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We fabricated carbon nanotube (CNT)- and nano-carbon (NC)-doped MgB2 using an in-situ process
in order to improve the critical current density (Jc) at high magnetic field. We then evaluated the
effects of the doped carbon content on phase formation, microstructure, and critical properties. CNT
had a diameter and length of 5–10 nm and 0.5–1 �m, respectively, and NC was a sphere with a
diameter of 5–30 nm. The bulk MgB2−xCx samples with x = 0, 0.05, and 0.1 for NC and CNT were
fabricated by pressing into pellets and then sintered at 900 �C for 30 min. NC was more effective
than CNT for carbon doping at the B site in MgB2 and, therefore, the NC-doped MgB2 samples
had a lower critical temperature (Tc) of 35.0–34.7 K than that of the CNT-doped samples (36.4–
36.1 K). In addition, the Jc(B) behavior was improved when NC and CNT were doped due to doping
effect. Microstructural observation suggested that the nano-sized and unreacted NC particles and
the nanodomain MgB2 acted as effective flux pinning centers for the NC- and CNT-doped MgB2,
respectively.
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1. INTRODUCTION

Due to its relatively high critical temperature (Tc), large
coherence length, and low material cost, MgB2 is a
promising material for large-scale applications. However,
the critical current density (Jc) of MgB2 is significantly
degraded in high magnetic fields because of its weak pin-
ning centers and low upper critical field (Hc2). It has
recently been reported that the enhancement effect of var-
ious chemical dopants on the Jc in high magnetic fields
has been examined. Carbon-based materials such as SiC,1

B4C,
2 diamond,3 graphite,4 nano-carbon (NC),5�6 and car-

bon nanotube (CNT)7�8 have been examined as effective
doping elements. Substantial studies have been dealt with
SiC and B4C as dopant due to their potential for the
improvement of Jc performance at high magnetic field
(Jc(B)). In addition, CNTs are interesting because of their
geometry with high aspect ratio while NC is also attrac-
tive due to its low decomposition temperature and cost.

∗Author to whom correspondence should be addressed.

We previously studied the effect of NC doping on critical
properties, and confirmed the effectiveness of NC doping
in bulk MgB2 to improve the Jc(B) behavior.

5 We expected
that NC might play one, or possibly both, of two different
roles: electron scattering centers as the dopant in the lat-
tice or nano-sized inclusions as pinning centers. However,
we were unable to determine the doping mechanism due
to the lack of microstructural evidence. Similarly, CNTs
might play both of the roles,8 but the effect of remained
(unreacted) CNTs on microstructure and resultant Jc(B)
behavior has not been clearly understood.
In a systematic extension to our previous study, there-

fore, we selected single-wall CNT with a relatively high
decomposition temperature and NC in order to characterize
the roles of these two dopants. We fabricated MgB2−xCx

(x = 0, 0.05, and 0.1) bulk samples and evaluated the
effect of doping on the phase formation, microstructure, Tc,
and Jc. In addition, the microstructure was characterized
by the scanning electron microscopy (SEM) and transmis-
sion electron microscopy (TEM) and correlated with the
critical properties.
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2. EXPERIMENTAL DETAILS

In order to evaluate the effect of NC and CNT additions on
the microstructure and critical properties, we fabricated the
bulk MgB2 using a conventional powder metallurgy tech-
nique combined with in-situ reaction. Magnesium (Tang-
shan, 325 mesh, 99.9%), amorphous boron (Tangshan,
4–6 �m, 99.9%), and either NC (TIMCAL, 99%) or CNT
(Iljin CNT) powders were used to make the nominal com-
positions of MgB2−xCx with x = 0, 0.05, and 0.1. The
ingredient powders were loaded into a jar in appropri-
ate proportions and mixed by hand mixing method for
10 min in an Ar atmosphere in glove box. Subsequently,
the mixtures were put in a plastic container, sealed in an Ar
atmosphere, and agitated supersonically for 1 hr. Figure 1
shows the TEM micrographs of the as-received NC and
CNT showing that the NC were sphere with a diameter of
5–30 nm and the CNT were shaped as rods with a diam-
eter of 5–10 nm and length of 0.5–1 �m. The sample of
x = 0, 0.05, and 0.1 in MgB2−xCx prepared by mixing of
NC or CNT is hereafter denoted as the undoped, 0.05 NC,
0.1 NC, 0.05 CNT, and 0.1 CNT samples, respectively.
The mixed powders were pressed into pellets, 10 mm in
diameter and 1.5 mm in thickness, under a uniaxial pres-
sure of 500 MPa and then the compacts were sealed in a Ti
tube and sintered at 900 �C in a flowing Ar gas (99.9%).
The crystalline structure and phase formation were

