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The present study was carried out to synthesize NbAl;/Al,03; intermetallic matrix nanocomposite by
mechanical alloying (MA) using Nb,Os and Al as raw materials. This nanocomposite was produced
through a mechanochemical reaction between Nb,0s and Al. The structural changes of powder parti-
cles during mechanical alloying were studied by X-ray diffractometry and scanning electron microscopy
techniques. It was found that the reaction between Al and Nb,Os takes place in an explosive mode after
about 450 min of milling time. The milled powder had a microstructure consisting of nanocrystalline
NbAI; base adjacent to Al,O3 particles with a nanoscale grain size. At longer milling times, no changes
were observed, except peaks broadening due to the decreasing in crystallite size and increasing in lattice
strain. After 15 h of milling time, average crystallite size of NbAl; and Al,03; were about 8 and 13 nm,
respectively. Heat treatment of powder mixture milled for 15 h showed a good thermal stability for this
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nanocomposite.
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1. Introduction

Intermetallic compounds have been the focus of significant
research and development efforts during the last years. Some
intermetallic compounds such as Fe3Al, NiAl, TiAl and NiTi are
being recognized as potential high temperature structural mate-
rials. Among intermetallic compounds, niobium aluminides are
so important and attractive. Three intermetallic compounds are
present in the Nb-Al binary system including NbsAl (A15 struc-
ture, Cr3Si type), NbyAl (D8b structure, o-CrFe type) and NbAl3
(D022 structure, TiAlz type) [1]. Niobium aluminides are of inter-
est as candidates for high temperature structural materials due
to their high melting point, high elastic modulus, and low den-
sities compared with Ni-based superalloys [2]. Among various
compounds in the Al-Nb system, NbAl;3 with its high melting
point (1878 K), low density (4.54 g/cm3), is attractive as a potential
material for high temperature applications [3]. These applications
include its use in turbine blades in aircraft engines or in station-
ary gas turbines [4]. However, despite its attractive features, its
use is limited by two shortcomings: inadequate ductility at room
temperature [5,6] and a relatively unsatisfactory oxidation resis-
tance at temperatures above 973K [7-10]. So, for optimization
of room temperature toughness and high temperature strength,
microstructural modifications are required. For these reasons it has
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been recognized that intermetallic matrix composites (IMCs) may
be appropriate materials for structural applications, replacing in
some cases intermetallics [11]. In the last few years numerous IMCs
such as NlTl/A1203, NlAl/Ale?,, (Fe,Ti)3Al/A1203 and Fe3Al/A1203
have been synthesized by different investigators [12-15]. On the
other hand, demand for novel materials with superior properties
for aerospace applications has prompted research for synthesiz-
ing nanocrystalline materials. A number of papers [16-18] have
reported many unique properties associated with nanocrystalline
materials, such as the enhanced ductility and diffusivity compared
with ordinary materials. In other words, another way to increase
ductility in intermetallics is to synthesize fine-grain microstructure
[19,20].

Fabrication of intermetallic matrix composites has been con-
ducted by a variety of methods, e.g., self-propagating high
temperature synthesis (SHS), reactive hot press [21] and mechan-
ical alloying (MA) [22]. Among these methods, MA technique is
well known for synthesis of compounds and nanocomposites using
the mechanochemical reactions. The mechanically driven chemical
reduction process (mechanosynthesis) has a number of advantages
over the conventional metal processing techniques. It enables the
reduction of metal oxides and halides directly to pure metals or
alloys without first having to convert the oxides to pure metals and
then to the desired alloy. Furthermore, mechanical alloying can pro-
vide the means to substantially increase the kinetics of reduction
reactions. As a consequence, reactions that normally require high
temperatures will occur at lower temperatures during MA without
any externally applied heat [22]. Moreover, combustion synthesis
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Fig. 1. SEM morphology of initial powders: (a) Nb,Os; (b) Al

represents an in-situ processing technique for the preparation of
composite materials with interpenetrating phase microstructures
and improved properties [23]. Especially, both the reactions for the
reinforcement and matrix formation are exothermic in the prepa-
ration of IMCs [24].

In choosing a suitable combination of matrix and reinforcement,
compatible thermal expansion coefficients are required to reduce
the thermal contraction stress, which can lead to cracking of the
composite and severe degradation of the mechanical properties
[25,26]. Al;03 has a combination of desirable properties, such as
low density, high specific strength and high modulus [21] which
can provide stiff ceramic inclusions introduced into an intermetal-
lic matrix, such as NbAls, enhancing the mechanical properties and
thermal stability of the composite.

