
Physica C 470 (2010) 648–653
Contents lists available at ScienceDirect

Physica C

journal homepage: www.elsevier .com/locate /physc
Effect of processing variables on the reaction kinetics of MgB2 fibers
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The reaction kinetics for converting B fibers into MgB2 fibers are measured by in situ synchrotron X-ray
diffraction and ex situ by metallography as a function of the following processing variables: fiber diam-
eter, fiber doping, fiber surface treatment, Mg flux (liquid or gaseous Mg), and thermal cycling. Changes to
the fiber diameter, surface treatment and Mg flux affect little the rates of the reaction, while C-doping of
fibers dramatically decreases reaction rate and thermal cycling increases the reaction rate.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

The boride MgB2 is a promising new superconducting material
due to its combination of relatively high transition temperature
(Tc = 39 K), lack of weak link behavior at grain boundaries, low cost
of elements, and ease of synthesis from the elements [1]. The reac-
tion kinetics for synthesis of MgB2 from elemental Mg and B:

Mgþ 2B ¼ MgB2 ð1Þ

have been studied between Mg vapor and a B thin film [2] and be-
tween Mg and B powders [3–6], and take place via the creation of
intermediate borides (mainly MgB4 and very little MgB7). The reac-
tion is described as a diffusional process with temperature as the
primary parameter to alter the reaction kinetics. By measuring reac-
tion rates as a function of temperature and modeling the geometry
of the powders or film, the reaction kinetic parameters (i.e., diffu-
sion coefficients, rate constants, and activation energies) were
determined [2,3]. Recently, the analysis was extended to reacting
B fibers and liquid Mg to MgB2 fibers [7] where the large diameter
of the B fibers (140 lm) and extensive reaction volume expansion
(90% volume increase from B to MgB2) induced cracking during syn-
thesis, which increased the surface area and thus accelerated the
diffusion controlled MgB2 synthesis reaction [7]. In that study, the
only processing variable studied was temperature.

In the present paper, we study additional processing parame-
ters affecting the reaction of B fibers into MgB2: B fiber size (100
vs. 140 lm), Mg flux (Mg vapor vs. Mg liquid), surface of the B fi-
bers (with and without a thin nitride layer), chemistry of B fibers
(with and without doping with 0.4 at.% C), temperature profile
ll rights reserved.
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(isothermal vs. thermal cycling) and fiber length (continuous vs.
fragmented). This systematic study allows the identification of
the parameters affecting the MgB2 synthesis kinetics.
2. Material and methods

The reaction of B fibers immersed within liquid Mg was studied
in situ by synchrotron diffraction, as described elsewhere [3,7]. In
brief, bundles of 20 mm long B fibers were first pressure infiltrated
with liquid Mg inside a titanium crucible. The sample was later
heated under Ar cover gas to the reaction temperature in a custom
furnace, while a high energy X-ray beam passed through the sam-
ple and produced a diffraction pattern on a CCD camera. Through
measuring diffraction intensity with time, the kinetics of the reac-
tion were determined. Here, several experiments were conducted
to investigate the effects of various parameters on reaction rates
and MgB2 microstructure. First, 100 lm diameter B fibers (from
Specialty Materials, Inc., Lowell, MA) were reacted in liquid Mg
at 900–1000 �C and compared to data on 140 lm diameter B fibers
(from Specialty Materials, Inc., Lowell, MA) collected in previous
research [7]. Second, the above 100 lm B fibers were also reacted
at 900–1000 �C with Mg vapor, with a flux related to the vapor
pressure of Mg reduced as compared to experiments with liquid
Mg carried out at the same temperatures. Third, fibers of 140 lm
diameter (from AVCO, with similar W fiber core) with a thin 1–
2 lm outer nitride coating created by first oxidizing the fiber then
reacting with ammonia [8] were reacted in liquid Mg at 900–
1000 �C and compared with previous data on uncoated 140 lm B
fibers [7]. In a fourth series of experiments, 85 lm diameter B fi-
bers doped with 0.4 at.% C – synthesized by Specialty Materials,
Inc. through decomposition of CH4 and BCl3 during the chemical
vapor deposition (CVD) on a W fiber [9] – were studied ex situ by
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Fig. 2. Optical micrograph showing cross-sections of 100 lm B fibers reacted for
3 min at 1000 �C.
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metallography after reaction at 1000 �C for 5 min and 2.5 h in li-
quid Mg to investigate the effect of C upon reaction rate.

