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Abstract
MgB2 is one of promising bulk superconductors because grain boundaries are not weak-links in this material and thus the uniform
distribution of trapped magnetic fields is easy to obtain even for large samples. In the present study, mechanical properties of MgB2
bulks with different packing ratio have been evaluated through bending tests for specimens cut from the bulks. The mechanical
properties of MgB2 bulks are significantly influenced by their packing ratio or connectivity, and the fracture strength can be
improved by a factor of 5 by increasing the packing ratio to 90 % or over.
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1. Introduction
MgB2 is one of promising bulk superconductors because grain boundaries are not weak-links in this material.
MgB2 bulk superconductors can be fabricated by sintering and thus the uniform distribution of trapped magnetic fields
is easy to obtain even for large bulk samples [1-3]. Since bulk superconductors are subjected to electromagnetic force
and thermal stress in the superconducting devices [4-6], understanding of mechanical properties, such as fracture
strength and Young’s modulus, of bulk superconductors is indispensable for the practical application. So far,
evaluations of mechanical properties have been carried out for various RE-Ba-Cu-O (RE: Y or rare-earth elements)
bulks [7] and MgB2 bulks [8]. However, mechanical properties of MgB2 bulks have not been understood extensively
in comparison with those of RE-Ba-Cu-O bulks. Further investigations are needed for the practical application of
MgB2 bulks. It is well-known that packing ratio of MgB2 bulks depends on fabrication process. In the present study,
evaluations of mechanical properties of MgB2 bulks with different packing ratio have been carried out at room
temperature through bending tests for specimens cut from the bulks. Observations on the fracture surfaces are also
carried out.
2. Experimental
MgB2 bulk samples with different packing ratio, 50, 63 and 92 %, were prepared through ex-situ or in-situ process.
The packing ratios were measured by using the Archimedian method. Diameter of the bulk samples was 30-70 mm.
Samples with the packing ratio of 50 % were fabricated by using capsule method [1], which are denoted as Sample 50.
Samples with the packing ratio of 63 and 92 % were fabricated by using a HIP (Hot isostatic pressing) furnace, which
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are denoted as Samples 63 and 92, respectively. HIP pressure, temperature and time were 98-196 MPa, 1173 K and 3
h, respectively. Mechanical properties of these bulk samples were evaluated through four-point bending tests. Bending
test specimens with the dimensions of 2.8 x 2.1 x 24 mm3 were cut from the bulk samples such that the longitudinal
direction of the specimens was almost perpendicular to the thickness direction of the bulk samples. In order to measure
the strain caused by loading, one strain gage was glued to the centre of the 2.8 x 24 mm2 surface of the specimens. The
gage length of the strain gage was 0.2 mm. Four-point bending load was applied at room temperature in the 2.1 mm
direction of the specimens under the crosshead speed of 0.2 mm/min. Stress ı caused by the loading was calculated by
the following equation.
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where P is the applied load, L is outer supporting span (21 mm), l is upper loading span (7 mm), w is width (2.8 mm)
and t is thickness (2.1 mm) of the specimens. After the bending tests, fracture surfaces were observed by using
scanning electron microscope.
3. Results and discussion
Fig. 1 shows stress-strain curves of specimens cut from the Samples 63 and 92. Non-linear stress-strain behavior
was observed for the Sample 63. Slope of the stress-strain curves of the Sample 63 decreases with increase of the
stress. On the other hand, stress-strain curves of the Sample 92 are almost linear until the fracture. Non-linear stressstrain behavior of the Sample 63 is presumably attributable to the opening or slow speed propagation of cracks by
loading.
㻌

300

200
150

㻌

Stress [MPa]

250

Sample 92
Sample 63

100
50
0
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18

Strain [%]

