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Six crystallographic forms of BN have been re-
ported: hexagonal (h-BN), cubic (c-BN), rhombohe-
dral, wurtzite, orthorhombic, and monoclinic. Only the
first two of these have engineering applications. Cubic
BN is prepared by a high-pressure, high-temperature
process and is valued as an ultrahard material for cut-
ting and grinding tools. Hexagonal BN is the most com-
mon form of the material and serves as a soft refractory
material with high lubricity and high electrical resistiv-
ity. BN has also been prepared in an amorphous state
(a-BN) [1, 2]. Bulk a-BN prepared by a process similar
to that used to produce c-BN has been reported to be
exceptionally hard [3].

The equilibrium phase diagram for BN indicates that
c-BN is the thermodynamically stable phase under am-
bient conditions [4]; however, the transformation of
h-BN to c-BN is difficult to achieve. This transforma-
tion is hindered by the sluggish kinetics of the process;
commercial c-BN production uses high temperatures,
high pressures, and catalysts to transform h-BN to c-
BN [5, 6].

Mechanical milling of powders can lead to forma-
tion of new equilibrium or metastable phases [7–9].
Previous work has shown that ball milling h-BN can
transform it to c-BN [1, 2]. In one study, h-BN milled
in a planetary mill transformed completely to c-BN
at 1170 K without a catalyst; in other studies milled
h-BN transformed to nano-crystalline h-BN, tur-
bostratic BN, and a-BN [10]. In yet another investiga-
tion, an Ar ion beam created such high defect densities
in an h-BN film that it transformed to c-BN [11, 12]
without the high pressures and temperatures needed in
commercial c-BN production.

Although the h-BN to c-BN transformation has re-
ceived considerable attention, less study has been de-
voted to formation and characterization of the a-BN
phase. This project was designed to produce a-BN by
high energy milling, measure its properties, and study
its stability at elevated temperature. These experiments
milled −325 mesh h-BN powder in Spex 8000 mills
with hardened steel vials and balls. All Spex milling
was done with a 5:1 ball-to-charge mass ratio. The pow-
ders were maintained in a dry, inert gas atmosphere
throughout powder loading and milling.

The Spex-milled powder specimens were analyzed
by XRD to determine the degree of amorphization in-
duced by the milling. XRD alone cannot provide a
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definitive determination of amorphization in nano-sized
crystalline powder due to the peak broadening effect
from very fine particle size, but it does provide a general
indication of the degree of amorphization. The XRD
patterns generated from h-BN powders Spex-milled for

Figure 1 XRD patterns for h-BN powder milled in a Spex flat steel vial
for the time periods marked on the figure. The lowest curve is from
unmilled h-BN powder.

Figure 2 XRD spectra of h-BN powder milled 72 ks (lower curve) and
288 ks (upper curve). The three large peaks are from Si powder added to
the specimen as an internal standard. The smaller peak at 44.7 ◦ is thought
to be the Fe (110) peak introduced from steel mill vial and media wear
debris; note that this peak is more pronounced in the pattern from the
powder given a longer milling time.
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Figure 3 Raman spectra for unmilled h-BN powder (top curve) and for
BN powder Spex milled for the time intervals marked.

more than 7.2 ks (Fig. 1) indicate that the material was
predominantly amorphous.

Longer milling times did not improve the degree of
amorphization; the XRD patterns for two specimens of
h-BN milled for 72 ks and 288 ks (Fig. 2) are nearly
identical to those from the powders milled for 14.4 to
57.6 ks. Moreover, very long milling times increase Fe
contamination from accumulated mill vial and media
wear debris. The peak near 45 ◦ in Fig. 2 does not cor-
respond to any h-BN or c-BN peaks but matches the
highest intensity Fe peak (110) at 44.67 ◦. X-ray fluo-
rescence analysis indicated that the sample milled for
288 ks contained 7.4 wt% Fe.

Figure 4 TEM image and selected area diffraction pattern of powder milled 57.6 ks. The specimen was prepared by floating loose powder on a
graphite grid. Note that the selected area diffraction pattern shows diffuse rings, but does not appear completely amorphous.