The low surface to volume ratio of continuous B fibers with
>100 lm diameter slows their reaction rate as compared to the
much finer B powders studied to date [3]. One possible path to im-
prove reaction rate of fibers is to enhance, during the reaction,
cracking of the boride layer growing radially into the B fiber by
exploiting the differences in thermal expansion between the unre-
acted boron and the growing boride layer. To this end, reaction
rates between liquid Mg and 140 lm B fibers were measured un-
der thermal cycling conditions, and compared to baseline isother-
mal conditions. The temperature was cycled across 668–900 �C
(DT = 232 �C) and 737–900 �C (DT = 163 �C) while isothermal base-
line experiments were conducted at the upper temperature of
900 �C. The cycles were approximately square with near linear
cooling to the lower temperature in 1 min followed immediately
by heating back to 900 �C in 1 min where it was then held for
28 min (30 min period, 10 cycles) or 8 min (10 min period, 30 cy-
cles) resulting in 5 h total reaction time. Finally, to investigate
the geometrical effect associated to the continuous nature of the fi-
bers, 100 lm B fibers were mechanically fractured into 25–45 lm
fragments which were reacted with liquid Mg at 900 �C and com-
pared to continuous fiber reactions at the same temperature. Also,
for comparison, large (60–140 lm) irregular crystalline B powders
(form Alfa Aesar, Ward Hill, MA) were reacted at 800 �C for 2 h in
liquid Mg and imaged using optical microscopy.
3. Results and discussion

3.1. Fiber diameter

Fig. 1 shows reaction kinetic plots for 100 lm diameter B fibers,
where the degree of reaction is plotted as a function of reaction
time. The reaction rate decreases monotonically with time, and
reaction is completed in �1 h at 1000 �C, �2 h at 950 �C and
�4.5 h at 900 �C. Times to achieve full reaction were similar to
those previously measured on 140 lm diameter fibers, despite
the higher volume (by a factor two) of the latter fibers. By contrast,
the Entchev diffusion model presented in Refs. [3,7,10], which as-
sumes a reaction front progressing radially in the B fiber without
Fig. 1. Degree of reaction vs. time plot for 100 lm B fibers reacted in liquid Mg
between 900 and 1000 �C with diffusion and cracking model fits using diffusion
coefficients within the uncertainty measured in previous research [7]. A dashed line
of the fit of the reaction of larger 140 lm diameter fibers [7] is shown for
comparison.
cracking, predicts that a 100 lm diameter B fiber reacts to MgB2

in 51% of the time needed for a 140 lm B fiber to fully react. This
model predicts much longer reaction times than experimentally
observed here, because it does not take into account the cracking
of the reaction layer, observed in previous experiments with
140 lm B fiber [7] and in the present experiments (Fig. 2), which
increases the area of the fiber available for reaction and thus de-
creases reaction times.

A more complex model taking into account reaction layer crack-
ing [7] also predicts complete reaction of the smaller 100 lm
diameter B fiber in about half the time of the larger 140 lm B fiber,
assuming that the fibers contain four cracks and choosing diffusion
coefficients which fit the curves shown in Fig. 1. In this figure, fits
of this cracking model to reaction kinetics data of 100 lm B fibers
at 900 �C are best achieved with the following parameters: number
of cracks: N = 4; MgB2 diffusion coefficient: DMgB2 = 6 �
10�14 m2 s�1; MgB4 diffusion coefficient: DMgB4 = 5 � 10�13 m2 s�1;
and a shift of 18 min to account for some incubation time. Simi-
larly, 1000 �C data for reaction of 100 lm B fibers are best fit with
N = 6, DMgB2 = 1 � 10�12 m2 s�1, and DMgB4 = 12 � 10�12 m2 s�1. Fi-
nally, the 950 �C reaction curve of 100 lm fibers is best fit by
N = 12, DMgB2 = 8 � 10�14 m2 s�1, and DMgB4 = 8 � 10�13 m2 s�1. All
three fits are plotted in Fig. 1 and the parameters for the fits are
close those found in a previous study for 140 lm diameter fibers
[7]. A relatively high number of cracks is needed to fit the very lin-
ear nature of the experimental reaction curve. As discussed in Ref.
[7], the curves typically have a transition from a fast to a slower
reaction rate which corresponds to the point where MgB2 wedges
growing radially in the fiber meet its center and radial circumfer-
ential diffusion becomes the sole active mechanism. With a high
number of cracks, the curves become more linear since more of
the fiber is reacted by the radial crack mechanism, resulting in less
material being reacted by the slower diffusion mechanism.

