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Abstract

The kinetics of MgB2 synthesis is studied in situ by synchrotron X-ray diffraction, using pressed compacts of 200–400 lm magnesium
powders mixed with three types of submicrometer, amorphous, high-purity boron powders. Reaction times for commercially available
and plasma-synthesized boron powders decreases from 100 to 2 min as temperature increases from 670 to 900 �C. They can be described
by diffusion-controlled models of a reacting sphere with kinetics characterized by diffusion coefficients increasing with temperature from
2 � 10�17 to 3 � 10�16 m2 s�1, with activation energies of 123–143 kJ mol�1. Plasma-synthesized boron powders doped with 7.4 at.% car-
bon show no significant differences in reaction kinetics as compared to undoped powders.
� 2008 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Since the recent discovery of superconductivity of MgB2

at 39 K [1], much research has focused on fabricating con-
tinuous MgB2 wires. Submillimeter wires can be synthe-
sized by converting continuous B fibers to MgB2 through
reaction with Mg vapor [2] or liquid [3] according to the
reaction:

Mgþ 2B!MgB2 ð1Þ
However, the bulk of the research effort has concentrated
on the powder-in-tube (PIT) approach, where a metallic
tube filled with Mg and B powders is drawn into a wire
and subsequently heated to convert the powders into
MgB2 according to Eq. (1) [4–9]. Reported times for reac-
tion completion vary from a few minutes at 840 �C [10] to
two days at 620 �C [5]. However, because these studies did
not measure the degree of reaction as a function of time,
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kinetic parameters such as reaction rate constants and acti-
vation energy remain mostly unknown. Carbon-doping has
emerged as an effective means for increasing the upper crit-
ical field capability of MgB2 [11–14]. The reaction kinetics
for full conversion of C-doped boron to MgB2 has not been
studied systematically either, with times to achieve full
reaction varying from minutes at 700–900 �C [11] for pow-
der to days at 1200 �C [13,14] for fibers.

Synchrotron X-ray diffraction has been used to study
the chemical synthesis, phase transitions and reaction
kinetics of a wide range of alloys, ceramics and compounds
(e.g. Ti–6Al–4V [15], steel [16], ZrO2 [17], SnO [18], NiWO4

[19], Na2PdC2 [20], silicate [21] and BiSCCO superconduc-
tor [22]). With this technique, the degree of reaction can be
measured as a function of time in a single in situ experi-
ment. We are aware of only two synchrotron X-ray diffrac-
tion studies of MgB2 synthesis from elemental powders
(according to Eq. (1)), neither of which was performed
under isothermal conditions, thus preventing the determi-
nation of the kinetic parameters for the reaction [23,24].

Here, synchrotron X-ray diffraction is used to investi-
gate, under isothermal, in situ conditions, the effect of
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Fig. 1. (a) Experimental set-up for in situ synchrotron diffraction
experiment with CCD camera experimental image showing MgB2, Ti,
and quartz rings. (b) Converted 1D X-ray diffraction patterns for t = 0
pattern (XRD 1) at onset of reaction and t = 2 h pattern (XRD 2) after
full reaction at 750 �C. The difference between the two patterns results
in a ð1011Þ MgB2 peak which is integrated to provide the degree of
reaction.
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reaction temperature and carbon doping upon the kinetics
of MgB2 synthesis between solid B and liquid Mg (Eq. (1)),
and results are modeled based on diffusion theory.

2. Experimental procedures

Three types of high-purity B powders were studied: (i)
amorphous, 99.99% pure powders (commercially available
from Sigma–Aldrich, St. Louis, MO) with 400 nm average
particle size, as determined by the manufacturer using the
Fisher method; (ii) plasma-synthesized, amorphous pow-
ders with 99.999% purity and 400 nm average particle size
(from Specialty Materials, Inc., Lowell, MA); and (iii) the
same type of powders but additionally doped with
7.4 at.% carbon during plasma synthesis [11]. All B pow-
ders were imaged using an environmental scanning elec-
tron microscope (FEI Quanta Schottky field emission
gun SEM) after having been ultrasonically dispersed in
acetone, dried on a Si wafer and sputter-coated with 6
nm of Au/Pd. Particle size was determined by taking the
square root of the average particle area, determined using
ImageJ software.

