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Mechanochemical fabrication of AIN-C nanocomposite through ball-milling of Al and melamine
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Abstract: A novel mechanochemical process is proposed for ficile synthesis of aluminum nitrde-carbon (AIN-C)
nanocomposite via ball-miling of melamine (C:HNe) and aluminium powders. Melamine was implemented, as source
of nitrogen, or the solid sate nitridation of Al partcis. The phase evolution of reactants and the structur of final
products were characterized. It was revealed that the nanostructured AIN with hexagonal structure (h-AIN) is

Synthesized at milling times as short as 6 h. The presence of a carbonaceous phase wi

‘ non-crystalline structure and

mean erystllt sz of 2 nm was also detected in the products

Keywords: AIN-C nanocompos

Introduction
Aluminium nitride _ceramics and _composites have
attrcted much atention duc o their fundamental and
technical importance. Superior propertes of AIN such as
large band gap (6.2 eV), high thermal conductivty low
linear thermal expansion coefTicent and low diclecric
consant make it a potential candidate for electronic
industrialappicationslike lectonic packages, heat snks
and optica devices [1, 2], Traditonally, AIN is obtained
by carbothemmal reduction of alumina at high
temperatures under nitrogen or ammonia atmosphere [2,
31, However, besides the demand for high-temperature
synthesis, the toxicity of ammonia and. incompletc
conversion of reactants i often encountered.

During the past decades, mechanochemical synthesis has
been recognized as 4 versaile technique for low
temperature synthesis o a wide variey of nano-materials
including_oxides, carbides, nitrides, sulphidesand
hydrides [4-6]. Among these, mechanochemical synthesis
of nirides -and in partcular AIN-is more intricate due (o
the lack of a sutable source of ntrogen. Milling metalic
clements under ammonia or nitrogen aimosphere is the
prevalent way for fabrication of nitrdes [7, 8]. However,
the procedure still suffers from the prolonged. milling
times resulted by poor contactng of the reactants (sol
8a5) (8], Overcoming his issue, the gascous source of
itrogen (N; or NH:) should be subsituted with a solid

Recently, it has been demonstrated that solid nitrogen-
containing organic compounds (SNCOCs) can effectively
be implemented for synthesis ofnitrides from their parent
oxides through a simple heat treatment approach 9, 10].
Herein, we develop a novel mechanochemical process for
fabrication of AIN-C nanocomposite that benefis from
the advantages of both mechanical milling and SNCOC.
For this, melamine (C;HNe) as a SNCOC was employed
forsolid sate nitrdation of Al powder during milling and
the obtained AIN-C powwder mixture was characterized.

Materials and method

 mechanochemical synthesis; non-crystallin carbon; melamine.

Melamine (purity 99.8%, Khorasan Ptrochemical Co)
and Al (urty 99.5% Goodillow) powders were mixed
in & molar ratio of 1:6. About 3g of the powder mixture.
wassubcted o stel vials together with 42 hardend
stel alls (10 mm diamete) 0 keep a ball to powder
wight o of S0:1. The milling proces was perforned
wsing a Retsch PM-400 planciary bal-mill at @ rotating
speed of 300 rpm for varows times up 0 6 b Charging
and discharging ofthe vils were done sid ofa argon:
filledglove box s than | ppm O and H:0)

For phase characeization of carbonaceous by-product,a
smllquaniy of 6 h milled powder was it sired with
10 molar NaOH t 85 °C for 2 h. Afer souton emoval
by centrifugaton, the sediment was stimed again with
5794 HCI st oom temperatur for | h. The remained
black paricles. were Temoved by centifugaion and
washed with distlled water unil the pH vae of -1
eached. XRD mensurement was caried out on this
Sample e diying at 85 °C ovemight

Phiis XPert X.ray diffractometer with Co K aiston
(3=0.17889 nm) was used for the phase detection of
Samples and the difracton dta werecoleted over a 20
range of 10-90° with a step width of 0.02%. The Rietveld
method was used to measur the mean crysali size of
he AIN ‘ind carbon phases. Raman aalysis was
performed using & DXR. SmartRanan with an excting
faser wavlength of $32 nm and a eslution of 1 am-
“The morphology of the milled powders was investigated
using & Gemini 1530 Zels) scamning cecton
microscape (SEM) opratng a 20 KV. High resouton
transmission  electron icroscopy  (HRTEM)
messurcrnts were carried out using 8 Tecna 30 (FEI
Company) microsope, aperating at 300 kY.

