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The Mg-added (0%, 5%, and 10%) MgB,/Cu superconducting wires were prepared by the powder-in-tube
(PIT) method. Vickers micro-indentation tests were performed on the samples with different peak loads
at room temperature. The loading-unloading (P-h) curves were analyzed by the displacement approach
to indentation. It was found that hardness (H) and the effective elastic modulus (E) values increased with
Mg-added. In addition, these values showed peak load dependence (i.e. indentation size effect (ISE)).
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1. Introduction

Since the discovery of superconductivity in MgB, [1], many
efforts have been made to improve the properties of MgB, by dop-
ing and/or adding and changing conditions of sample preparation
[2-6]. The improvement of the superconducting properties of the
sample is a decisive goal to enable its potential application. The
compound has been found to be attractive given the possibility
that it can be its relatively high transition temperature, high trans-
port critical current density, large coherence length, simple crystal
structure and the low cost of materials. These features make it
a promising candidate for applications in the field of high-field
magnets, power-transmission cables, transformers, motors, gen-
erations and current leads at temperature above 20K. According
to liquid helium temperature, the temperature (>20K) obtained is
dramatically cheaper and requires less sophistic and less onerous
cryogenic equipments. These applications require the development
of MgB, wires and tapes with superior transport current carrying
capacities under external magnetic fields that requires diversified
fabrication techniques. The powder-in-tube (PIT) method has been
a common commercial technique of producing wires and tapes
from brittle superconductor. In this method, the brittle supercon-
ducting power is filled into a ductile metal tube and then swaged
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into small diameters for various applications. The method has been
widely used for both conventional superconductors and HTS [7].
Several groups have fabricated MgB, wires or tapes with high crit-
ical current density using the PIT method [8,9]. On the other hand,
the grain size of MgB, is an important factor for grain connec-
tivity in these superconducting wires. Poor connectivity between
grains and lack of pinning centres are the cause of low critical
current densities in these wires. In the literature, many attempts
have been made to improve the pining properties and J. of MgB,
wires by methods such as elemental addition or doping (Ti, Al, and
Zr) [10], lauric acid doping [11], polymethyl-methacrylate dop-
ing [12], and O-free polyacrylonitrile doping [13]. It is expected
that the mechanical properties were improved with the aforemen-
tioned experiment techniques. Therefore, in previous works [14],
MgB, and Ti-added MgB, superconducting wires are characterized
using a dynamic ultra-microindentation experimental technique.
We found that hardness and elastic modulus increased with added
Ti. In addition, these values showed peak load dependence (i.e.
indentation size effect (ISE)). To our knowledge, no detailed study
on the mechanical properties of Mg-added MgB, wire has been
published in the literature.

Depth-sensing indentation is widely used to assess the mechan-
ical properties of materials, such as their hardness and elastic
modulus. This method is preferred because relatively small
amounts of testing material are needed and there are no strict
requirements for the shape of the sample. In addition, the measure-
ments can be performed without the destruction of the sample. The
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Fig. 1. Schematic illustration of indentation experiment on wire.

most important measurements given by a depth-sensing inden-
tation test are the indentation load P and penetration depth h.
Many methods are developed in the literature to analyze the P-h
curves [15,16]. However, these methods may not be reliable when
the pile-up or sink-in behaviours occur. The work of indentation
approach and the displacement approach to indentation is both
applicable to the cases of pile-up and the sink-in and do not require
imaging of the residual indents. The work of indentation approach
was first proposed by Stillwell and Tabor [17]. Then, Sakai [18]
put forward a relationship between the energy of the hysteresis
indentation loop and the hardness. Recently, Attaf [19] has also
used the work of indentation approach to suggest some material
constants. The displacement approach to indentation was devel-
oped by Giannakopoulos and Suresh [20]. They showed that the
two methods (i.e. the work of indentation approach and the dis-
placement approach to indentation) are equivalent to each other.

In this paper, we characterized the mechanical properties of Mg-
added MgB, superconducting wires at room temperature using a
dynamic ultra-microindentation experimental technique. To cal-
culate the hardness and effective elastic modulus values, the
loading-unloading (P-h) curves were analyzed by the displacement
approach to indentation of Giannakopoulos and Suresh [20]. We
noted that these values increased with added Mg.