Each B powder type was mixed with Mg powders (>99%
pure, 177–420 lm from Fisher Scientific, Hampton, NH) at
a molar ratio B/Mg = 1.8. This ratio was chosen below the
stoichiometric value (B/Mg = 2), so excess Mg could react
with the air sealed in the tube and then establish an equilib-
rium Mg vapor pressure throughout the reaction. The
powder mixtures (total mass �0.2 g) were uniaxially
cold-pressed to 300 MPa using a 5.5 mm diameter steel
die. The resulting powder compacts, �60% dense and
�10 mm in height, were placed within a 100 mm long tita-
nium crucible with 8 and 9.5 mm inner and outer diame-
ters. Titanium was selected as crucible material because it
does not react with liquid or gaseous Mg vapor and has
much lower X-ray absorption than other metals (Fe, Ni,
Cu, Nb or Ta) used as PIT tubes. A 20 mm long section
at the end of the crucible was thinned to 8.5 mm outer
diameter, resulting in 0.25 mm thick walls, to reduce the
absorption and scattering of X-rays by the crucible. The
crucible was sealed with a carbon–steel compression fit
cap and placed within a quartz tube. A K-type thermocou-
ple was introduced in a small hole bored at the lower part
of the crucible.

Diffraction experiments were performed at the
Advanced Photon Source (Argonne National Laboratory,
IL) using the beamline end station 5-BM-D (DuPont-
Northwestern-Dow Collaborative Access Team Synchro-
tron Research Center). An infrared furnace heated the
crucible through the evacuated quartz tube to 500 �C in
5 min, followed by a 5 min hold. The quartz tube was then
backfilled with 0.33 atm of argon, maintained constant
during the experiment, and the crucible was heated in
5 min to the reaction temperature chosen in the range
670–900 �C (i.e. above the 650 �C melting point of Mg),
with an average heating rate of 0.6–1.3 �C s�1. Heating
was rapid enough to prevent any significant reaction to
occur prior to reaching the final temperature, as ascer-
tained by diffraction. The reaction was monitored in situ
by a 65 keV (k = 0.019 nm) synchrotron X-ray beam with
a square, 1 mm2 cross-section, positioned perpendicularly
to the crucible walls and penetrating through both quartz
and titanium walls, as shown schematically in Fig. 1a.
Transmitted diffraction rings were recorded, after 10–60 s
exposures times, on a 150 mm diameter charge-coupled
device camera (Photonic Science Limited, UK) placed at
about 380 mm from the sample.

The intensity of the diffraction rings was first integrated
over their circumferences to create one-dimensional (1D)
plots of intensity vs. 2h (where h is the diffraction angle),
using FIT2D software [25]. The intensity of the ð1011Þ



Fig. 2. Scanning electron microscope image of various B powders: (a)
undoped commercial; (b) undoped plasma-synthesized; (c) C-doped
plasma-synthesized.
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MgB2 peak was integrated over a typical 2h range of 5.0–
5.3� using JADE 6.5 powder diffraction software for each
diffraction pattern after background subtraction of a
t = 0 XRD pattern (with negative values set to zero inten-
sity) as illustrated in Fig. 1b. The ð1011ÞMgB2 peak inten-
sity, normalized by that achieved after full reaction,
provides the degree of reaction which corresponds to the
volume fraction of reacted B. This value is different from
the volume fraction of synthesized MgB2 due to the volume
change associated with B ? MgB2 reaction.

3. Results

Powders for the undoped, commercial boron exhibited
sizes in the 100–600 nm range (Fig. 2a), in agreement with
the 400 nm average size reported by the manufacturer. The
plasma-synthesized B powders, with and without carbon-
doping, were of similar size and morphology (Fig. 2b and
c). In all three cases, these 400 nm powders consist of
agglomerates or irregularly shaped chains of 10–50 nm
spheroid particles (Fig. 2a–c). The plasma-synthesized
powders were previously reported to be agglomerates 1–
50 lm in size [11], but such agglomerates were not found,
possibly because acetone was used to disperse the powders
onto single-crystal Si wafers for SEM analysis.