Results and Discussion

‘The XRD analyses of the reactants at various milling
times are illstrated in Fig. 1. As shown, the reacti

Alland melamine oceurs in the time range of 4-6 h. The
simultaneous presence of both Al and AIN indexed peaks
in the XRD pattern of 5 h milled sample represent the
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on the nanostructured of this phase which is corroborted
by the measured mean erystllte size of 11 am for AN
partcls.

Since melamine is an organic compound, formation of
other carbonaceous structures are also expected in the
products. The possible formation of such compounds was
investgated by Raman specroscopy which i known as a
powerful technique for - characterization of  carbon
materials. The Raman spectrum of the products (6 h
milled sample) prescnts a broad band in the range of 800-
2000 e comprising from two disinct D (disordered)
and G (graphitc) bands [11]. The valley between these.
w0 bands represents sp*and sp’ bonded carbon and small
sp? clusters of 2.8 conjugated aromatic rings in
amorphous carbon materials [12], The pronounced D
band refers 1o the highly disordered sirucure of the
synthesized carbon material and also the low degree of
raphiization [13]. It should be pointed out that the
formation of the carbonaceous phase is not recognized
from the XRD analysis (XRD of 6 h milled sample in Fig.
1), probably because of the non-crystalinity of the carbon
phase and/or the low Xeray absorption coeffcient of
carbon in comparison with AIN. Considering this fuct,
forther analysis of this phase was conducted afer the two
steps NaOH-HCI leaching process (Fig. 3). The obtained
XRD pattem demonstraes that the AIN. particles are
entiely removed during the  leaching process and
consequently the AN diffraction peaks are disappeared
from the pattern, However, a very broad peak at the range
0f 22-35° with a weak shoulder at about $2° are appeared
which are indexed to (002) and (101) planes of carbon,
respectively. The very broad diffraction peaks of carbon
indicate o the non-crystalline structure of this phase

O

20 (degree)
Fig. 2. Raman spectrum of & 1 illed povwder misure.

Moreover, using the Rietveld refinement method, a value
0f 2 nm was measured for the in-plane crystallite size of

Fig. 3. XRD patter of 6 milld powder misars afe eachig

the carbon domains. Assuming a length of 2.46 A for a 6-
membered carbon ring, the dimension of carbon domains.
can be estimated equal 1o the length of § conjugated
aromatic rings.  However, since the harsh_leaching
procedure employed for the AIN removal can alo affect
on the carbonaceous material and partilly solve small
amorphous carbon domains [14], thus, the calculated
value provides just a rough estimation on the size of the
carbon domains.
From abovementioned results, the main products of the
Al-melamine milling system are realized. In fuct, during.
milling, N atoms of melamine gradually react with Al
particles o form AIN phase which i thermodynamically
more favorable than AlC: and AlH;. At the same time
the un-reacted organic residuals are condensed and form a
carbonaceous structure. Thus, the overall reaction can be
summarized as follows:

AL+ C3HoNg — 6AIN +3C + 3H, (1)
“This cquation suggests that the final milling product is
mainly consisted_of two_consttuenis; AIN and a
carbonaceous material in which the weight fractions of
87.2 wi% and 12.8 w% are theoretically calculated for
cach of them, respectively.
The local morphology of the syrthesized nanocomposite
(6 h milled sample) was investigated by SEM and TEM
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as shown in Fig. 4. SEM image displays that the powder
is consisted of fine and aggregated particles with irregular

shape (Fig. 4a). Moreover, the AIN and carbon
components are well-mixed and cannot be distinct from
the image. The SEM analysis also reveals the presence of
nano-size particles in the powder. A higher magnification
of these particles is provided by TEM measurements (Fig.
4b). The typical TEM image confirms the formation of
nanoparticles in this sample. The inset selected arca
diffraction pattern of these particles illustrates sharp rings
indexed to different planes of h-AIN with quiet diffused
rings assigned to a non-crystalline phase. The origin of
this amorphous phase is presumably from the
carbonaceous structure which its non-crystallinity was
also deduced from XRD results.

Conclusions
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A facile mechanochemical process was proposed for the
solid state synthesis of AIN-C nanocomposite. It was
revealed that Al particles preferentially react with
nitrogen atoms in melamine molecules to form nano
structured AIN particles. At the same time, the un-reacted
carbon atoms in melamine are condensed and form a non-
crystalline carbonaceous phase. The weight fractions of
87.2 wt% and 12.8 wt% were theoretically calculated for
AIN and carbon components, respectively, in the
synthesized AIN-C nanocomposite.
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