2. Experimental

The Mg-added (0%, 5%, and 10%) MgB, /Cu superconducting wires were prepared
by the PIT method. The preparation details, structure and superconductivity prop-
erties are described in the work of Okur et al. [21]. A Vickers indenter was used in
a dynamic ultra microhardness tester (Shimadzu, DUH-W201S). The indenter was
operated axially at the centre of the wire as shown in Fig. 1. The experiments were
performed on the samples after they had been annealed at 400°C for 2 h. All tests
were performed under the same operating conditions to avoid uncertainties arising
from changes in the experimental procedure. The experiments were carried out at
different peak loads with loading rate of 14.12 mN/s.

3. Theoretical consideration

Fig. 2 shows a typical load-penetration depth curve which
includes both the loading and unloading data for a general vis-
coelastic plastic material. The data obtained from the unloading
curve provide information regarding the elastic, viscoelastic and
plastic behaviour. The important quantities are the peak load
(Pmax ), the maximum depth (hmax ), and the final depth (hg).

Accurate measurement of the contact area (Amax) is critical to
the measurement of the hardness and elastic modulus by micro-
indentation. This is particularly important since the contact area
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Fig. 2. Typical indentation cycles showing load-unload curves.

may be overestimated if material sink-in takes place at the edges
of the indentation. Fig. 3 shows schematic illustrations of sink-in
around a sharp indenter. Giannakopoulos and Suresh [20] exam-
ined this problem using three-dimensional simulations.
Parameter S is related to the ratio of hs to hpax by [20]

h

max

—1-d'S (1)

where d*=5 for the Vickers pyramid indenter. Using the value of
h¢/hmax (Table 1), the S values are calculated by Eq. (1). Obtained
values of S is put into Eq. (2) and then the contact area (Amax) iS
calculated from [20]

’2;“3" = 9.96 — 12.64(1 - S) + 105.42(1 - S)* - 229.57(1 - S)°
max

+157.67(1 - S)* (2)

Hardness is defined using the contact area values estimated in Eq.

(2)

H= Pmax (3)
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Fig. 3. Schematic illustration of sink-in around a sharp indenter [20].
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Table 1
Experimental data of the final depth, the maximum depth and the ratio of h¢/hmax.
Sample Pmax (mN) hmax (pm) h¢ (pm) hefhmax
50 0.49 0.36 0.74
100 0.89 0.50 0.56
150 1.27 0.78 0.61
0% Mg-added MgB, 200 1.62 0.97 0.60
wire 250 1.97 1.18 0.60
300 233 1.42 0.61
350 2.63 1.64 0.62
400 2.90 1.86 0.64
50 0.50 0.39 0.78
100 0.78 0.55 0.71
150 1.00 0.67 0.67
5% Mg-added MgB, 200 1.22 0.80 0.66
wire 250 1.41 0.91 0.65
300 1.61 1.04 0.65
350 1.79 1.14 0.64
400 1.95 1.26 0.65
50 0.42 0.34 0.81
100 0.68 0.49 0.72
150 0.88 0.60 0.68
10% Mg-added MgB; 200 1.05 0.71 0.68
wire 250 1.21 0.80 0.66
300 1.36 0.88 0.65
350 1.49 0.96 0.64
400 1.63 1.04 0.64
The ratio of H and S is now known as
H

where E is the effective elastic modulus.
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Fig. 4. (a) SEM picture of a 5% Mg added Cu clad MgB, superconducting composite
wire [21]. (b) EDX Intensity taken at the interface between Cu sheath and MgB, +5%
Mg core while moving in a direction from along the radial towards the core centre
as shown in (a) [21].

4. Results and discussion

The SEM picture of 5% Mg added to Cu clad MgB, superconduct-
ing composite wire is given in Fig. 4a after annealing. The diameter
of the composite core in the SEM picture was measured to be about
0.8 mm and outer diameter 1.5 mm. Fig. 4b shows EDX intensity
taken at the interface between the Cu sheath and MgB,/Mg core
while moving from the Cu sheath to the MgB, +5% Mg supercon-
ducting core about 250 pm along the radial direction as marked in
Fig.4a.In the interface region (from 100 p.m to 150 pm), the rations
of Cu decrease and Mg and B start to increase. It is noticed that the
stoichiometry of MgB; is not maintained and excess Mg and Cu are
more pronounced. Furthermore, inside the superconducting core
the Mg and B ratio is close to the MgB, stoichiometry [21].
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Fig. 5. Load-penetration depth behaviour of MgB, composite wire at room temper-

ature. (a) Pure MgB; wire, (b) 5% Mg-added MgB, wire, and (c) 10% Mg-added MgB,
wire.
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Fig. 6. AFM micrograph of residual impression after indentation experiment. (a)
Pure MgB, wire, (b) 5% Mg-added MgB, wire, and (c) 10% Mg-added MgB, wire.