Fig. 1a shows a typical diffraction pattern for the
undoped, plasma-synthesized B powders reacted at
750 �C for 5000 s (beyond full reaction completion at
3500 s), showing a intense, smooth ring for the ð1011Þ
MgB2 reflection as well as rings for ð1 011Þ, (00 02) and
ð1010Þ Ti from the crucible, a weaker, smooth ð1010Þ
MgB2 ring, a very broad ring from the quartz tube and
the square beam-stop in the center. In Fig. 1b, the 1D dif-
fraction pattern near the MgB2 ð1011Þ ring for commercial
B powders reacted at 750 �C for 2 h shows the emergence
of the MgB2 peak due to the reaction between Mg and B
(Eq. (1)), as well as a change in the Ti peaks, most probably
due to grain growth and recrystallization of the Ti crucible.
The ð1011Þ Ti peak also appears broad due to diffraction
from both the front and back walls of the Ti crucible.

Plots of degree of reaction vs. time are shown in Fig. 3a–c
for the three types of B powders reacted isothermally
between 670 and 900 �C. Curves are parabolic in shape,
indicative of a diffusion limited reaction [26]. Fig. 3a shows
that, for the undoped commercial B powders, the time for
full reaction drops from �3500 to �120 s as the tempera-
ture increases from 700 to 900 �C. A short incubation time
of �100 s is visible for the reaction at 750 �C, while the
experiment performed at 700 �C shows a much longer incu-
bation time. However, the MgB2 diffraction peak was weak
in this particular experiment, probably because the beam
did not sample a large enough volume, so the degree of
reaction could not be ascertained reliably below a value
of 0.19, preventing a precise determination of the incuba-
tion time.

Fig. 3b shows that a similarly strong temperature depen-
dence exists for the reaction of the undoped, plasma-syn-
thesized B powders. Times to complete the reaction are
similar to the undoped, commercial B powders (Fig. 3a),
e.g. 900 s (as compared to 300 s) at 800 �C, and 3500 s
(vs. 3500 s) at 700 �C. Fig. 3c for the C-doped, plasma-syn-
thesized powder shows curves with the same parabolic
shape, but with a somewhat inconsistent temperature
response, i.e. faster reaction at 670 than 700 �C, and faster



Fig. 3. Plots of degree of reaction x vs. reaction time t for (a) undoped
commercial; (b) undoped plasma-synthesized; (c) C-doped plasma-syn-
thesized B powders.
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reaction at 750 than 800 �C. No incubation times were
found for either type of plasma-synthesized B powder.

4. Discussion

4.1. Modeling of reaction rates

Because the present experiments used a relatively rapid
heating rate (�1 �C s�1), no MgB2 was observed in diffrac-
tion patterns before the isothermal temperature was
reached. These experiments can thus be considered to be
isothermal, allowing the use of isothermal reaction models
from which reaction constants and activation energies can
be calculated. The experimental data (Fig. 3a–c) were fitted
to a model for the diffusion-limited reaction of spheres in a
gas or liquid [26], which relates the degree of reaction x

with the reaction time t as:

½1þ ðz� 1Þx�2=3 þ ðz� 1Þð1� xÞ2=3 ¼ zþ 2ð1� zÞk
r2

0

t; ð2Þ

where z is the volume expansion for the reaction (z = 1.90
for Eq. (1) [27]), r0 is the powder radius (r0 = 200 nm, as
discussed below) and k is the reaction rate constant. Eq.
(2) takes explicitly into account that the reaction occurs
at a spherical interface with a volume change given by
the parameter z, and it is valid until completion (x = 1).

It is assumed here that liquid Mg fills the space between
the 400 nm B powders, and that each powder reacts as a
single sphere surrounded by liquid Mg, thus forming a sur-
face MgB2 layer growing by diffusion of Mg and/or B. The
reaction of individual 10–50 nm spheroid particles is not
considered because it is very unlikely that Mg wetted the
powders allowing a direct contact between the melt and
the individual spheroid particles. The lack of wetting was
verified in ex situ experiments where liquid Mg was placed
on top of compacted B powders: infiltration to the 10–
50 nm scale was observed only at temperatures in excess
of 1000 �C, well above the highest temperature of 900 �C
used here.

Plotting the left-hand side of Eq. (2) against time yields
nearly linear curves, as shown in Fig. 4a–c, except for the
early parts of the experiments at 700 and 750 �C with
undoped commercial B powders. The good fit over the
whole time range of the other eight experiments without
incubation time demonstrates that the model can be applied
to the present data, despite the fact that the particles are
far from spherical. According to Eq. (2), the rate constants
k can then be calculated from the slopes of the best-fit lines
in Fig. 4a–c. At 800 �C, these constants are k = 3 �
10�17 m2 s�1 for the commercial, undoped powders and
k = 8 � 10�18 m2 s�1 for the undoped plasma powders.
These values are in reasonable agreement with a value of
k = 5 � 10�17 m2 s�1, determined as shown in the Appen-
dix from data by Kim et al. [28] for an amorphous boron
thin film (deposited by electron beam evaporation) exposed
to Mg vapor pressure at 800 �C (�20 torr [29]).



