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Abstract

The influence of stearic acid as a process control agent on the mechanochemical reaction between Tiand BN to formadidgGoBiposite
powder by high energy ball milling has been investigated. A powder mixture of pure Ti and hexagonal BN powders with a molar ratio of 3:2
was milled for up to 40 h with up to 1.75 wt.% of stearic acid. The XRD analysis shows that an intimate mixture of TiN acdy$iBlline
powders was formed during milling by a displacement reaction. It has been observed by monitoring the temperature of the vial surface during
the milling process that the addition of over 1.5 wt.% of stearic acid changed the reaction mode from a mechanically induced self-propagating
reaction (MSR) to a gradual reaction. It has also been found by XRD and TEM analyses that the MSR produces TiNgartddié initially
of sub-micron size, which are reduced gradually by further milling. However, there still remain some coarpardiiies larger than a few
hundred nanometers even after 16-h milling due to their extremely high hardness. On the other hand, the gradual reaction induced by stearic
acid successfully inhibits the formation of coarse Jfrticles and eventually decreases the crystallite size of the products below 40 nm after
16 h of milling.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction Recently, it has been reported that nanocrystalline
TiN/TiB, composite powder was synthesized from Ti and

There has been increasing interest in refractory materi- BN powders by high energy ball millinfg]. TiB» exhibits
als such as carbides, nitrides, borides and silicides owinga high elastic modulus and high hardness. However, pure
to their exceptional hardness and stability at high tem- TiB, is not deformed plastically even at very high tem-
peratures. However, single-phase refractory materials haveperatures due to its intrinsically high Peierls barrier to the
reached their optimum stages and attention has now turneddislocation movemenf4]. On the other hand, TiN has a
to composite refractory materials. On the other hand, relatively low elastic modulus and low hardness compared
nanocrystalline refractory materials have recently received to TiB, and can be deformed at high temperatures. There-
much attention owing to their improved mechanical prop- fore, it is expected that a nanocomposite of TiN andsTiB
erties[1]. A variety of techniques for preparing nanocrys- might provide a desired combination of high-temperature
talline materials have been proposed over a decade. Amonghardness and stability with adequate ductility and fracture
them, high energy ball milling has been recognized as an toughnes$5]. The mechanochemical synthesis from Ti and
effective way of producing nanocrystalline, amorphous and BN powders to form TiN/TiB nanocomposite powder is
other non-equilibrium structured powders mainly through a completed through a mechanically induced self-propagating
solid-state reactiof2]. Particularly, high energy ball milling  reaction (MSR)[6,7] and a nanometer scale mix of the
accompanying chemical reactions, i.e. mechanochemicalproduct powders by further milling. However, there still re-
processing, is considered to be very effective for preparing mains a significant portion of coarse TiBarticles because
nanocomposite powders including more than two phases. TiB, is much harder than TiN. Therefore, it is desirable to

reduce coarse TiBparticles during the milling process.
* Corresponding author. Fax:82-2-958-5379. The purpose of the present study is to mechanochemically
E-mail address: oze@kist.re.kr (Y.W. Cho). synthesize nanocrystalline TiN/T}B composite powder
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using high-energy ball milling with the addition of stearic
acid as a process control agent (PCA) to efficiently re-
duce the crystallite size by suppressing MSR. The effect of
stearic acid on the ignition of MSR is investigated and the
structures of TiN/TiB powder by both MSR and gradual
reactions are compared.

2. Experimental procedure

The starting powders used in this study were 99% pure Ti
with a particle size of less than 46m and 99% pure hexag-
onal BN of average 4um. A mixture of Ti and BN was
prepared with a molar ratio of 3:2. The Ti/BN mixture was
charged together with stearic acid and Cr-steel balls (two
12.7 mm and four 6.35 mm in diameter) into a tool steel
vial with an O-ring seal under Ar atmosphere. The amount
of stearic acid was controlled from zero up to 1.75 wt.%.
The ball-to-powder weight ratio (BPR) was fixed at 5:1. The
high-energy ball milling was carried out for up to 40 h us-
ing a SPEX 8000 mixer/mill. During the milling process,
the temperature of the vial surface was monitored using a
non-contact infrared thermometer. The as-milled powders
were investigated by X-ray diffraction (XRD) using CwK
radiation, and transmission electron microscopy (TEM) us-
ing Philips CM30 operating at 200 kV.