Fig. 5 is a typical load-penetration depth curve for micro-
indentation. The depth-sensing indentation tests were conducted
at three samples (0% Mg (a), 5% Mg (b), 10% Mg (c)), with differ-
ent peak loads at room temperature. The inset plot in the figures
indicates alower load-penetration depth curve. The curves demon-
strated that all samples show both elastic and plastic deformations
during Vickers indentation. It is clearly seen that penetration
depths with the same peak loads decrease due to added Mg. These
results imply that the hardness of MgB, values increased with
added Mg. On the other hand, according to Fig. 4a [21], TO"set of
the Mg-added 5% and 10% MgB, are 32 K and 34K, respectively. It
is observed that the increasing Mg content slightly raises the crit-
ical temperatures of the samples. This result is also similar to the
work of Egilmez et al. [7].

The key experimentally measurable parameter used to identify
the expected indentation behaviour of a given material is the ratio
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Fig. 7. Variation of the hardness with the peak load.

of final indentation depth, k¢, to the depth of the indentation at peak
load, hmax [20]. Note that the ratio h¢/hmax can be extracted from
the unloading curve in a microindentation experiment. In addition,
since the Vickers indenter has self-similar geometries, h¢/hmax does
not depend on the depth of indentation. The natural limits for the
parameter are 0 < hf/hmax < 1. The lower limit corresponds to full
elastic deformation, whereas the upper limit corresponds to rigid-
plastic behaviour. A critical value is generally taken as 0.875, which
isthe boundary between pile-up (values >0.875) and sink-in (values
<0.875) [20]. Values in the “sink-in” range imply work-hardening
behaviour. The h¢/hmax values are listed in Table 1 for our samples.
The ratios of h¢/hmax at different applied loads are lower than the
critical value. These results show that sink-in is dominant in our
samples. This result is also supported by the AFM micrograph of
the samples in Fig. 6.

The mechanical properties measured most frequently using
load and depth sensing indentation techniques are the hardness,
H and the elastic modulus, E. In a commonly used method, data
are obtained from one complete cycle of loading and unloading.
Since the sink-in is dominant in our samples, hardness and effec-
tive elastic modulus are calculated by the displacement approach to
indentation [20]. The hardness values for three samples have been
plotted as a function of peak load (Fig. 7). If we look at the hard-
ness values, we find that the hardness values increases at the lower
peak load. This kind of behaviour shown in Fig. 7 is called inden-
tation size effect (ISE) [16,22]. The hardness increases with added
Mg. The increasing of hardness values is associated with reduction
of the porosity within the composite structure and a better com-
paction of the MgB, powders due to the presence of the Mg metal
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Fig. 8. Variation of the effective elastic modulus with the peak load.
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[7]. On the other hand, P is the average applied load in the vicinity
of zero load. In this phenomenon, the value of P takes 25, 15, 10 mN
for 0%, 5% and 10% Mg-added MgB, wires, respectively. The adding
rate increases as the value of P decreases (Fig. 7). In addition, the
maximum hardness (Hmax) increases as the adding rate increases.
In general, this result is similar to that of Ti-added MgB, wires [14].

Fig. 8 shows the effective elastic modulus versus peak load. Like
hardness, effective elastic modulus increases with Mg-added and
also increases with decreasing peak load. This result is similar to
that of Ti-added MgB, wires and MgB,/Mg composites [14]. The
hardness and modulus of Mg-added MgB, wires are also compared
with the literature [23] ranging from 10.12 to 17.10 and from 213
to 273 GPa of bulk MgB, sample, respectively.

5. Conclusions

The Mg-added (0%, 5%, and 10%) MgB,/Cu wires were inves-
tigated using a dynamic ultra-microindentation experimental
technique. The ratios of h¢/hmax, lower than the critical value (0.875)
at various peak loads, imply sink-in and work hardening behaviour
in our samples. Hardness and effective elastic modulus values are
calculated by the displacement approach to indentation. It is found
that the values increase with Mg-added and exhibit significant peak
load dependence (i.e., indentation size effect (ISE)).
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