Fig. 4. Plots of ½1þ ðz� 1Þx�2=3 þ ðz� 1Þð1� xÞ2=3 vs. reaction time t

(according to Eq. (2) and best-fit lines according to Eq. (2)): (a) undoped
commercial; (b) undoped plasma-synthesized; (c) C-doped plasma-syn-
thesized B powders.

1684 J.D. DeFouw et al. / Acta Materialia 56 (2008) 1680–1688
The linearity of the fits shown in Fig. 4a–c for all tem-
peratures, and the good agreement with the rate constant
calculated independently from the thin film diffusion exper-
iment, are strong evidence that the MgB2 synthesis reaction
(Eq. (1)) is diffusion-limited and that the assumption of
spherical agglomerates, while highly simplified, was ade-
quate, possibly because the MgB2 reaction layer on the sur-
face of the agglomerates rapidly smoothes their shapes. In
the case of the undoped commercial powders at 750 �C
(Fig. 4a), there is some nonlinearity for short reaction times
where the reaction is proceeding slower than predicted by
the model. This may be due to presence of oxides on the
B powder surface, which must first react with Mg and
crack before the underlying B can react with Mg to form
MgB2. This also appears to be the case with the undoped
commercial powders reacted at 700 �C (Fig. 4a), although,
due to a low diffraction intensity during the experiment, a
measurable peak did not appear until the reaction was
nearly 20% complete. In both cases, the rate constant k

was determined from the linear portion of the data. An
Arrhenius plot of the rate constants (Fig. 5) provides acti-
vation energies of 108 and 146 kJ mol�1 for the undoped
plasma and commercial powders, respectively.

When plotted according to Eq. (2), the kinetic data
(Fig. 3c) for the C-doped powders provide good linear fits
(Fig. 4c). An Arrhenius plot of the resulting rate constants,
however, provides an anomalously low activation energy
Q = 70 kJ mol�1, as shown in Fig. 5, because of the incon-
sistent temperature response evident in Fig. 3c (i.e. more
rapid kinetics at 670 than 700 �C, and at 750 than
800 �C). However, it is evident from Fig. 5 that, within
the large experimental error, there is no significant differ-
ence in rate constants between the doped and undoped
plasma-synthesized powders, if the value of rate constant
Fig. 5. Arrhenius plot of reaction rate constants k vs. inverse reaction
temperature 1/T showing activation energy for undoped commercial,
undoped plasma-synthesized and C-doped plasma-synthesized B powders.
A data point from a thin film experiment [28] is shown for comparison.



Fig. 6. Plots of thickness h of B shell consumed by reaction (as calculated
from Eq. (3)) vs. reaction time t for (a) undoped commercial (b) undoped
plasma B and (c) C-doped plasma B powders. Fits using Eq. (4), from the
sphere reaction model with z = 1 by Entchev et al. [30], are shown. Fitted
values of the diffusion coefficients D range from 8 � 10�18 to
5 � 10�16 m2 s�1.
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at 750 �C is removed for the C-doped powders. The high
temperature variability found for the C-doped powders
remains unexplained, but may be due to variation in dop-
ant content within the powders.

4.2. Modeling of diffusion coefficients

The degree of reaction x measured in the present exper-
iments, which corresponds to the volume fraction of
reacted B and is plotted in Fig. 3a–c, can be converted to
the thickness h of the spherical shell of B consumed by
the reaction to MgB2 through the mass-balance equation:

h ¼ r0 1� ð1� xÞ1=3
� �

; ð3Þ

where r0 is the initial radius of the unreacted spheres
(r0 = 200 nm). This calculated value of h can then be di-
rectly compared to predictions by a model by Entchev
et al. [30] for which numerical solutions are given for the
thickness of the product shell h0 for volume expansion
z = 1 (reactant and product have same density) and
z = 1.77 (relevant to the transformation of Ti into TiO2).
In the present case, the value of h for the consumed B shell
(Eq. (3)) is equal to the thickness of an hypothetical prod-
uct shell h0 for z = 1, which is plotted by Entchev et al. in
Fig. 11 of Ref. [30] as a function of the dimensionless reac-
tion time t* = Dt/r0