Unfortunately, there has been no study concerning the
mechanochemical formation mechanism of niobium aluminide-
based nanocomposites. In this paper, the feasibility of using
displacement reactions to process niobium-aluminide matrix
nanocomposite with an Al,O3 reinforcing phase is evaluated.
Details of the processing steps are discussed and microstructural
characterization is performed.

2. Materials and methods
2.1. Materials

Mixtures of pure aluminum (purity >99%, particle size <45 um) and Nb,Os
powders (purity >99.5%, particle size < 15 um) in the stoichiometric ratio of 49 wt.%
Al were used as starting materials. Fig. 1 shows the morphology of the initial pow-
ders. Al powder has a random morphology while Nb, 05 spongy. No process control
agent (PCA) was used as the powder mixture contains 51 wt.% brittle Nb,Os.

2.2. Milling

Milling was carried out at room temperature using a planetary high-energy ball
mill (Fritch pulverisette5 type). High chromium-carbon hardened steel vial (57 mm
diameter and 76 mm height) containing the powders and the balls (15 mm diameter)
is fixed onto a rotating disc and rotates in the opposite direction to that of the larger
platform. The rotation speed of the vial and the platform were fixed at 350 and 175
respectively rpm. The mass of powder charge was 10 g and the weight ratio between
steel balls and the powder charge was controlled about 15:1 in all cases. The powder
sample and milling balls were loaded into the vial, which was filled with Ar gas to
avoid air contamination. The rise in vial temperature was measured with an external
thermocouple.

2.3. XRD analysis and crystallite size measurement

X-ray diffractometry was used to follow the structural changes of powders
after milling and annealing. A Philips diffractometer (40kV) with Cu K, radiation
(A =0.15406 nm) was used for XRD measurements. The XRD patterns were recorded
in the 20 range of 30-90° (step size 0.05° and time per step 0.5s). The crystallite
size and internal strain for Nb,Os, Al, NbAl; and Al,O3; were evaluated using the
Williamson-Hall formula [27]:

IBCOSG:?‘FZE‘SiHG (1)

where 0 is the Bragg diffraction angle, D is the average crystallite size, € is the average
internal strain, A is the wavelength of the radiation used and 8 is the diffraction

peak width at half maximum intensity. The average internal strain can be estimated
from the linear slope of Scos versus sin, and the average crystallite size can be
estimated from the intersect of this line at sin 6 = 0. The shape of both contributions
coming from the refinement and strain was assumed Gaussian.

2.4. Microstructural observation

The morphology of the milled powders was analyzed by scanning electron
microscopy (SEM) using a Philips XL30 at an accelerating voltage of 30 kV. Pow-
der samples were fixed in small quantities on a sample holder by graphite sticky
tape.

2.5. Heat treatment

For heat treatment of powders, the samples were placed in Al;03; pans and
heated in a tube furnace with dynamic Ar atmosphere at 1073 K for 60 and 90 min.
3. Results and discussion

3.1. Phase evolution and reaction mechanism

NbAl3/40vol.%Al,03 nanocomposite can be synthesized by a
displacement reaction during ball milling of Al with 51 wt.% Nb,Os5
according to the following reaction:

28Al + 3Nb,0s — 5Al,03 + 6NbAl; (2)
AG® = —2982.22 + 0.94823T(kJ/mol)[28] 3)

During milling at ambient temperature reaction (2) can ther-
modynamically occur due to its negative free energy change. AH®
for this reaction is also negative, indicating that the Al-Nb,Os5
reaction is exothermic. Fig. 2 shows the XRD patterns of powder
mixture after different milling times. The diffraction patterns of
initial powder mixture show several peaks corresponding to Al
and Nb,Os. XRD patterns of powder mixture after 5h of milling

Fig. 2. XRD patterns of AlI-Nb, 05 powder mixture after 0, 5, 10 and 15 h of milling.
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time (prior to combustion reaction) was identified as a mixture of
Al and Nb,Os indicating that ball milling up to 5h had no effect
on as-received powder mixture except broadening of Bragg peaks
due to the nanostructure formation and the enhancement of lat-
tice strain. Crystallite size and mean lattice strain of Nb,Os5 and
Al after 5 h of milling time were calculated to be 77 nm, 0.8% and
81 nm, 0.4% respectively. Reducing the crystallite size to nanome-
ter range and increasing the defect densities increase the reaction
rate by providing short circuit diffusion paths [29]. At longer milling
times the activation energy required for reaction between Nb,Os5
and Al is provided through mechanical activation and this reaction
occurs. So, after 10 h of milling time the NbAl; and Al,03 peaks are
present in the XRD pattern. In other words, when the milling time
was increased to about 10 h, reaction (2) occurred. As a result, the
released heat from exothermic reaction (2) provides the activation
energy for NbAl; formation at the same time.

