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We present a detailed analysis of the effect of the sheath materials on the microstructure and superconducting properties of MgB
2

wires produced by the powder-in-tube method (PIT). We reduced commercial MgB
2
powder by attrition milling in nitrogen

atmosphere using tungsten carbide balls and obtained powderswith grain sizes lower than 150 nmanddifferent strain states through
this process. Several Ti, stainless steel, and copper monofilamentary wires were prepared using these powders by the PIT method.
We investigated different thermal treatments and mechanical paths during the processing of the wires for the enhancement of the
critical currents. The superconducting properties were determined by magnetization measurements in a SQUID magnetometer.
The correlation between the thermal treatments, structure, and superconducting properties is discussed.

1. Introduction

The superconducting critical temperature (𝑇
𝑐
) of this binary

compound makes MgB
2
[1] attractive for cryogenic liquid-

free technological applications. Some of the advantages of
MgB
2
are its low cost and low weight and the absence of

weak links at the grain boundaries. Since its discovery, a
remarkable progress has been done in increasing the critical
current densities (𝐽

𝑐
) by optimizing processing parameters.

The powder-in-tube (PIT) method has been preferred early
on by several groups to prepareMgB

2
wires or tapes.The best

results for increasing 𝐽
𝑐
and irreversibility field (𝐻irr) in bulk

samples are related to an improvement in grain connectivity
[2] but also to the addition of suitable defect nanoparticles or
doping, for example, Mg(B

1−xOx)2 [3], SiC [4, 5].
Grain connectivity is more relevant for MgB

2
wires

and tapes required for applications, in which fabrication
and processing conditions strongly affect microstructures
and current carrying capability. The standard and low-cost
fabrication PIT method involves filling a metallic tube with
superconducting powder (ex situ) or precursors (in situ)
and drawing it into a wire and/or rolling into a tape [6].
MgB
2
crystallizes in the hexagonal AlB

2
type structure (space

group P6/mmm), and the anisotropic structure has given the

motivation to investigate the presence of texture induced by
different deformation processes. A key issue onwhich there is
no agreement in the literature is the optimization of the heat
treatment parameters. Although some postannealing appears
to be necessary to achieve higher 𝐽

𝑐
, some authors reported

detrimental effects of heat treatments on the performance of
MgB
2
wires or tapes [2, 6]. In the present work we review

the results obtained in MgB
2
wires prepared by PIT using

metal sheaths of different hardness: stainless steel, copper,
or titanium, to establish a relationship among annealing
conditions, modifications in the microstructure, and changes
in 𝐽
𝑐
.

2. Experimental

Starting from commercial MgB
2
powder (−325mesh, 98%

Alfa Æsar), we further reduced the agglomerates by attrition
milling in nitrogen atmosphere to minimize oxidation, using
tungsten carbide as milling media as detailed in earlier works
[6, 7], named as-prepared condition from here on. Crystallite
size and microstrain within the grains were estimated by
powder X-ray diffraction (XRD) and transmission electron
microscopy (TEM) measurements. To prepare the wires we
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used the ex situ variant of the PIT method. The powder
was packed into copper (Cu), stainless steel 316 (SS), and
titanium grade 2 (Ti) tubes (inner and outer diameters ∼ 4.5
and 6.4mm and 10 cm long for all sheaths) and cold-drawn
into round wires with external diameters in the range of 1.3–
1.5mm,with different intermediate treatments (IT) according
to the sheathmaterial. Copper wires were cold-drawn to final
shape with a 5min IT at 500∘C, Ti wires needed a 15min IT at
500∘C every 20% cold-drawn reduction step, and SS needed
a 40min IT at 550∘C every 15% cold drawn reduction step.

For the samples SS-SiC, 5 at.% SiC nanopowder (20–
30 nm grain size) was added to the milled MgB

2
and the

mixture was ball-milled for one hour inside a glove-box
before filling the SS tube. All samples, except the titanium
one, had a final heat treatment at 800∘C during one hour
under Ar + 5% H atmosphere (HT). For the Ti wires the
chosen atmosphere for the HT was pure Ar in order to avoid
the hydrogen embrittlement of the sheath.

After the mechanical processing of the different wires,
the final lengths vary between 2 and 2.5m (the longest
corresponding to the Cu sheath). In order to avoid some edge
effect the final heat treatment was performed on 5 to 10 cm
long samples obtained from the center of the wires.

XRD data were collected using a Panalytical Empyrean
powder diffractometer using CuK𝛼 radiation. Sample surface
morphology and microstructures were investigated using a
SEM Phillips 515 equipped with an X-ray energy dispersive
spectrometer (EDS) and a Phillips CM200UTTEMoperating
at 200 kV, using a double tilt specimen holder.