2, where D is the effective diffusion coef-
ficient for the reaction. This plot was fitted to a fifth-degree
polynomial equation as:

h ¼ r0 A5

Dt
r2

0

� �5

þ A4

Dt
r2

0

� �4

þ A3

Dt
r2

0

� �3

þ A2

Dt
r2

0

� �2
"

þA1
Dt
r2

0

� �
þ A0

#
; ð4Þ

where A5 = 2.550, A4 = �8.572, A3 = 10.836, A2 = �6.315,
A1 = 2.201 and A0 = 0. Then, Eq. (4) was fitted to plots of
h vs. t (where h was calculated from the experimentally
determined degree of reaction x through Eq. (3)), with
the diffusion coefficient D as the fitting parameter, as
shown in Fig. 6a–c. In these plots, many values for h/

r0 > 0.82 (h > 164 nm) are not shown, since they corre-
spond to degrees of reaction x > 0.99 within experimental
error of x = 1. Also, the plots in Fig. 6a for 700 and
750 �C are shifted along the time axis to take into account
an incubation time (i.e. giving a non-zero value to the
parameter A0 in Eq. (4)). Diffusion coefficients range from
2 � 10�17 to 3 � 10�16 m2 s�1 depending on temperature
and are about one order of magnitude higher than the rate
constants k determined by the Carter model (Eq. (2))
shown in Fig. 5 . Fig. 7 is an Arrhenius plot of the diffusion
coefficients vs. inverse temperature from which the activa-
tion energies for diffusion are found to be 123 and
143 kJ mol�1 for the undoped plasma and commercial
powders, respectively. These values are similar to those
determined for k (108 and 146 kJ mol�1, respectively) in



Fig. 7. Arrhenius plot of diffusion coefficients D vs. reaction temperature
showing activation energy for undoped commercial, undoped plasma-
synthesized and C-doped plasma-synthesized B powders. A data point
from a thin film experiment [28] is shown for comparison.
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Fig. 5 using the Carter model. Similarly, the activation en-
ergy for diffusion for the C-doped powders is anomalously
low (Q = 77 kJ mol�1) for the same reasons discussed pre-
viously for the activation energy for k (Q = 70 kJ mol�1).

4.3. Comparison with previous studies

Comparison with the two existing in situ synchrotron X-
ray studies of MgB2 synthesis [23,24] is difficult, because
they used slow heating rates, resulting in non-isothermal
reaction occurring with solid Mg and, later in the experi-
ment, with liquid Mg. Neither study attempted to model
the reaction and determine kinetic parameters such as reac-
tion rate constants or activation energies. Baranov et al.
[23] used a constant rate of 0.3 �C s�1 throughout their
experiments which were performed under very high hydro-
static pressures (2.8 and 5.5 GPa). High pressures affect
phase stability – in particular the melting point of Mg is
increased by 50 K GPa�1 – making these reactions very dif-
ferent from the reactions at ambient pressures commonly
used for PIT synthesis of MgB2. Reaction curves were S-
shaped and started at 587 and 887 �C (with solid Mg)
and finished at 927 and 1127 �C (with liquid Mg) for pres-
sures of 2.8 and 5.5 GPa, respectively. For these heating
rates, reaction times were then 1100 and 800 s. Grivel
et al. [24] reacted Mg and B powders in a Fe sheath at final
temperatures of 780 and 650 �C which were reached at a
slow rate of 0.06 �C s�1, with substantial formation of
MgB2 before the experiment became isothermal. The latter
reaction temperature corresponds exactly to the melting
point of Mg, so it is unclear to what extend the metal
was liquid during reaction. These experiments were also
complicated by the formation of MgO, due to presence
of oxygen in the system, and Fe2B, through reaction with
the sheath material, which may have depleted Mg and/or
B and thus affected MgB2 synthesis; however, these authors
did not report the presence of MgB4.