The microstructure of the 100 lm diameter fibers reacted at
1000 �C for 3 min is shown in Fig. 2 and is similar to that found
for 140 lm diameter fibers [7]. The reaction layer consists of an
outer ring of MgB2 and an intermediate layer of MgB4 and the ex-
tents of the reaction fronts (4 and 22 lm, respectively) are similar
to those reported previously for 140 lm fibers [7]. In both cases,



Fig. 4. Degree of reaction vs. time plots for 140 lm B fibers with nitrided surface
reacted between 900 and 1000 �C in Mg liquid. Dashed lines of fits of 140 lm non-
nitrided B fibers from Ref. [7] shown for comparison.
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the MgB4 layer shows radial cracks in which MgB2 is growing as
wedges [7]. As the reaction progresses, the cracks merge and their
number decreases, so that the best fit N = 6 found above is credible.
That both fibers, despite their different diameter, require similar
times to achieve full conversion to MgB2 may be explained by a
smaller number of cracks (due to lower crack nucleation or early
crack merging) for the thinner fibers, so that the specific area ex-
posed for the reaction is similar.

3.2. Magnesium flux

Fig. 3 shows the reaction kinetics of 100 lm B fibers exposed to
gaseous Mg at temperatures between 900 and 1000 �C. There is no
obvious difference in kinetics as compared to reaction in liquid Mg,
as illustrated in Fig. 3. At the high temperatures used here, the Mg
vapor pressure ranges from 0.2 atm at 900 �C to 0.64 atm at
1000 �C [11]. The similarity of the kinetics data for reactions occur-
ring with liquid and vapor Mg suggests that the Mg flux in the va-
por between 900 and 1000 �C is sufficient to achieve the maximum
possible reaction rate, and that another step in the reaction, e.g.,
diffusion in the fiber, is rate-limiting.

3.3. Nitride coating of fibers

Reaction kinetics for nitride coated 140 lm B fibers are shown
in Fig. 4 and are roughly similar to those for non-coated fibers, ex-
cept for an incubation time during which reaction proceeded very
slowly, before the onset of fast reaction to completion. This incuba-
tion time is short (<10 min) for reactions at 950–1000 �C, but in-
creases to �30 min for 925 �C and �1 h for 900 �C reaction. The
nitride coating was visible as a lighter shade in backscattered
SEM and was �2 lm thick (Fig. 5). Nitriding of B fibers was devel-
oped to prevent reaction of the B fibers during infiltration with li-
quid Al but Mg forms stable nitrides according to the Mg–N phase
diagram [12], so it is not unexpected that the reaction can proceed.
The present data indicates that the nitride coating provides partial
protection against reaction with liquid Mg, which improves as the
temperature decreases from 1000 to 900 �C.

3.4. Carbon doping of fibers

The thickness of the MgB2 reaction shells for 85 lm B fibers
doped with 0.4 at.% C is 1.6 lm after 3 min exposure to liquid Mg
Fig. 3. Degree of reaction vs. time plots for reaction of 100 lm B fibers at 900, 950
and 1000 �C in Mg vapor (closed symbols) and in Mg liquid (open symbols).

Fig. 5. Scanning electron micrograph of cross-section of unreacted 140 lm B fiber
in a magnesium matrix with lighter shaded nitride ring on the outer edge of the
fiber. The nitride layer was determined to be 1.8–2.2 lm thick on higher
magnification micrographs.
at 1000 �C (Fig. 6a), as compared to �4 lm for 100 lm un-doped
fibers (Fig. 2). The MgB2 reaction depth increases slowly to
3.6 lm after 2.5 h and to 3.9 lm after 16.5 h, as shown in Fig. 6b
and c. In contrast, un-doped 100–140 lm B fibers fully reacted in
2.5 h at 950–1000 �C [7,13,14]. Fit of the Entchev model [3,7,10]
as shown in Fig. 7 to these three data points resulted in a diffusion
coefficient of 1.4 � 10�15 m2 s�1, which is much less than the diffu-
sion coefficient of 9 � 10�13 m2 s�1 found for the un-doped fibers
[7]. The fit is very rough, so the value of the diffusion coefficient
is approximate, but the two to three orders of magnitude differ-
ence is probably correct. The MgB4 reaction front was absent in
doped fibers, unlike for the un-doped fibers at 1000 �C, but similar
to un-doped fibers at 700 and 800 �C temperatures, which have
similarly slower diffusion coefficients [7]. Reactions of C-doped B
fibers have been reported to occur much slower than the reaction