Depending on the milling conditions, two entirely different
reaction kinetics are possible:

(1) the reaction may extend to a very small volume during each
collision, resulting in a gradual transformation, or

(2) if the reaction enthalpy is sufficiently high, a self-propagating
combustion reaction can be initiated [22].

T,q is known as a thermodynamic parameter to predict the
modality of mechanochemical reactions (gradual/combustion). A
value of T,q>1800K is generally considered to be the minimum
necessary temperature for the occurrence of self-propagating com-
bustion in a thermally ignited system [30]. In contrast, Schaffer and
McCormick [29] showed that a value of T,4 > 1300 K is adequate for
the sudden occurrence of displacement reaction during ball milling.
The value of T,4 for reaction (2) was calculated according to the
following calculations:

Th
—AH = n ChdT | + np AHE
S ([ cpar )+ 3 ()
Tad
+> /T S Cr (4)

m

where AH is the enthalpy change of reaction, n, the molar frac-
tions of products. TH, the melting point, Cgs the heat capacity in solid
phase, Cgl the heat capacity in liquid phase and AHP, is the enthalpy

of fusion of products. The adiabatic temperature, T,q, for this reac-
tion (2798 K), is higher than the critical value of 1300K or even
1800K. It is therefore expected that a combustion reaction takes
place during milling of Al and Nb,Os powder mixture. This can be
promoted by the dynamically maintained high reaction interface
areas [31]. It is proposed that the ignition temperature decreases
with increasing milling time as a result of microstructure refine-
ment, mechanical activation, and the momentary temperature rise
resulting from milling media collisions [32]. In order to determine
the modality of reaction (2) experimentally, the vial temperature
was measured during ball milling. As can be seen in Fig. 3, in the
initial stages of milling, the vial temperature gradually increased as
a result of heat generated by collisions of balls until a steady-state
value was achieved. An abrupt increase of temperature to 335K
(AT=35) occurred after about 450 min of milling time, indicating
the occurrence of the combustion reaction between Nb,Os and Al.
The temperature then decreased rapidly to the steady-state value.

The local heat generation can lead to the formation of crystalline
Al 05 rather than the amorphous Al, O3 [15]. It should also be noted
that no new phase was developed on XRD patterns even after long
milling times. Ball milling for 15 h led to broadening of NbAl; and
Al;03 diffraction peaks as a result of two effects; refinement of

Fig.3. Variation of vial temperature versus time during milling of AI-Nb, Os powder
mixture.

Table 1
Crystallite size and internal strain of powder particles at different conditions.

Condition Crystallite size (nm) Internal strain (%)
NbAl; Al, 05 NbAl; Al, 05
10h MA 10 16 0.25 0.20
15h MA 8 13 0.40 0.30
15h MA + 60 min annealing 11 19 0.18 0.15
15h MA +90 min annealing 15 22 0.15 0.11

crystallite size as well as enhancement of its internal strain. Both
effects are caused by severe plastic deformation of powder particles
upon impact force of colliding balls during milling process [33-35].
Crystallite size and lattice strain of Al,O3 and NbAl3 at different
conditions are presented in Table 1.

3.2. Thermal stability

Nanocrystalline structures are thermodynamically unstable
because of the large excess free energy stored in their grain
boundaries. Significant grain growth was observed in several
nanocrystalline materials [36,37]. The study of thermal behavior
of nanostructured materials is therefore important with respect to
the possible applications.

Fig. 4. The XRD patterns of Nb,Os/Al as-milled powders for 15 h (a) before anneal-
ing, (b) after annealing at 1073 K for 60 min, and (c) after annealing at 1073 for
90 min.
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Fig. 5. Morphology of powder particles after (a) 2 h, and (b) 10 h of milling time.