3. Results
3.1. MSR without stearic acid

Fig. 1, reproduced from our previous artidlg] where all

experimental procedures were the same except that the BPR

was 10:1, shows XRD patterns of Ti/BN mixtures milled
without stearic acid for different milling times. After some
incubation time, the Ti/BN mixture abruptly reacted to form
TiN/TiB 2 powder, which resulted in a sudden increase in the
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Fig. 1. XRD patterns of the powders milled without stearic acid for (a)
0, (b) 1.5, (c) 1.75, (d) 4, (e) 8 and (f) 16 h.
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Fig. 2. (a,b) Bright field images of the powder milled without stearic acid
for 105 min, (c) micro diffraction pattern of TiN [112] zone axis obtained
from crystallite A and (d) micro diffraction pattern of Ti§1100] zone
axis obtained from crystallite B in (b).

vial surface temperatur&ig. 2 shows bright field (BF) im-
ages of the powder whose milling was interrupted 1 min af-
ter the MSR. The crystallites just after MSR are very coarse
and the size is in the order of 100 nm. Using micro diffrac-
tion as shown irFig. 2c,d the products could be indexed
as TiN and TiB. The displacement reaction during milling

could be represented as:
3Ti+ 2BN = 2TiN + TiB» Q)

Munir [8] proposed a simple guideline to decide whether
or not a self-propagating reaction might occur for a certain
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Fig. 3. TEM micrographs of the powder milled without stearic acid for
16 h: (a) dark field image and (b) high resolution image.

system. According to his proposal, the reaction can start
without additional energy from an exterior source when
—AH/Cp is above 2000 K. The—AH/Cp value of
reaction (1) calculated by Thermo-Cal¢9] is ~3800

K, which indicates that reactiorfl) can progress via
MSR.

With further milling, the peaks of the products in the
XRD patterns broaden while no other phases are ob-
served.Fig. 3 shows TEM images of the powder milled
for 16 h. The dark field (DF) image shows that the crys-
tallite size is below 10 nm. In this article, all DF images
are obtained from the diffraction rings of TiN111}
and {200}, and TiB, {1010} and {1011}. As shown in
Fig. 3h however, there still remains a significant portion of
coarse TiB crystallites, probably because of its very high
hardness.
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Fig. 4. Variation in vial surface temperature with milling time.

3.2. Gradual reaction

In order to control MSR, stearic acid was added as a PCA
and in order to detect MSR the vial surface temperature dur-
ing milling was measured as shownhig. 4. Fig. 5shows
that the incubation time for the MSR depends on the con-
centration of stearic acid. The incubation time~800 min
without stearic acid and there is little change up to 1 wt.%
of stearic acid. The incubation time is rather longer than
that in the previous articlf8] because the BPR is reduced
from 10:1 to 5:1. The addition of stearic acid of between 1
and 1.5 wt.% slightly increases the incubation time, but the
MSR still occurred. When 1.5 wt.% of stearic acid is added,
however, the MSR was suppressed in one experiment while
it occurred in another one. With over 1.5 wt.% of stearic
acid, reactior{1) always proceeded gradually. Therefore, the
critical concentration of stearic acid to inhibit the MSR of
reaction(1) is ~1.5 wt.%.Fig. 6 shows the XRD patterns
of the powders with different amounts of stearic acid af-
ter 16-h milling. Up to 1.375 wt.% of stearic acid, there is
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Fig. 5. Incubation time for MSR with different amount of stearic acid.
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Fig. 6. XRD patterns of the powders milled for 16 h with (a) O, (b) 0.5,
(c) 1, (d) 1.25, (e) 1.375, (f) 1.5 and (g) 1.75 wt.% stearic acid.