A second measure of the degree of amorphization
of the milled powder was provided by Raman spec-
troscopy performed on powder milled for 3.6, 7.2, 14.4,
28.8, and 57.6 ks. A Bruker model RFS 100/S FT-
Raman spectrometer was used with Nd:YAG laser ra-
diation (1064 nm wavelength) for excitation. The sin-
gle large Raman peak in h-BN shown in Fig. 3 results
from the strong sp2 bonding within the atom layers.
This technique fails to detect peaks for the weaker π

bonds between the layers. The strong Raman peak in
unmilled h-BN diminished as milling time increased,
which supports the conclusion that the powder became
more amorphous as milling progressed.

Transmission electron microscopy (TEM) was per-
formed in a Philips CM30 300 kV microscope to view
the powders and to perform electron energy loss spec-
troscopy (EELS) analysis on milled powder. A TEM
image obtained from powder milled 57.6 ks (Fig. 4)
shows an average particle size estimated to be 10 to
20 nm. The diffuse rings in the selected area diffraction
(SAD) pattern suggest a low degree of crystallinity,
which is consistent with an amorphous or nearly amor-
phous material. The lower energy loss portion of the
EELS spectrum along with the spectra for h-BN and
c-BN are shown in Fig. 5. The h-BN spectrum was ob-
tained from the unmilled powder, and the c-BN spec-
trum was obtained from an EELS spectra database. The
milled BN powder displays a peak for the weak h-BN
π bonding; this peak is absent in c-BN. This suggests
that the bonding in the milled powder more closely
matches the bonding in h-BN, but there were differ-
ences between the spectra of the milled powder and
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Figure 5 Low energy loss portion of EELS spectra of Spex milled BN (labeled FS-3-16), h-BN, and c-BN. Note that the peak at 188 eV attributed
to π bonding is observed in the milled BN and h-BN, but this peak is absent in c-BN.

the unmilled h-BN. This could be due to some of the
sp2 bonds being transformed to sp3 hybridization, as
has been noted in other investigators’ EELS analysis of
milled BN [1].

The second part of this project was devoted to mea-
suring the stability of the a-BN formed by milling at
elevated temperature. A sample milled 57.6 ks was
analyzed by differential thermal analysis (DTA) to
determine if any exothermic crystallization events oc-
curred during heating. Both the sample and a high-
purity powdered alumina standard were contained in
alumina crucibles and heated at 0.33 K/s to 1770 K in
a Perkin Elmer DTA 7 analyzer. Amorphous material
might be expected to crystallize to form the equilib-
rium crystalline phase. No exothermic crystallization
events were recorded, suggesting that either a-BN is
stable up to 1770 K or the crystallization kinetics are
slow.

Figure 6 XRD spectra of Spex milled BN powder heat treated under the
conditions marked on the curves.

Although no thermal transformations were detected
with DTA, truly amorphous material should crystal-
lize if held long enough at a sufficiently high tempera-
ture, and several heat treatments were performed on
a-BN powder followed by XRD, Raman, and TEM
analyses to search for a transformation missed by
DTA.

A series of heat treatments was performed at tem-
peratures ranging from 1370 to 2220 K to assess the
stability of the a-BN. Powders heat treated at 1370 K
were sealed in fused-silica tubes back-filled with Ar;
heat treatment times were 3.6, 14.4, 57.6, and 720 ks. A
heat treatment was also performed at 1770 K in an alu-
mina crucible in flowing Ar. The XRD patterns (Fig. 6)
from these five samples showed little indication of de-
vitrification. A small peak at 28.1 ◦ (d = 0.318 nm) is
discernible on most of the patterns of milled material

Figure 7 Raman spectra of powder, as milled and heat-treated at
1370 K for the times marked on each curve.
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Figure 8 TEM image of powder heat treated at 2220 K for 3.6 ks.

in Figs 1 and 6. The strongest h-BN peak lies at 26.8 ◦
(d = 0.333 nm), and the 28.1 ◦ peak does not index to
any polymorph of any of the cataloged binary com-
pounds involving B, N, O, or Fe; its origin remains
unknown.