Fig. 6. Optical micrographs showing cross-sections of C-doped 85 lm B fibers reacted in Mg liquid at 1000 �C for (a) 5 min, (b) 2.5 h, and (c) 16.5 h.

Fig. 7. Plot of MgB2 thickness vs. time for C-doped 85 lm B fibers reacted in liquid
Mg at 1000 �C. Lines show predictions of Entchev et al. [10] cylinder reaction model.

Fig. 8. Degree of reaction vs. time plots comparing different thermal cycling
conditions for 140 lm B fibers in Mg liquid. (a) Effect of cycle amplitude (DT) on
reaction and (b) effect of cycle period on reaction. Thermal cycling decreased the
overall reaction time by enhancing the cracking in the fibers as shown in
comparison to the isothermal reaction shown with dashed lines.
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of un-doped B fibers with reactions completed in 72 h at 1000 �C or
48 h at 1200 �C [15].

Possible explanations for the much slower reaction of C-doped
fibers include formation of B4C, reduction of the cracking mecha-
nism, and/or improved adhesion of interfaces similar to the effect
of rare-earth elements on oxide layers in alloys such as Fe–Cr–Al.
Long reaction times at high temperatures were reported for the
reaction of B4C to carbon-doped MgB2 [16,17] as well as the reac-
tion of Ti- and C-doped fibers [9,15,18,19]. B4C is a highly stable
carbide which resists reaction to MgB2, but no B4C was reported
for the synthesis of C-doped B fibers by CVD [9]. The cracking of
C-doped fibers was not observed, but this was likely due to slow
diffusion and growth of the MgB4 front. Similar reaction fronts
were shown with slow diffusion coefficients at 700 and 800 �C in
undoped fibers [7]. The addition of a small amounts of C may be
similar to the addition of small amount of Y and other rare-earth
elements to Fe–Cr–Al, and other alumina and chromia forming al-
loys, which improves adhesion between alloy and oxide layers and
resists cracking, thus preventing the additional diffusion of oxygen
to fully oxidize the alloys [20]. The diffusion of Mg in reacting B fi-
bers to MgB2 may follow a similar process. If C-doping follows a
similar mechanism, it could slow or even prevent the diffusional
process, thus slowing the reaction rate. Addition of Y changes oxide
growth in Fe–Cr–Al alloys from parabolic to near asymptotic where
oxidation proceeds early and then nearly stops, as seen here where
reaction thickness at 16.5 h was similar to the reaction thickness
after 2.5 h, within the experimental error of 0.5 lm. This also ex-
plains why it was previously found [3] that C-doped powders show
no decrease in reaction times as compared to un-doped powders.
In that study, B powder agglomerates were only 400 nm in size
and consisted of 10–50 nm B particles, much below the 1.6 lm
thick shell of MgB2 created after only 3 min reaction at 1000 �C
shown in Fig. 6a.
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3.5. Thermal cycling

Fig. 8 shows reaction kinetics of 140 lm B fibers reacted with
liquid Mg under 668–900 �C thermal cycling conditions and com-
pared isothermal reaction at 900 �C. Thermal cycling had no
noticeable effect for up to �80% degree reaction. Beyond that point,
however, thermal cycling noticeably accelerated kinetics, reducing
time to reach full reaction by a factor two, from �7 h to �3.5 h.
This later stage of reaction corresponds to the point were MgB2

wedges (formed at the cracks visible in Fig. 2) reach the fiber core
and reaction occurs by lateral spreading of this wedges consuming
remnants of MgB4 ‘‘islands” [7]. Thus, it appears that thermal cy-
cling aids in enhancing cracking of these MgB4 regions due to ther-
mal mismatch, thereby accelerating the last conversion of MgB4 to
MgB2. Changes to the cycling conditions, including cycle amplitude
(DT) as well as cycle period, affected somewhat the kinetic curves
Fig. 9. Degree of reaction vs. time plot showing 100 lm diameter B fibers that were
ground and sieved to 25–45 lm and reacted in liquid Mg at 900 �C. Reactions of
unbroken 100 lm diameter cylindrical B fibers and 0.40 lm B powders [3] are
shown for comparison.