Activation energies between 58 and 73 kJ mol�1 were
calculated by Yan et al. [31] from constant heating rate dif-
ferential scanning calorimetry experiments on mixed Mg
and B powders with initial MgB2 stoichiometry. In that
study, models showed that the degree of reaction advanced
from 0.1 to 0.8 in 0.5–4 min at the heating rates of 20 and
5 �C min�1, respectively, and at temperatures below
700 �C. These reaction times were much shorter than those
found in the present investigation or reported in the two
other synchrotron-based studies [23,24] where isothermal
reaction below 700 �C required an hour or more. The acti-
vation energies of 58–73 kJ mol�1 were also much lower
than those reported here for undoped powders (108–
146 kJ mol�1). These discrepancies may be linked with pos-
sible reaction of Mg with the Al2O3 crucible and loss of Mg
due to the flowing argon gas used, both of which could
have been exacerbated by the very small amount of pow-
ders (12 mg) used in that study.

Finally, the reaction times measured here for the C-
doped powders (1000–5500 s for 670–800 �C, Fig. 3c) are
consistent with observations reported for similar C-doped,
plasma-synthesized powders [11]: in that study, reaction
times of 1800 s at 700 and 800 �C were conjectured to result
in incomplete reaction, as ascertained from the presence of
MgB4 observed by energy dispersive spectroscopy (EDS).
The occurrence of MgB4 was confirmed by the fact that
both samples had higher than expected critical supercon-
ducting temperatures Tc, due to dopant remaining in the
MgB4 regions rather than the MgB2 where it suppresses
Tc [12]. Powders reacted for 1800 s at the higher tempera-
ture of 900 �C showed a Tc consistent with a completed
reaction to C-doped MgB2.

5. Conclusions

The kinetics of the synthesis reaction of MgB2 from ele-
mental Mg and B powders, relevant to the powder-in-tube
process, were measured in situ using synchrotron X-ray dif-
fraction at temperatures between 670 and 900 �C. Reaction
times ranged from 2 to 120 min for compacts of Mg pow-
ders and 400 nm amorphous B powders. For undoped B
powders produced by two different routes, reaction data
were fitted with two diffusion-limited models, resulting in
rate constants and diffusion coefficients with activation
energies ranging from 108 to 146 kJ mol�1. B powders
doped with 7.4 at.% C had a similar rate constant to that
of the undoped powders, indicating that, for the submi-
crometer diffusion distances involved with these powders,
the volume diffusion reaction mechanism is not affected
by doping.
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Fig. A1. Plot of MgB2 thickness vs. reaction time at 800 �C from data of
B thin film reaction with Mg vapor by Kim et al. [28], fitted with planar
reaction equation (A7) from which the reaction rate constant
k = 4.8 � 10�17 m2 s�1 is determined.
Appendix

To compare the rate constants k found for the reaction
of spherical powders from Eq. (2) as derived by Carter [26],
to that for the reaction of a planar thin film, as performed
by Kim et al. [28], Carter’s derivation was modified as fol-
lows to take into account the planar geometry of a film.

At any time, the volume of unreacted material A is:

QA ¼ r1L2; ðA1Þ

where r1 is the thickness of unreacted material and L2 the
area of the film. The rate of change of the amount of unre-
acted A for a film from Crank [32] is:

dQA

dt
¼ �kL2

r2–r1

; ðA2Þ

where r2 � r1 is the thickness of the reaction product layer
on the remaining film of A. Differentiating Eq. (A1) with
time and setting equal to Eq. (A2), results in:

dr1

dt
¼ �k

r2 � r1

; ðA3Þ

which, after substituting r2 ¼ zr0 þ r1ð1� zÞ, becomes:

�k dt ¼ zðr1 � r0Þdr1; ðA4Þ
where r0 is the thickness of the unreacted film and z is the
volume expansion coefficient upon reaction. Integrating
both sides of Eq. (A4) yields:

kt ¼ zðr2
1 � r2

0Þ
2

� zr0ðr1 � r0Þ ðA5Þ

Substituting r1 ¼ r0ð1� xÞ, the rate constant then becomes:

k ¼ zr2
0x2

2t
; ðA6Þ

where x is the degree of reaction.
Because Kim et al. [28] reported, for a B thin film react-

ing with Mg vapor at 800 �C, the thickness y of the reacted
MgB2 layer rather than the degree of reaction x, the substi-
tution of x = y/zr0 in Eq. (A6) is made to find:

y ¼
ffiffiffiffiffiffiffiffi
2zkt
p

ðA7Þ
As shown in Fig. A1, plotting the MgB2 thickness y as a
function of time t, as reported by Kim et al. [28], and fitting
the data to Eq. (A7) results in a rate constant value
k = 4.8 � 10�17 m2 s�1.
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