A final heat treatment was performed in an alumina
crucible at 2220 K for 3.6 ks in flowing N2. After the
heat treatment, this sample displayed small, crystalline
“whiskers” at the crucible rim that may have formed
from sublimation and condensation of the BN. The
XRD analysis of this powder annealed at 2220 K is
the top curve in Fig. 6. This sample appears more crys-
talline than any of the other heat-treated powders. It has
a larger, sharper peak close to the location of the most
intense h-BN peak. Even after annealing at 2220 K, the
sample appears incompletely crystallized. The broad-
ening and reduction in intensity of the peaks in the
amorphous powder is probably due to the small parti-
cle size, but the absence of larger peaks after this high-
est temperature heat treatment suggests that a-BN is
remarkably resistant to devitrification.

Raman spectroscopy was performed on the 3.6, 14.4,
and 57.6 ks samples after their 1370 K heat treatments.
Fig. 7 shows that even the briefest heat treatment at
1370 K began to reinstate the normal h-BN Raman
peak at a wavenumber of 1370 cm−1.

TEM analysis was also performed on the powder heat
treated at 2220 K (Fig. 8). This image appears more
crystalline than the image from the powder before heat
treatment (Fig. 4). The powder particles are sharper
and better defined, and the rings in the selected area
diffraction pattern are less diffuse than those in Fig. 4,
indicating a higher degree of crystallinity.

In summary, it was found that a-BN powder can be
produced by Spex milling at relatively short milling
times. XRD, Raman spectroscopy, EELS, and SAD
in TEM all indicated that the material was essentially
amorphous. The a-BN produced was highly resistant
to crystallization, even at relatively high temperatures.
Heat treatments at temperatures as high as 2220 K
resulted in only partial devitrification of the a-BN.

Acknowledgments
The assistance of M. Kramer, P. Molian, and D. Sordelet
is gratefully acknowledged. This work was performed
at Ames Laboratory, operated for the U.S. Department
of Energy by Iowa State University under contract
number W-7405-ENG-82.

References
1. J . Y . H U A N G, H. Y A S U D A and H. M O R I , J. Amer. Ceram.

Soc. 83 (2000) 403.
2. M. G A S G N I E R, H. S Z W A R C and A. R O N E Z , J. Matls. Sci.

35 (2000) 3003.
3. J . W I L D E N B E R G and G. W I L L , “Process for Producing Amor-

phous Boron Nitride of High Hardness,” United States Patent no.
5,230,873 (1993).

4. V . L . S O L O Z H E N K O, V. Z . T U R K E V I C H and
W. B. H O L Z A P F E L , J. Phys. Chem. B 103 (1999)
2903.

5. S . S . V A G A R A L I , “Method for Producing Cubic Boron Nitride
Using Melamine as a Catalyst,” United States Patent no. 5,869,015
(1999).

6. K . S H I O I and H. N A K A N O , “Method for Producing
Cubic Boron Nitride,” United States Patent no. 5,618,509
(1997).

7. C . C . K O C H , Annu. Rev. Mater. Sci. 19 (1989) 121.

346



8. S . H . H A N, K. A. G S C H N E I D N E R, J R . and B. J .
B E A U D R Y , Scripta. Met. Mater. 25 (1991) 295.

9. G . S . C O L L I N S and P . S I N H A , Mater. Sci. Forum 225–227
(1996) 275.

10. W. L I U , Z . D . Z H A N G, X. K. S U N, J . F . H E and X. G.
Z H A O , J. Phys. D: Appl. Phys. 32 (1999) 1591.

11. A . L U N K, P . B A C H E M, P . S C H E I B L E and L . U L R I C H ,
Appl. Phys. A 72 (2001) 557.

12. T . A . F R I E D M A N N, P . B . M I R K A R I M I , D . L .
M E D L I N, K. F . M C C A R T Y, E . J . K L A U S, D. R .
B O E H M E, H. A. J O H N S E N, M. J . M I L L S and D. K.
O T T E S E N , J. Appl. Phys. 76 (1994) 3088.

Received 28 May
and accepted 10 July 2003

347