Fig. 10. Degree of reaction vs. time plot for data in Fig. 9 (25–45 lm ground B fibers
and 0.40 lm B powders) converted to the Carter sphere model [21] where z is the
volumetric expansion of B converting to MgB2 (z = 1.90) and x is the degree of
reaction. The best-fit slopes are related to the reaction rate constant k [3].

Fig. 11. Optical micrograph of cross-section of large crystalline B powders (60–
140 lm) reacted with liquid Mg at 800 �C for 2 h with arrows indicating regions
where MgB2 grew into cracked regions within a single particle.
but had little effect on the time to achieve full reaction, as shown in
Fig. 8a and b. These results indicate that thermal cycling near the
end of the synthesis process, rather than over the whole process,
is sufficient to shorten the reaction time of the fibers.

Thermal cycling experiments were also carried out between 700
and 1000 �C for 24 h on C-doped fibers but did not result in
enhancement of reaction rate. This is likely due to the lack of an
MgB4 reaction front (Fig. 6) so the cracking mechanism observed
previously [7] and discussed above for the un-doped fibers cannot
be activated.

3.6. Fractured fibers

As shown in Fig. 9, fragments of 100 lm B fibers fully reacted in
liquid Mg at 900 �C in �1.5 h, in a third of time (4.5 h) needed for
intact fibers. These fragments were sieved to 25–45 lm and thus
resembled coarse powders, so the reaction curves were well fit
by the Carter sphere reaction model previously used for much finer
B powders [3,21], as shown in Fig. 10. Using the characteristic radii
r0 of 12.5–22.5 lm as lower and upper bounds, the reaction rate
constant from the Carter model was determined to be between
6.8 � 10�15 and 2.2 � 10�14 m2 s�1. These reaction rate constants
are at least an order of magnitude larger than found previously
for 400 nm powders at 900 �C [3]. It is likely that this enhancement
is due to cracking. Indeed, MgB2 was observed growing into cracks
in large crystalline B powders (60–140 lm) reacted at 800 �C for
2 h, as shown in Fig. 11. By contrast, the 400 nm B powders were
probably too fine for the cracking mechanism to be operative.

4. Conclusions

The conversion of B fibers to MgB2 fibers was studied both
in situ (by synchrotron X-ray diffraction) and ex situ (by metallog-
raphy) as a function of the following parameters:

1. Temperature: kinetics increase with temperature between 900
and 1000 �C, in quantitative agreement with an existing model
considering diffusional growth into the B fiber of a smooth
MgB4 layer, which is subsequently converted to MgB2 through
radial cracks increasing the surface area available for reaction.

2. B fiber diameter: fibers with 100 lm diameter achieve full reac-
tion in similar time to fibers with 140 lm diameter, despite a
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50% difference in volume. This is probably due to a lower num-
ber of cracks.

3. B fiber continuity: fragmented fibers achieved full reaction in a
third of the time for intact fibers at 900 �C, because of lower dif-
fusion distance needed. Growth of MgB2 at cracks is occurring,
as in intact B fibers and large B particles, but unlike sub-
micrometer B powders.

4. B fiber surface treatment: a thin nitride layer on the B surface
affects kinetics through an incubation time, which becomes
important for the lowest studied temperature of 900 �C.

5. B fiber doping: doping of the fiber with 0.4 at.% C dramatically
decreased reaction rates, as previously observed [15]. This
effect is associated with the lack of formation of a MgB4 layer
and its subsequent cracks which enables rapid MgB2 growth.

6. Mg flux: as reaction rates were similar for fibers exposed to
liquid or gaseous Mg, reactant transport to the fiber is not rate
controlling over the 900–1000 �C range.

7. Thermal profile: thermal cycling enhanced reaction kinetics in
the latter stage of reaction, most probably through enhanced
cracking of the MgB4 layer by thermal mismatch stresses, halv-
ing the time to reach full reaction as compared to isothermal
reaction. This improvement was not achieved in C-doped fibers
due to the lack of a MgB4 growth front.
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