no distinct difference in the XRD patterns of the powders.
However, with over 1.5 wt.% of stearic acid, both TiN and
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Fig. 7. XRD patterns of the powders milled with 1.75 wt.% stearic acid
for (a) 4, (b) 6, (c) 8, (d) 16 and (e) 40 h.

crystallite sizes. The crystallite sizes of TiN and 7j®@sti-
mated by Scherrer’'s formuld 0], are 9 and 19 nm without

TiB, peaks broaden much more, which means that the sup-stearic acid, and 5 and 8 nm with 1.75 wt.% of stearic acid,
pression of the MSR resulted in the reduction of the average respectively.
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Fig. 8. (a) Bright and (b) dark field image of the powder milled with 1.75 wt.% stearic acid for 6 h, and (c,d) selected area diffraction patterns (SADPs),

respectively, of particles A and B in (b).
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Fig. 7 shows the XRD patterns of Ti/BN powders with 3.3. Microstructure
1.75 wt.% of stearic acid milled for different times. Af-
ter milling for 6 h, TiN peaks appears with broadened Ti  Fig. 8shows images and selected area diffraction patterns
peaks. Further milling increases the intensities of TiN and (SADPs) of the powder milled with 1.75 wt.% of stearic
TiB,. After milling for 16 h, the displacement reaction acid for 6 h. Particle A irFig. 8brepresents the products of
(1) seems to be almost completed judging from the XRD reaction(1), which consist of TiN and TiB as can be seen
data. from SADP, while particle B seems to be unreacted. It may

Fig. 9. (a,d) Bright field image and (b,e) dark field image of the area marked by rectangle in (a) and (d), and (c,f) SADPs, respectively, of the powder
milled for 16 h without and with 1.75 wt.% stearic acid.
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Fig. 10. (a,c) Dark field image and (b,d) SADP of the powder milled&d with 1.25 and 1.75 wt.% stearic acid, respectively.

also be inferred fronfig. 8 that reaction(1) is completed in crystallite size observed by TEM is in agreement with the

as a whole within a particle triggered by the impacts during X-ray result as shown ifig. 6.

milling even though the transfer of the reaction between There is no effect of stearic acid on the crystallite size un-

particles by exothermic heat is difficult. The crystallite size less the amount of stearic acid is enough to result in a grad-

of the TiN/TiB; products is~20 nm as shown irfrig. 8b, ual reaction.Fig. 10 shows TEM micrographs and SADPs

which seems to be typical among several DF images, evenof the powders milled fo8 h with 1.25 or 1.75 wt.% of

though there are a few particles whose crystallite size is stearic acid. While the powder with 1.25 wt.% stearic acid

above 40 nm. Compared with the results right after the MSR shows still coarse crystallites together with fine crystallites,

as shown inFig. 2, the gradual reaction results in much the powder with 1.75 wt.% of stearic acid induced a gradual

smaller crystallites. reaction which results in a fine mixture of nanocrystalline
Fig. 9 shows TEM micrographs and SADPs of the pow- TiN/TiB, and unreacted Ti/BN.

ders milled for 16 h without and with 1.75 wt.% stearic

acid. The DF image of the as-milled powder without stearic

acid shows that the crystallite size4d.0 nm. However, the 4. Discussion

SADP shows the spots diffracted from coarseJljfarticles

besides the rings diffracted from the fine particles. ltcould be  The structural evolution from a Ti and BN mixture to

observed by tilting the specimen that there are some coarseTiN/TiB 2 nanocomposite powders can be divided into three