Thermal stability of NbAl3-Al, O3 nanocomposite structure was
investigated by annealing of milled powders at 1073 K for 60 and
90 min. The XRD patterns of samples milled for 15 h and after sub-
sequent annealing are shown in Fig. 4. The width of XRD peaks
of NbAl3 and Al;03 decreased and their intensity increased after
annealing due to the reduction of lattice strain as well as grain
growth. The NbAl3 and Al,05 crystallite size after annealing for
60 and 90 min reached 11 and 19 nm, 15 and 22 nm, respectively,
see Table 1. Considering the grain growth as a criterion for thermal
stability, it can be concluded that the NbAl5/Al,03 nanocompos-
ite prepared in this work shows suitable thermal stability. Among
the three intermetallics in the AI-Nb system, NbAl; has the highest
negative enthalpy of formation so that complete disordering of the
NbAIl; is energetically unfavorable during mechanical alloying [3].
It can be suggested that NbAl; changes to a metastable partially dis-
ordered state on further continued milling. But, due to the following
heat treatment, some new NbAl3 peaks are formed and other peaks
become clearly stronger. This reason and decrease in lattice strain
can be interpreted as the occurrence of an order-disorder transfor-
mation in NbAl3 phase.

The relative long-range order (LRO) parameter, S, was deter-
mined by a comparison of the relative intensities of superlattice-
fundamental pairs of peaks (222/112) of milled and/or annealed
powders with respect to the homogenized reference material
according to the equation given by Bakker et al. [38].

[ Us/IF)dgis
5= V' (s/IF )y )

where (Is/Ir)q;s and (Is/IF),, are the intensities of the superlattice
reflection taken relative to the fundamental line for the disor-
dered (e.g., milled) (dis) and homogenized reference (hr) powder,
respectively. Using Eq. (5), LRO was obtained as 0.75 and 0.8 after
annealing for 60 and 90 min, respectively. It can be interpreted that
annealing for 90 min leads to lower density of lattice defects and
therefore more ordering in structure. The actual volume content
of Al,03 based on the XRD patterns of specimen milled 15h and
annealed for 90 min at 1073 K, using “Direct comparison method”
[39]. The calculated value was 33 vol.% for alumina which is com-
parable to the nominal value (40 vol.%).

3.3. Morphological analysis

The changes in morphology of powder particles during milling
process are shown in Fig. 5. In all milling stages the powder parti-
cles were irregular in shape. In the early stages of milling, Nb,Os5
was mixed with Al at the micrometer level and a homogenous
and active composite was formed. Therefore, ball milling up to
120 min led to the refinement of powder particles and the average
size of powder particles before combustion reaction reached about
2 pm (Fig. 5a). Then, the reaction between Al and Nb,Os took place
abruptly after about 450 min of milling time (Fig. 4) and as seen

from Fig. 5b after this time, the size of powder particles increased
again. In fact, exothermic reaction between Al and Nb,Os increases
the temperature locally and causes the particle size to grow.

4. Conclusions

NbAIl3-Al,03 nanocomposite powder with 40vol.% Al,03 was
directly synthesized by mechanochemical reaction between Nb,Os5
and Al powders using high-energy ball milling. Measurement of vial
temperature, XRD analysis, and morphology changes during ball
milling confirmed the occurrence of combustion reaction which led
to the formation of NbAl; intermetallic compound and Al, O3 phase.
Prior to combustion reaction, the Nb,O5 and Al powder particles
attained a nanocrystalline structure which promoted the Nb, O5-Al
reaction by providing high diffusivity. It was found that after 15h
of milling time, average crystallite sizes of NbAl; and Al,03 were
about 8 and 13 nm, respectively. Thermal behavior results showed
that nanocomposite powders were stable during heating.