examined by powder X-ray diffraction (XRD) using a
BRUKER (D8 Discover) diffractometer with CuK� radia-
tion. The change in lattice parameters was calculated from
the (002) and (100) peaks and confirmed using the EVA®

program based on Rietveld refinement analysis. The grain
morphology and microstructure were also examined by
SEM and TEM (JEM 3010). The magnetic Jc and Tc val-
ues were derived from the height of the magnetization
loop using Bean’s model. The magnetization of the sam-
ples was measured at a temperature of 5 and 20 K using a
magnetic property measurement system (MPMS, Quantum
design) in a time-varying magnetic field and amplitude up
to 5 T.

(a) (b)

Fig. 1. TEM micrographs of (a) NC and (b) CNT.

3. RESULTS AND DISCUSSION

Figure 2(a) shows the XRD patterns of the undoped MgB2

and doped MgB2−xCx samples sintered at 900 �C. All
samples comprised MgB2 as the major phase with MgB4

and MgO as secondary phases. No peak related to carbon
appeared in any of the sample patterns, probably because
the NC and CNT particle sizes were too small for XRD
detection. For the undoped sample, the amounts of MgB4

and MgO phases were increased in comparison with those
for the doped samples. The MgO phase is well formed at
high sintering temperature and MgO formation produces a
Mg-deficient phase, MgB4, in the Mg-B binary system. The
smaller amount of these secondary phases in the CNT- and
NC-doped samples was due to oxygen absorption of CNT
and CO2 formation by reaction between oxygen and NC,
respectively.9 There was no marked difference between the
XRD patterns of the CNT- and NC-doped samples.
The variations of the a- and c-axes in the MgB2 with

a nominal carbon content were measured from the XRD
patterns and the peaks of the (002) and (100) planes
were magnified in Figure 2(b). The 2� value of the (100)
peak was shifted from 33.60� for the undoped sample to
33.63� and 33.64� for the 0.05 and 0.1 CNT samples, and
to 33.72� and 33.73� for the 0.05 and 0.1 NC samples,
respectively. In contrast, the (002) peak remained nearly
unchanged for all samples.

30 40 50 60 70

x: MgB4
B: MgO 

B

Bx
B

x

(2
01

)

(2
00

)

(1
11

)(1
02

)(1
10

)

(1
01

)

(0
02

)(1
00

)

(0
01

)

0.1 CNT

0.05 CNT

0.1 NC

0.05 NC

Undoped

2-theta [deg.]

In
te

ns
ity

 [
a.

u.
]

(a)

(b)

33.5 34.0 52

(0
02

)

(1
00

)

0.1 CNT

0.05 CNT

0.1 NC

0.05 NC

Undoped

2-theta [deg.]

In
te

ns
ity

 [
a.

u.
]

