7Ban ~e T 'p)’ (9)
where 4 ,, is the size of the linear unloading region under
infinitely large strain, 4 ,, — B, is the initial size of the linear
unloading region, 77,, is the material parameter determined
from measured loading and unloading stress-strain curves.
In the presented model, the linear and nonlinear unloading
modulus can be given from Egs. (6) and (7). In the QPE
model, the linear unloading modulus £}, is the initial elastic
modulus £, and the nonlinear unloading modulus E,, can be
obtained from Eq. (4).

4.2 Constitutive model

To distinguish linear elastic and anelastic behaviors, the
anelastic surface (see Fig. 7b) is defined in a three-dimen-
sional (3-D) stress space as follows:

Jan =Pan(0—0,) Ry (p) =0, (10)
where ¢, is the anelastic surface function, ¢ is the stress
tensor, R,, is the size of the anelastic surface, @,, is the
center of the anelastic surface. Moreover, the yield surface

represents a transition from elastic or anelastic behavior to
plastic elastic can be expressed as

fy=9(6,~a)-R (p)=0, (11)
where ¢ , is the yield surface function, 0y is the stress tensor,

R, represents the size of the yield surface, and the tensor @),
is the center of the yield surface. The variable p is the
equivalent plastic strain, which can be given from von Mises
yield functions:

5 12
dp = (gdsp : dsp) . (12)
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According to anelastic surface and yield surface, a stress
point can only lie in a linear elastic state, anelastic state, or
plastic state.

4.2.1  Linear elastic state

In the linear elastic state, o is inside or on the anelastic
surface and the normal to the surface at the loading point
projecting inward. The sizes and centers of f,, and f, are
unchanged. Only elastic strain €. occurs, and the governing
equations are thus as follows:

de = de,, (13)
do =C, : de, (14)

where C, is the elastic stiffness tensor, and the elastic
modulus can be obtained from Eq. (6).

4.2.2  Plastic state

In the plastic state, o is on the yield surface with its incre-
ment do projecting outward, and the anelastic surface is
coincident with the yield surface when ¢ = 6. In this state,
both elastic strain &, anelastic strain €,, and plastic strain &,
will occur. The governing equations are as follows:

de = de. +de,, +de,, (15)
do =C,:de, =C,: dg, (16)
where C, is the apparent elasticity tensor at plastic state, and
can be calculated as

E
C,=—5Ce, (17)

where E ;.4 can be obtained from Eq. (3).

Zang’s model [62] described the plastic hardening beha-
vior, revealing the relationship between flow stress and
equivalent plastic strain:

R(p) = 0,0+ Qy[l —exp(~b, - p)} +C,p. (18)

Therefore, the evolution of the yield surface can be
written as

dR(p) = b,0,exp(~b, - p)dp+C,, (19)
where 0,0 is the initial size of the yield surface, and Q,, b,

and C, are material parameters determined from loading and
unloading stress-strain curves, respectively.

According to plastic flow rules, the equivalent plastic
strain increment can be expressed as
Yy
oo’
where d/ is the plastic multiplier, which is defined as
di =dp.

de, = dz 20)

4.2.3  Anelastic state
In the anelastic state, ¢ is on the anelastic surface with its
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increment de projecting outward but not in contact with the
yield surface. In this state, the anelastic surface moves to-

wards the yield surface. The center of f), and the size of f,

are unchanged, and both elastic strain &€, and anelastic strain
€.y Will occur. The governing equations are as follows:

de =dg +deg,, (21)

do=C,:de, =C,, : de, (22)
_ Dy:de B

da,, ho (0,0 (0,- 0_)(0'y c), (23)

where C,,, is an apparent elastic + an elastic stiffness tensor,
and can be written as

Cu=oC, (24)

an

where E,, can be obtained from Eq. (7).

The constitutive equation of the quantitative model can be
implemented into ABAQUS/Standard 6.14 using the user
subroutines UMAT [63], and the algorithm and numerical
procedures were described in Refs. [38,64]. Therefore, the
Nb;Sn superconducting composite wires FE model has been
constructed with 2976 nodes and 2397 C3DSI elements after
mesh sizes and convergence analysis (see Fig. 8). The
paraments for the present model and QPE model were fitted
in Sect. 2 of Appendix.

5. Damage evolution model for fatigue pro-
cesses

To relate the damage degradation and energy dissipation for
the fatigue process, a damage evolution model has been
conducted. Based on the stiffness degradation rule of com-
posites [65], the damage factors of matrix and fiber can be
defined as

Ey—EWN)

D(N) = EO_Ef >

(25)

where E, is the initial chord modulus; E; is the chord
modulus at failure; and E(N) is the chord modulus during

fatigue process.
Generally, Lemaitre’s plastic damage model [60] has been

Specimen geometry Mesh: C3DS8I, 2397 element
Length: 6
Diameter: 0.81

Symmetry condition:ZSYMM

Uniaxial loading-unloading force

Figure 8 Nb;Sn superconducting composite wires FE model.
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widely used for damage evolution analysis, which can be
expressed as

dDW) _ [N Ae (N 26
AN 21-DW)[E,S G (26)

where Ae,(N) is the plastic strain range, Ac(N) is stress
range, and S is the energy strength of damage. A cyclic re-
lationship between Ac(N) and A& ,(N) [66] can be written as