References

[1] T.B.Massalski, Binary Alloy Phase Diagrams, ASM International, Materials Park,
OH, 1990.
[2] L.M. Peng, Mater. Sci. Eng. A 480 (2008) 232-236.
[3] K.M. Lee, ].S. Lee, DJ. Lee, S.S. Kim, .N. Ahn, M.W. Park, J. Alloys Compd. 313
(2000) 214-217.
[4] R.L. Fleischer, R.D. Field, KK. Denike, RJ. Zabala, Met. Trans. 21A (1990)
3063-3071.
[5] S.V. Raj, M.G. Hebsur, LE. Locci, J. Doychak, J. Mater. Res. 7 (12) (1992)
3219-3234.
[6] S.Hanada, Curr. Opin. Solid State Mater. Sci. 2 (3) (1997) 279-286.
[7] R.A. Perkins, K.T. Chiang, G.H. Meier, Scripta Metall. 22 (1998) 419-425.
[8] M. Steinhorst, H.J. Grabke, Mater. Sci. Eng. A120 (1989) 55-59.
[9] H.J. Grabke, M. Steinhorst, M.W. Brumm, B. Wagemann, V.K. Tolpygo, I. Rom-
merskirchen, A.V. Katsman, Mater. Sci. Forum 725 (1996) 207-209.
[10] V.Gauthier, ].P.Larpin, M. Vilasi, F. Bernard, E. Gaffet, Mater. Sci. Forum 369-372
(2001) 793-800.
[11] C.C. Koch, Mater. Sci. Eng. A 244 (1998) 39-48.
[12] T. Mousavi, F. Karimzadeh, M.H. Abbasi, J. Alloys Compd. 467 (2009) 173-178.
[13] S.Z. Anvari, F. Karimzadeh, M.H. Enayati, . Alloys Compd. 477 (2009) 178-181.
[14] M. Rafiei, M.H. Enayati, F. Karimzadeh, ]. Alloys Compd. 488 (2010) 144-147.
[15] M. Khodaei, M.H. Enayati, F. Karimzadeh, J. Alloys Compd. 467 (2009) 159-162.
[16] C.C. Koch, Nanostruct. Mater 2 (1993) 109-129.
[17] R.W. Siegel, Nanostruct. Mater. (1994) 4-121.
[18] H. Gleiter, Acta Mater. 48 (2000) 1-29.
[19] D. Sjechtman, L.A. Jacobson, Metall. Trans. 6A (1974) 1325-1331.
[20] E. Hellstern, L. Schultz, R. Bormann, D. Lee, Appl. Phys. Lett. 53 (1988)
1399-1405.
[21] H.X. Zhu, R. Abbaschian, Mater. Sci. Eng. A 282 (2000) 1-7.
[22] C. Suryanarayana, J. Prog. Mater. Sci. 46 (2001) 1-184.
[23] D. Horvitz, I. Gotman, E.Y. Gutmanas, N. Claussen, J. Eur. Ceram. Soc. 22 (2002)
947-954.
[24] S.C. Tjong, Z.Y. Ma, Mater. Sci. Eng. R 29 (2000) 49-113.
[25] M. Wood, M. Ward-Close, . Mater. Sci. Eng. A 192-193 (1995) 590-596.
[26] C.M. Ward-Close, R. Minor, P.J. Doorbar, Intermetallics 4 (1996) 217-229.
[27] K. Williamson, W.H. Hall, Acta Metall. 1 (1953) 22-31.
[28] O. Kubaschewski, C.B. Alcock, Metallurgical Thermochemistry, fifth ed., Perga-
mon Press, Oxford, 1979.
[29] G.B. Schaffer, P.G. McCormick, Metall. Trans. 21A (1990) 2789-2794.
[30] Z.A. Munir, Am. Ceram. Soc. Bull. 67 (1988) 342-349.



298 H. Mostaan et al. / Journal of Alloys and Compounds 503 (2010) 294-298

[31] NJ. Welham, J. Mater. Sci. Eng. A 225 (1998) 81-89. [35] M.H. Enayati, Mechanical alloying of Ni base alloys, University of Oxford, D. Phil
[32] B. Lee, S. Komarneni, Chemical Processing of Ceramics, second ed., Taylor and Thesis, 1998.

Francis, 2005. [36] R. Birringer, Mater. Sci. Eng. A 117 (1989) 33-43.
[33] J. Eckert, J.C. Holzer, C.E. Krill, W.L. Johnson, J. Mater. Res. 7 (1992) 1751- [37] T.R. Malow, C.C. Koch, Mater. Sci. Forum 225-227 (1996) 595-604.

1761. [38] H. Bakker, G.F. Zhou, H. Yang, Prog. Mater. Sci. 39 (1995) 159-241.

[34] J. Eckert, J.C. Holzer, C.E. Krill, W.L. Johnson, J. Appl. Phys. 73 (1993) [39] B.D. Cullity, Elements of X-Ray Diffraction, Addison-Wesely Publishing Com-
2794-2802. pany, 1956.



	Investigation of in-situ synthesis of NbAl3/Al2O3 nanocomposite by mechanical alloying and its formation mechanism
	Introduction
	Materials and methods
	Materials
	Milling
	XRD analysis and crystallite size measurement
	Microstructural observation
	Heat treatment

	Results and discussion
	Phase evolution and reaction mechanism
	Thermal stability
	Morphological analysis

	Conclusions
	References