Fig. 2. (a) XRD patterns of the undoped and doped MgB2−xCx and
(b) their magnified peaks of the (002) and (100) planes.
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The lattice parameters were obtained from the 2� values
using the Rietveld refinement analysis. The a-axis lattice
parameter decreased from 3.0871 Å for the undoped sam-
ple to 3.0813 Å and 3.0799 Å for the 0.05 and 0.1 CNT
samples and 3.0730 Å and 3.0711 Å for the 0.05 and 0.1
NC samples, respectively. The decrease was more signif-
icant for the NC-doped samples than for the CNT-doped
samples. On the other hand, the c-axis lattice parameter
was nearly constant for all the samples and remained in
the range of 3.5231 Å–3.5248 Å. It is generally accepted
that the a-axis shrinks when carbon is substituted for the B
site due to the differences of their atomic size and number
of valence electrons. Our result is in good agreement with
the reports of other groups,3–8 indicating that carbon is
substituted in the B honeycomb layer and does not change
the interlayer distance in the MgB2 crystal. In addition,
the content of carbon substitution for the B site in the NC
sample was larger than that in the CNT sample because
the a-axis for the former sample contracted more than the
latter, which was attributed to the lower decomposition
temperature range of NC (150–700 �C) than that of CNT
(750–1000 �C).
Figure 3 shows the SEM micrographs of the fractured

surface of the undoped, 0.1 NC, and 0.1 CNT samples. All
the samples had similar morphology, size and number of
“Kirkendall voids.” These voids were formed due to the
diffusion at around 650 �C of melted Mg into amorphous
B, forming MgB2. As can be seen in Figure 3(a), the MgO
particles were formed mostly at the inner void surface
for the undoped sample and its size was in the range of
83–143 nm. MgO particles of several tens of nanometer

(a) (b)

(c) (d)

Fig. 3. SEM micrographs of the fractured surface of the (a) undoped,
(b) 0.1 NC-, and (c) 0.1 CNT-doped samples, and (d) a highly magnified
image (×100,000) of (c).

size cannot improve the flux pinning effect because the
coherence length of MgB2 is 6–7 nm.
On the other hand, MgO was not well observed in sig-

nificant amount in the doped samples, which is consistent
with the aforementioned XRD analysis result indicating
that the MgO amount was decreased in the doped samples
probably due to that the CNT and NC play role of ‘oxy-
gen getter,’ as noted earlier. Carbon was detected in the
entire region of all the doped samples by energy disper-
sive X-ray (EDX) analysis. The microstructure of the 0.1
CNT sample is shown in Figure 3(d) at high magnifica-
tion (×100,000). It was observed that CNTs interlink the
MgB2 grains, which can improve the connectivity between
grains and be advantageous for the porous microstructure
of in-situ MgB2.
Figure 4 shows the Tc values and the magnetic depen-

dence of Jc at 5 and 20 K for the undoped and doped sam-
ples. From Figure 4(a), the Tc (onset 10%) decreased from
37.0 K for the undoped MgB2 to 36.4 K and 36.1 K for the
0.05 and 0.1 CNT samples and 35.0 K and 34.7 K for the
0.05 and 0.1 NC samples, respectively, indicating that Tc
decreased with increasing nominal carbon content and that
the NC samples had lower Tc values than the CNT sam-
ples did. This behavior was similar to the changes of the

20 25 30 35 40 45

–1.0

–0.8

–0.6

–0.4

–0.2

0.0

Temperature (K)

Undopd,              Tc : 37.0 K

x = 0.05 CNT,      Tc : 36.4 K

x = 0.1 CNT,        Tc : 36.1 K

x = 0.05  NC,        Tc : 35.0 K

x = 0.1 NC,           Tc : 34.7 K

N
or

m
al

iz
ed

 m
ag

ne
tic

 m
om

en
t (

a.
u.

)

(a)

0 1 2 3 4 5
102

103

104

105

Undoped
0.05 CNT
0.1 CNT
0.05 NC
0.1 NC

20 K

5 K

Applied magnetic field (T)

C
ri

tic
al

 c
ur

re
nt

 d
en

si
ty

 (
A

/c
m

2 )

(b)