A quantum design SQUID magnetometer was used to
investigate the dc magnetization, 𝑀, of bulk, powder, and
wire samples. 𝑀 versus temperature (𝑇) was measured at
magnetic field 𝐻 = 30Oe after zero field cooling (ZFC)
and field cooling (FC). Magnetization loops 𝑀(𝐻) were
measured between 5K and 42K (i.e., slightly above the 𝑇

𝑐

of MgB
2
). When measuring PIT wires the 40K loops were

used to subtract the stainless steel contribution. From the
superconducting contribution of the 5 and 20K loops the
magnetic 𝐽

𝑐
was calculated using theBean critical statemodel.

3. Results and Discussion

Figure 1 shows the XRD pattern of the MgB
2
powders in as-

prepared condition and extracted from SS wires before and
after the final HT. In all the powders the MgB

2
is the major

phase, and there also is a small amount of MgO. Some extra
peaks were detected on the XRD pattern, related to a small
amount of WC contamination from the milling media. The
XRD patterns of the powders extracted from Ti and Cu wires
presented a similar behavior and are not shown.

The structural parameters as grain size, lattice parameter,
and powder strain were obtained from the XRD data using
Fullprof, a program based on Rietveld refinement. With this
program, the upper limit of the lattice strain within the grains
(𝜀) is obtained using the integral breadths method:

𝜀 =
𝛽𝜆

4 sin 𝜃
(1)
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Figure 1: XRD patterns of the MgB
2
powders.

50nm

Figure 2: TEM micrograph of the MgB
2
powder in as-prepared

condition.

with 𝛽 being the distortion integral breadth, 𝜃 the position
of the peak maximum, and 𝜆 the wave length. The crystallite
size is obtained from the inverse of the pure integral breadth.

The grain size obtained for the as-prepared MgB
2
in as-

prepared condition was of 115 nm with a strain of 6.1 × 10−3.
Figure 2 shows a TEM micrograph of the same powder, with
some particles of different sizes and noticeably dislocated.
The measured grain sizes showed an average grain size of
150 nm with a dispersion around 40 nm taking into account
that particles are elongated (not spherical shape), in a good
agreement with the value obtained from XRD.

It is known that good superconducting properties on PIT
ex situ wires need a high packing density [4]. During the
filling of the tube the small particle size allowed us to obtain
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a relative density of around 55% of MgB
2
density improving

the grain connectivity before cold drawing.
Figure 3 shows the cross-sections of the 4 monofila-

mentary wires after the final thermal treatment. Figures
3(a) to 3(d) show four low magnification micrographs of
the wires, while the second one presents a detail of each
superconducting core. Figures 3(a) to 3(d) show no evidence
of reaction layer between the superconducting core and any of
the sheaths.The hardness of the sheath has a strong influence
on the compaction of the superconducting core. For the
present sheaths it varies from 50 Vickers for Cu, 150 for Ti,
and 175 for SS. The area ratio of the superconducting core
varies from 53% for Cu, 48% for Ti, and 46% for SS wires.
Figures 3(g) and 3(h) illustrate details of the superconducting
cores of SS wires, presenting better connectivity between
grains and less pores. Figures 3(e) and 3(f) exhibit the
morphology of agglomerated particles with a higher density
of pores.

Figure 4 shows the dependence of the 𝐽
𝑐
of the MgB

2

wires with magnetic field, at different temperatures. The
𝐽
𝑐
values were determined applying the Bean critical state

model [8] to themagnetization loops𝑀(𝐻).The 𝐽
𝑐
’s obtained

from SQUID measurements mainly depend on the MgB
2

microstructure and purity and the effect of the different
sheaths is not so clear as it should be in a transport 𝐽

𝑐

measurement, where grain connectivity and core density are
involved. Figure 4(a) shows and displays the 𝐽

𝑐
values of the

wires before HT at 5 and 20K. The 𝐽
𝑐
behavior is quite

similar for all the wires in almost the entire 𝐻 range; even
at 0𝑇 self-field the values of 5 and 20K are nearly almost
the same. While there are some compaction differences on
the less porous wires among the SS samples, the 𝐽

𝑐
response

of the pretreated samples does not show a variation that
can be attributed to this improvement. However, after the
final thermal treatment (HT) the 𝐽

𝑐
response (Figure 4(b))

presents a major difference between the SS samples and the
other wires.

The 𝐽
𝑐
of Cu sheathed wires has lower response values in

the whole range compared to the other sheaths. For the Cu
samples the SEM-EDS and XRD analyses show no presence
of reaction interface after theHT so the lower response can be
attributed to the lower compaction observed in Figures 3(a)
and 3(e).
𝐽
𝑐
values of SS and SS-SiC wires at 5 and 20K at lower

field (𝐻 < 1𝑇) remain similar to the values for the Ti and
Cu wires. However for higher fields the 𝐽

𝑐
’s of SS and SS-SiC

show a plateau with values around 104 A/cm2 and 103 A/cm2
for 5 and 20K. These improvements could be related to flux
pinning due to the presence of some defects dispersed on
the superconducting core [9]. However, the influence of SiC
on the 𝐽

𝑐
response is not observed. In the ex situ process it

is necessary for higher HT temperatures (900 or above) to
promote the possible reaction between some C-additives and
MgB
2
to create effective pinning centers [10, 11]. In particular,

it was reported that flux pinning was enhanced by the carbon
substitution for B with increasing sintering temperature [12]
which justify that we could not see any effect of SiC addition
at the chosen HT low temperatures.