Ae,(N) = 27)

Ac(N) 1M
Kd-Dy| °

where K and M are the model parameters. Substituting Eq.
(27) into Eq. (26) yields

M+2

= ggle ] as)

The energy dissipation is caused by plastic accumulation,
and the common form is usually characterized by a stress-
strain hysteresis loop area at one fatigue cycle [67], which
can be written as
! 1
M —MKAe, (N)] M, (29)
31

Substituting Eq. (29) into Eq. (28), the relationship be-
tween energy dissipation and damage can be obtained as

1-
AW(N) = 1

dDIN) _ K2 [ M+1

dN 2E)S|(M—1)K

The Nb;Sn superconducting composite wires exhibit three
fatigue stages, namely, initially rapid damage, steady da-
mage, and accelerated damage stages [52]. The three-para-
meter damage model considering the degradation of Cu
matrix and Nb;Sn sub-elements has been derived in previous
work [52], which can be written as

1+M

[AW(N)]THr. (30)

ﬂlm ﬂlf
+<1q)[%] , (31)

D(N) = q[%

where ¢, m,, and M, is material parameters related to the
interfacial strength and volume fraction of each constituent.

Substituting Eq. (31) into Eq. (30), the energy dissipation
can be obtained as

2+M

_M-DK| K2 | M
AWWN) = —FET 265
1 sl
m, — me—U{1+M
my(N)™ mf[N] /
2| = +(1—q)~ |~ 32
N [Nf] - ON W, (32
Then, Eq. (32) also can be simplified as
m N m,,—1 mf‘ N m‘/.le
AW(N) =4 qﬁ[m] +( q)N—'f[Vf] (33)
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Here, the parameters A and B are expressed as follows:

| 2
M-DK] K2 | T
A= 2E5| (34)
24 M

When Nb;Sn superconducting composite wires occur to
fatigue failure, the energy dissipation at one cycle is defined

as critical energy dissipation AW In this paper, the critical
energy dissipation AW, can be obtained from experimental
data.

When N = N; and AW(N) = AW, AW(N) can be derived

as

My, —1 me—1
m, Mmel N
7 Iy q)Nf Ny
AW(N) = AVVf m i, (36)
. Mo+ (1 - S
Nf (1 q)Nf

Therefore, the energy dissipation considering damage
evolution of Nb;Sn superconducting composite wires can be
solved by Eq. (36) during fatigue tests with the temperature
of 77 and 300 K. The paraments for Eq. (36) were fitted in
Sect. 3 of Appendix.

6. Discussion

6.1 Quasi-static theoretical prediction

The stress-strain hysteresis curves and energy dissipation of
the theoretical models and experimental results are shown in
Fig. 9 with the temperature of 77 and 300 K. Our theoretical
model results show that the stress-strain hysteresis curves
and energy dissipation are in good agreement with experi-
mental data, and are more accurate than the QPE model at
the temperature of 77 and 300 K. The energy dissipation
errors of the presented model and QPE model are displayed
in Fig. 9c and f. It can be seen that, at 77 K, the energy
dissipation errors of the presented model are between
—5.97% and 3.72%, while that of the QPE model are be-
tween —15.8% and 81.5% (see Fig. 9c). When the tem-
perature of 300 K, the energy dissipation errors are between
—6.28% and 2.13%, which are much less than that of QPE
model, about —58.0% and 38.3% (see Fig. 9f). Therefore,
our theoretical model can more accurately predict energy
dissipation at various temperatures.

With the increase of unloading stress, energy dissipations
obtained by the presented model and experimental results
show nonlinearity, but that of the QPE model show linearity,
which indicated that nonlinearities of the energy dissipation
for Nb;Sn superconducting composite wires are mainly
caused by fatigue damage.
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Figure 9 Comparison of nonlinearity between the theoretical model results and experimental data with various temperatures. a-c¢ 77 K; d-f 300 K.

6.2 Energy dissipation of fatigue tests

The energy dissipation for Nb;Sn superconducting compo-
site wires with various strain ranges is shown in Fig. 10. It
can be seen that the predicted results are in agreement with
the experimental results. Therefore, the theoretical model
Eq. (36) can predict the energy dissipation for Nbs;Sn su-
perconducting composite wire at the temperature of 77 and
300 K, which can exhibit the advantage of energy dissipa-
tion derived from damage degradation, and solve the dif-
ferent forms of energy dissipation. For superconducting

materials, large temperature change due to energy dissipa-
tion may cause quench, thermal strain and microscale da-
mage [19,68].