Fig. 4. Tc and Jc(B) behavior at 5 and 20 K for the undoped and doped
samples.
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a-axis lattice parameter from the XRD analysis. In view of
the fact that the reduction of Tc values originated from the
increased electron concentration in the MgB2 structure,10

the larger decrease of Tc for the NC samples was
related to their higher doping contents than for the CNT
samples.
Figure 4(b) shows the Jc(B) behaviors at 5 and 20 K

in an applied magnetic field up to 5 T. For all samples,
the Jc values decreased with increasing magnetic field and
this decrease was more rapid for the undoped sample than
for the doped samples at 5 and 20 K. At 5 K, the Jc
of the undoped sample had a crossover at approximately
3.2 T, 3.5 T, and 2.6 T for the 0.1 NC, 0.05 CNT, and 0.1
CNT samples, respectively. Above 3.5 T, all doped sam-
ples exhibited higher Jc than the undoped sample and the
0.05 NC sample gave the best Jc in all magnetic fields
at 5 K. The superior Jc(B) behavior of the doped sam-
ples compared to the undoped sample was attributed to
the combined effects of excess electrons and lattice dis-
tortion because decomposed carbon is partially substituted
into the B site for the former.
At 20 K, the Jc of the CNT samples was the highest at

0.8 T, but a crossover in the Jc value occurred at approx-
imately 3.5 T and 4.0 T for the 0.05 NC and 0.1 NC
samples, respectively. Furthermore, the Jc(B) behavior was
nearly comparable for the CNT and NC samples, although
the doping content for the former was significantly smaller,
as shown in the XRD analysis. This result led us to assume
that another mechanism also contributed to the improved
Jc(B) behavior for the CNT sample.
Therefore, TEM observations were conducted for both

the 0.1 doped samples, as shown in Figure 5. In the 0.1
NC sample, the NC was located either at the grain bound-
ary (Fig. 5(a)) or at surface of the porous MgB2 structure
(Fig. 5(b)). The size of NC ranged from 5–30 nm, enabling
it to act as an effective pinning center. Thus, the enhanced
flux pinning was partly attributed to the high density of
these NC inclusions.
Figures 5(c and d) show the microstructure of the 0.1

CNT sample. CNT was ‘embedded’11 along the MgB2

grain surface, as can be seen in Figure 5(c). The for-
mation of the ‘embedded morphology’ was attributed to
the CNT motion during the MgB2 reaction. The MgB2

phase is generally formed through the liquid state diffu-
sion of Mg into amorphous B. During the reaction, a CNT
moves slightly along the direction of liquid Mg flux while
maintaining good contact with Mg and B, so that CNT
is embedded along the MgB2 after the reaction is com-
pleted. In addition, MgB2 nanodomains were observed at
the interface between MgB2 and CNT. Dou et al. reported
that MgB2 formed along CNTs because they act as the
nucleation centers.10 The nanodomain formation is prob-
ably explained as follows. Dislocations can be generated
due to the mismatch between graphene and MgB2 dur-
ing the formation and growth of MgB2. These dislocation

(a) (b)

(c) (d)

Fig. 5. TEM micrographs of the (a) and (b) 0.1 NC and (c) and
(d) 0.1 CNT samples.

piles migrate and rearrange their locations in a pattern of
so-called low-energy dislocation structure (LEDS) in order
to minimize the strain energy. These rearranged dislocation
piles may produce a low-angle nanodomain. We consid-
ered that these nano-grain boundaries also act as an effec-
tive pinning center, thus enhancing the Jc(B) behavior of
the doped samples relative to the undoped sample at high
magnetic field.

4. CONCLUSIONS

We fabricated the CNT- and NC-doped MgB2 samples
to improve their Jc(B) behavior and then correlated the
microstructural evolution to the observed critical proper-
ties. The Tc values were lower for the NC samples (35.0–
34.7 K) than for the CNT samples (36.4–36.1 K) because
more carbon was doped into MgB2 in the former, probably
due to the lower decomposition temperature range for NC.
The doped samples exhibited higher Jc values at high

magnetic field than the undoped sample did. The superior
Jc(B) behavior for the NC samples was partly attributed
to the carbon doping effect on B and the existence of
the nano-sized and unreacted NC particles. On the other
hand, the Jc(B) behavior was nearly comparable among
the CNT and NC samples, despite the significantly smaller
doping content for the former. We believed that the forma-
tion of nanodomain MgB2 near CNT, due to the mismatch
between CNT and MgB2, probably acted as an effective
flux pinning center, based on the TEM study results.
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