Fig. 1. Stress-strain curves of Samples 63 and 92.
Fig. 2 shows mechanical properties evaluated through the four-point bending tests. It is notable that the fracture
strength is dramatically improved by a factor of 5 by increasing the packing ratio to 90 % or over as shown in Fig. 2
(a). Owing to the increase of the packing ratio, Young’s modulus is also improved as shown in Fig. 2 (b). Such
improvements of the mechanical properties are due to the increase of the net cross-sectional area and reduction of
defects, where the stress concentration occurs, by increasing the packing ratio. Since it has been reported that
improvement of the fracture strength with decrease of the porosity of ceramic materials can be expressed by using an
exponential equation [9], data points in Fig. 2 (a) are approximated exponentially. From the approximation of the data
points, the fracture strength at the packing ratio of 100 % is estimated to be about 350 MPa.
Scatter of the fracture strength data of the high-strength Sample 92 was evaluated through the Weibull plots; larger
Weibull coefficient value means smaller scatter of the fracture strength data. The Weibull coefficient value is 6, which
is slightly smaller than the value of RE-Ba-Cu-O bulks 8-10 reported in Ref. [10].
Fig. 3 shows fracture surface of the bending test specimen which showed the maximum fracture strength of the
Sample 63. Fig. 4 (a) and (b) shows fracture surfaces of the bending test specimens which showed the maximum and
minimum fracture strengths of the Sample 92, respectively. Bottom of the figures corresponds to the tensile side where
the fatal crack initiates by bending loading. It is difficult to identify the crack initiation site on the tensile side fracture
surfaces. The fracture surface of the Sample 63 is not smooth. On the other hand, the fracture surface of the specimen
which showed the maximum facture strength of the Sample 92 is relatively smooth and the tensile side is flat in
particular. Such a smooth fracture surface is commonly observed for fine ceramics. However, the fracture surface of
the specimen which showed the minimum fracture strength of the Sample 92 is not smooth, which is similar to the
fracture surface of the Sample 63. It is deduced that the rough fracture surfaces were formed by the crack propagations
through the sintering defects and that higher connectivity is another reason for the higher fracture strength value
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observed for the Sample 92. Excluding the fracture strength data of exceptional specimens which have rough fracture
surfaces, the Weibull coefficient value of the fracture strength of the Sample 92 would be 16, which is comparable to
the Weibull coefficient values of conventional ceramics.
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Fig. 2. Mechanical properties evaluated through four-point bending test. (a) Fracture strength of Samples 50, 63 and
92. (b) Young’s modulus evaluated from initial part of stress-strain curves of Samples 63 and 92.

Fig. 3. Fracture surface of bending test specimen which showed the maximum fracture strength of Sample 63. Bottom
of figure corresponds to tensile side.

Fig. 4. Fracture surfaces of bending test specimens cut from Sample 92. (a) Specimen which showed the maximum
fracture strength. (b) Specimen which showed the minimum fracture strength.
Since MgB2 bulks have brittleness, understanding of fracture toughness as well as fracture strength is important for
the practical application. Fracture toughness evaluations are commonly carried out through fracture strength tests for
specimens with an artificial pre-crack or V-shaped notch. In the present study, fracture toughness of the Sample 92 is
estimated from the fracture strength of specimens without the pre-crack and V-shaped notch. Fracture toughness KIC is
represented by the following equation.
K IC

EV

Sa

(2)

where ı is the maximum applied stress, a is length of crack or notch, ʌ is the ratio of circumference of a circle to its
diameter and ȕ is shape factor, respectively. Eq. (2) can be rewritten as follows [11].
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K IC
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where area is defect area projected to the plane perpendicular to the maximum principal stress. In order to obtain ȕ,
fracture strength, fracture toughness and defect size of RE-Ba-Cu-O bulks were substituted for ı, KIC, and area of Eq
(3), respectively. Fracture strength of an RE-Ba-Cu-O bulk is 93 MPa [12], which has been evaluated through bending
tests under the same conditions as those in the present study. Fracture toughness of the same RE-Ba-Cu-O bulk is 0.8
MPa m1/2 [12]. Defect observed on the crack initiation site of an RE-Ba-Cu-O bulk had area of about 100 x 100 ȝm2
[13]. As a result, 0.5 was obtained as ȕ. Thus, KIC is expressed as follows.
K IC
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Since it is difficult to identify the fatal defect on the fracture surfaces as mentioned above, relationship between the
fracture toughness and fatal defect area has been estimated by using Eq. (4) as shown in Fig. 5. If the fatal defect size
of the Sample 92 is about 100 x 100 ȝm2 same as that of a RE-Ba-Cu-O bulk, the fracture toughness is estimated to be
about 2 MPa m1/2.
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Fig. 5. Fracture toughness estimated from fracture strength of Sample 92.
4. Conclusion
In order to evaluate mechanical properties of MgB2 bulk samples with different packing ratio, four-point bending
tests for specimens cut from the bulk samples were carried out at room temperature. The mechanical properties of the
MgB2 bulks are significantly influenced by their packing ratio or connectivity, and the fracture strength can be
improved by a factor of 5 by increasing the packing ratio to 90 % or over. Relationship between the fracture strength
and fracture surface morphology has been revealed. Fracture toughness has been estimated from the fracture strength
data.
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