TiB2 particles of over 100-nm diameter, two of which are in- stages when the MSR occurs. At the first stage, crystallite

dicated by the arrows iRig. 9a On the other hand, there are sizes decrease, reactants mix on a fine scale, and chemically

no such coarse TiBparticles when milled with 1.75 wt.%  active defect sites form during the incubation time. The MSR

stearic acid as shown iRig. od,f. Furthermore, the size of  abruptly occurs to produce TiN and TiBof sub-micron

the fine TiN and TiB crystallites is even smaller than that sizes. Finally, further milling reduces the crystallite size and

without stearic acid as comparedhig. 9,e. The reduction  mixes the products on a nanometer scale. The milling mode
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Fig. 11. Dark field images obtained from the TiN/TiSianocomposite
powders milled for 16 h (a) without and (b) with 1.5 wt.% stearic acid.
The arrows in (b) indicate some unreactegdNgi

of TiN and TiB, products can be classified as a brittle-brittle
system. It is known that TiBis much harder than TiN.
Therefore, coarse TiBcrystallites are difficult to reduce in
size compared with TiN, which causes a portion of coarse
TiB, particles to remain as shown kigs. 2 and 8. There-
fore, it is necessary to control the crystallite size of JiB
during milling by suppressing the MSR and subsequently
preventing the formation of coarse TiParticles. It is worth

comparing the aforementioned results with the structure of

TiN/TiSi2 nanocomposite mechanochemically synthesized
from Ti and SgN4 mixture[11]. This displacement reaction

which can be expressed as
11Ti+ 2SiN4 = 8TiN + 3TiSi(C54) (2

also progresses as a kind of MSR but %i& softer than
TiN. As milling progresses, the TiN and TiSproducts

155

though the crystallite size of TiN is more reduced as shown
in Fig. 11

As shown in Section 3 ~0.2 mol.% (1.5 wt.%) of
stearic acid successfully changed react{@h from MSR
to a gradual reaction type. Such an amount is too small to
consider the possibility that the change of reaction mode
could be induced by other reactions such as that between
Ti and C from the stearic acid. In general, the change of
reaction mode by an inert additive is attributed primarily
to two mechanisms, i.e. increasing the heat capacity and
decreasing the contact area between the read@yiis The
adiabatic temperature rise-(A H/Cp) of reaction(1) will
decrease from~3800 to~3650 K due to the increase in
specific heat by adding 1.5 wt.% of stearic acid. Therefore,
it seems that the suppression of the MSR by stearic acid is
primarily due to the decrease in contact area between the
reactants.

Gradual reaction results in a fine crystallite size of TiN
and TiBp, which can be easily understood because there is
no large temperature increase as the reaction proceeds. In
addition, the TiN and TiB products formed in a gradual
reaction seem to be present as a composite as shown in
Fig. 8 Further, it can be inferred frorkigs. 8 and 1b
that reaction(1) and mixing the products with unreacted
amorphous Ti/BN occur simultaneously, which is advan-
tageous for forming nanocomposite powders compared
with simply milling two brittle phases of TiN and TiB
together.

5. Conclusion

Nanocrystalline TiN/TiB powders are synthesized from
a mixture of Ti and BN powders by high-energy ball milling
with the addition of stearic acid as a process control agent
(PCA). The XRD analysis shows that Ti and BN powders
form TiN and TiB, powders at the early stage of milling
by a displacement reaction. Up to 1.5 wt.% of stearic acid,
an abrupt increase in the temperature of the vial surface
is detected, which indicates that the reaction progresses in
an MSR form. Over 1.5 wt.% of stearic acid, MSR is sup-
pressed and a gradual reaction occurs. It is found by XRD
and TEM analyses that the MSR produces TiN and,TiB
particles of sub-micron size while the gradual reaction pro-
duces nanocrystalline TiN and TiBcomposite powders.
Therefore, coarse TiBparticles which still remain even af-
ter 16 h when milling without stearic acid could be success-
fully inhibited by inducing a gradual reaction with stearic
acid.
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