Table 1: Oxygen occupancy on HT powder.

Element Occ-SS Occ-Ti
B 1.75 1.74
O 0.25 0.26

In order to evaluate the presence of defects, powders
from the different superconducting cores were extracted and
observed with a TEM. Figure 5 shows TEM micrographs of
the Cu, Ti, SS, and SS-SiC powders. In all the samples, the
dislocation density has diminished in comparison to the as-
prepared condition powders.The lattice strain of the powders
after the HT obtained from XRD has fallen from 6.1 × 10−3
for the as-prepared powder to 4.5 × 10−3 and 5.0 × 10−3 for
the Ti and SS wires, respectively. The HT temperature was
intentionally kept at lower values, when it is compared with
otherworks to avoid the formation of a reaction layer with the
Cu sheath or even with the SS [13]. However as is reported in
this work the used heat treatment was successful in reducing
the powder’s strain state.

A large number of precipitates with diameters between
4 and 15 nm are observed within the MgB

2
crystallite in

all TEM images, except for Figure 5(a). The presence of
precipitates in a superconductingmaterial can help the vortex
pinning [14] by reduction or suppression of the condensation
energy within their volume. EDX measurements on TEM
were made in order to analyze the precipitates composition.
However, due to the small precipitate size, the influence of the
matrix is always present on the analysis.The precipitate shows
O, Mg, and B for the SS, Ti, and SS-SiC samples. According
to a previous work by Liao et al. [3] the composition of the
precipitates could be of the Mg(B,O)

2
type. The oxygen in

these samples may originate from the gases used for the final
heat treatment or some MgO in the initial powder. Oxygen
solubility in MgB

2
varies with temperature and is higher

at 800∘C than at room temperature. When the samples are
cooled down the extra oxygen is being forced into the MgB

2

matrix and could form the Mg(B,O)
2
in the more compact

samples [15].
In order to evaluate this possibility, Rietveld analyses

were made on the heat treated samples of SS, SS-Sic, and Ti
allowing for the variation of oxygen content on the boron
site. Table 1 shows the oxygen occupancy on the MgB

2
site

from the SS and Ti wires, and the R-factors of the analyzed
diffractograms are 2.34 and 2.62. The values for the other
SS sample (SS-SiC) show a similar value for the boron
occupancy. The calculated values shown on Table 1 allow
assuming that the precipitates can be of the Mg(B,O)

2
type.

In order to evaluate the influence of these defects on the 𝐽
𝑐

response of the SS, SS-SiC, andTi powderswe determine their
density on the powders. For precipitates with the previous
mentioned size range and assuming a spherical shape, the
density is around 6 × 1017 precipitates/cm3 for SS and SS-
SiC powder and 5 × 1016 precipitates/cm3 for the Ti ones.
The difference in the precipitate density values is related to
the number of IT performed on each wire (almost a 30%
more of treatments for SS wires). Also the SS wires needed
higher temperatures and longer times for the IT treatments.
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Figure 3: SEM micrographs of the HT wires: (a) and (e) copper, (b) and (f) titanium, (c) and (g) SS, and (d) and (h) SS-SiC.
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Figure 4: Magnetic 𝐽
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measurement of the MgB

2
superconducting wires: (a) Ti, Cu, SS, and SS-SiC before HT and (b) Ti, Cu, SS, and SS-SiC

after HT.
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Figure 5: TEMmicrographs of the HT wires: (a) Cu, (b) Ti, (c) SS, and (d) SS-SiC.
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The higher density of precipitates on the powders from the SS
and SS-SiC wires could be the reason of the improvement in
𝐽
𝑐
response of these wires at 5 and 20K due to a better vortex

pinning.

4. Conclusions

We fabricated ex situ MgB
2
monofilamentary wires using

3 different sheaths copper, stainless steel 316, and titanium
grade 2 (Ti). None of them presented any reaction layer with
the superconducting core. Stainless steel 316 wires show a
better connectivity between grains and less pores than the
others. An improvement on the 𝐽

𝑐
of SS wires is achieved.

The 𝐽
𝑐
shows a plateau with values around 104 A/cm2 and

103 A/cm2 for 5 and 20K on the SSwires.This enhancement is
attributed to the presence of smallMg(B,O)

2
type precipitates

distributed on the superconducting core of the SS wires.
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