6.3 Nonlinearity of quasi-static stress-strain responses

Anelastic strain is the nonlinear term in the unloading pro-
cess (see Fig. 7). The ratio of anelastic and elastic strain can
evaluate the strength in the nonlinearity of unloading-re-
loading stress-strain responses, which is positively corre-
lated with the nonlinearity of unloading-reloading stress-
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strain responses. When this ratio is zero, the unloading
processes are linear unloading. For Nb;Sn superconducting
composite wires, the ratio of anelastic and elastic strain can
be obtained from Fig. 3, as shown in Fig. 11a. It can be seen
that the ratio of anelastic and elastic strain at 300 K is larger
than at 77 K due to the Nb;Sn superconducting composite
wires are brittle at 77 K. Then, the ratio in Nb;Sn super-
conducting composite wires nonlinearly increases with
unloading stress, which is different from that of the low-
strength, bake-hardenable and advanced high-strength
steels [38,39], where the ratio of anelastic and elastic strain
is a linear relationship with unloading stress. Moreover, the
increasing speed of the ratio is larger at 300 K than 77 K,
which is linked with the damage (see Fig. 11b). In Fig. 11b,
the damage increases with unloading stress, and is larger at
300 K than 77 K.

6.4 Analyses of the fracture modes

Figure 12a and d illustrates the fracture surface of Nb;Sn
superconducting composite wires after fatigue testing at a

., Vol. 39, 122322 (2023) 122322-10
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strain range of 0.005. The results show that where fracture
surfaces show typical fracture characteristics with three
regions of fatigue source, propagation zone and final rup-
ture region marked by the red arrows. Moreover, the frac-
ture surface of Nb3;Sn superconducting composite wires at
300 K fatigue is rougher than at 77 K, and the phenomena
indicate that Nb;Sn superconducting composite wires need
to overcome larger dislocations and generate larger energy
dissipation at 300 K, which is in agreement with the results
in Fig. 6.

The Nb3;Sn sub-element of position 1 in fracture surface
at 77 and 300 K are fatigue sources, shown in Fig. 12b and
e, and fatigue source sites could be identified by tracking
the river-like patterns [69]. The positions of fatigue sources
are close to the diffusion barrier, because the outside of the
diffusion barrier is the Cu matrix, and the outside of the
diffusion barrier is the Nb;Sn sub-elements, which can
cause obvious stress concentration. A closer examination
reveals that there are interface debonding and inter-Nb;Sn
cracking at the fatigue source in Fig. 12b and e. From the
results, the fatigue source is caused by interface debonding
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Figure 12 The fracture morphologies of Nb;Sn superconducting composite wires during fatigue tests. a Fracture surface at 77 K; b Nb;Sn sub-element of
position 1 at Fig. 12a; ¢ Nb;Sn sub-element of position 2 at Fig. 12a; d fracture surface at 300 K; e Nb;Sn sub-element of position 1 at Fig. 12d; f Nb;Sn sub-

element of position 2 at Fig. 12d.

at 77 K, and is caused by Nb;Sn sub-element cracking at
300 K. From Fig. 12b and e, the fatigue failure of Nb;Sn
sub-elements is brittle fracture at 77 K, and ductile fracture
at 300 K.

The Nb;Sn sub-element of position 2 in Fig. 12a and d are
in the region at the end of fatigue, shown in Fig. 12c and f,
where there are Sn bar pull-out, interface debonding and lots
of dimples. At the end of fatigue, void nucleation and
growth can cause lots of dimples in ductile metal, and
dimples can be used to judge the final rupture region. In Fig.

12a and d, at the propagation zone, cracks grow stably, and
the zone is essentially flat.

7. Conclusions

In this work, the nonlinear mechanical behaviors of Nb;Sn
superconducting composite wire have been investigated by
experimental tests and theoretical analysis, such as the
quasi-static loading-unloading stress-strain curves, energy
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dissipation and fatigue at 77 and 300 K. The main conclu-
sions can be summarized as follows.

The energy dissipations exhibit strong nonlinearity with
unloading stress during the quasi-static loading-unloading
process. After considering damage degradation, the new
elastic-plastic constitutive model can accurately predict the
quasi-static loading-unloading stress-strain responses and
energy dissipation. According to the comparisons of the
present model and QPE model, damage degradation can be
considered as the main reason for the nonlinearity of energy
dissipation.

The energy dissipations present two different modes at
room temperature and liquid nitrogen during fatigue tests.
At the temperature of 77 K, the energy dissipations show
three stages: initial rapid drop, steady stage and accelerated
increase, while at 300 K, they gradually increase with fati-
gue cycles. A new fatigue model based on the damage has
been conducted, which can accurately predict the energy
dissipations not only at room temperature but also at liquid
nitrogen.

There are three typical fracture regions of Nb;Sn com-
posite wire whether 77 or 300 K: fatigue source, propaga-
tion zone and final rupture region. The positions of fatigue
sources in Nb;Sn sub-elements are close to the diffusion
barrier. Fatigue cracks grow from the fatigue sources inside
of the diffusion barrier, through the diffusion barrier, and
extend to the Cu matrix until the strand breaks. Moreover,
the fatigue source at 77 K is caused by interface debonding,
while it is caused by Nb;Sn sub-element cracking at 300 K.
The fatigue failure of Nb;Sn/Cu sub-elements is a brittle
fracture at 77 K, and ductile fracture at 300 K.
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