P H ILOSOPH ICAL M AG AZIN E L ETTER S, 2001, VOL. 81, N O. 2, 77–84

Thermal stability of nanocrystalline fcc and hcp Ni(Si)
synthesized by mechanical alloying of Ni90 Si10
M . K . DATTAy, S. K . PABI and B. S. M URTYz

D epartment of M etallurgical and M aterials Engineering, Indian Institute of
Technology, K haragpur 721 302, India
[Received 10 Februar y 2000 and accepted 24 M ay 2000]

A BSTRACT

The thermal stability of nanocrystalline fcc and hcp Ni(Si), obtained by
mechanical alloying of Ni90 Si 10 , has been studied. The allotropic
transformation from fcc to hcp Ni(Si) is accompanied by a volume expansion
of 8.6% and is observed when fcc N i(Si) reaches a critical crystallite size of 10 nm.
The hcp phase transforms to stable fcc Ni(Si) at 573 K . It has been identi ed that
the lattice distortion in nanometre-sized crystallites from the equilibrium
con guration and the decrease in the interfacial energy with grain re nement
act as self obstacles in controlling the grain growth of nanocrystalline materials.

} 1. I NTRODUCTION
The thermal stability of nanocrystalline materials against grain growth is of both
scienti c and technological interest because of a high density of interfaces, which
provide a signi cant driving force for grain growth. G rain growth in polycrystalline
materials is driven by the decrease in interfacial energy and hence decrease in the
total energy of the system. According to the well-known G ibbs–Thomson equation
(Shewmon 1969) regarding the grain-growth process in conventional polycrystals, it
is expected that the driving force for grain growth increases with a reduction in grain
size, and might be extremely large for nanometre-sized grains even at room temperature. H owever, contrary to expectation, experimental observations indicate that
most nanocrystalline materials of either elements or compounds, synthesized by
various methods, exhibit inherent grain-size stabilities up to reasonably high temperatures (Suryanarayana 1995, Lu 1996).
The grain-size stability in nanocrystalline materials has so far been found to be
related closely to the structural characteristics of the material, such as the grain size
and its a distribution, grain morphologies, triple junctions, presence of a second
phase, porosity in the sample and so on (Suryanarayana 1995, Lu 1996, N ovikov
1999). In addition, lattice distortion of the nanometre-sized crystallites (Liu et al.
1994b , Lu 1996, Ayyub 1998) and decrease in the interfacial energy with grain
re nement (Lu et al. 1993, Lu 1996) also may play an important role in controlling
the grain-size stability of nanocrystalline materials. The present letter reports the
e ects of lattice distortion and interfacial energy of nanometre-sized crystallites on
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the grain-size stability of fcc and hcp N i(Si) based on the results of isothermal
annealing treatments after mechanical alloying (M A).
} 2. E XPERIMENTAL DETAILS
M ixtures of elemental powders of N i and Si of 99.5% purity, corresponding to a
nominal composition N i90 Si10 , were subjected to M A using a high-energy planetary
ball mill (F ritsch Pulverisette-5). The M A was carried out at 300 rpm for 50 h with
WC milling media using a ball-to-powder weight ratio of 10 : 1. The mechanically
alloyed powders after 30 and 50 h of M A were annealed isothermally at various
temperatures (373, 423, 473, 523, 573, 673 and 773 K ) for 4 h in evacuated quartz
ampoules (about 10¡6 Torr). The milled and heat-treated powders were characterized by X-ray di raction (XRD ) using a Philips 1710 X-ray di ractometer with
CoK ¬ radiation. The e ective crystallite size and relative strain of di erent phases
in mechanically alloyed powders as well as the heat-treated products were calculated
using the Voigt function single-line method (de K eijser et al. 1982) after eliminating
the instrumental broadening contribution, using the most intense peak in the XR D
patterns.
} 3. R ESULTS
XR D patterns of N i90 Si10 after di erent durations of M A are shown in  gure 1.
The di raction peaks of Si disappeared after 20 h of M A, suggesting the formation
of a fcc solid solution of Si in N i (N i(Si)). The increased incorporation of Si into N i is
known to decrease the lattice parameter of the latter (Pearson 1958). H owever, it is
interesting to note that the positions of N i(Si) peaks continuously shifted to lower
angles, accompanied by a gradual broadening with increase in milling time, indicating a continuous increase in the lattice parameter and, consequently, in the unit-cell
volume with re nement of crystallite size. M A for 30 h has resulted in the formation
of a fcc solid solution of Si in N i with a molar volume 6.93 cm 3 mol¡1 (11 nm crystallite size), which is di erent from the molar volume expected for 10 at.% Si in N i

F igure 1.

XR D patterns of Ni90 Si10 after di erent durations of M A.
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(6.55 cm 3 mol¡1 ). After 40 h of milling, new XR D peaks were detected ( gure 1),
which were successfully indexed as hexagonal N i(Si) of molar volume 7.57 cm 3 mol¡1
with a ˆ 0:2601 and c ˆ 0:4285 nm. F igure 2 shows the variation of molar volume of
fcc and hcp N i(Si) with the re nement of crystallite size. A molar volume expansion
of 0.38 cm 3 mol¡1 (5.8% ) is evident for fcc N i(Si) when the crystallite size decreased
from the bulk state to 10 nm. At this stage, hcp N i(Si) forms with a sudden increase
in the molar volume by 0.60 cm 3 mol¡1 (8.6% ).
F igure 3 shows the XR D patterns of N i90 Si10 after 30 h of M A and after annealing at 423, 523, 573 and 673 K for 4 h. The positions of the N i(Si) peaks shift to
higher angles accompanied by a gradual sharpening with increase in temperature,
indicating a continuous decrease of the unit-cell volume with increase in crystallite
size. F igure 4 shows the variation of crystallite size and the molar volume of fcc
N i(Si) with increase in temperature. The crystallite size increases very slowly up to
523 K (22 nm at 523 K , in comparison with 11 nm in the as-milled state), while the
molar volume drops from 6.93 to 6.57 cm 3 mol¡1 , which is close to the equilibrium
molar volume of 10 at.% solid solution of Si in N i (6.55 cm 3 mol¡1 †. Above this
temperature (which is equivalent to 0:3T l , where T l is the liquidus temperature of
N i90 Si10 ), substantial grain growth is observed (from 22 nm at 523 K to 39, 70 and
100 nm at 573, 673 and 773 K respectively), while the molar volume decreases only
marginally to 6.55 cm 3 mol¡1 after heating to 573 K and remains constant on further
heating up to 773 K . The temperature for grain growth observed in the present study
(greater than 523 K ) agrees well with that reported by earlier workers (about 533 K
by K nauth et al. (1993) and Cziraki et al. (1994)) for nanocrystalline N i and fcc
N i(Si).
50 h of M A resulted in the formation of a mixture of fcc and hcp N i(Si) of molar
volume 6.97 and 7.61 cm 3 mol¡1 respectively. The XR D patterns of a 50 h-milled
sample and after annealing for 4 h at 423, 523, 573 and 673 K are shown in  gure 5.
It is clearly evident from the XR D patterns that the hcp phase is stable up to 523 K ,
and at 573 K it suddenly transforms back to the fcc phase. The variations of molar

F igure 2.

Variation of molar volume of fcc and hcp N i(Si) with crystallite size after M A.
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F igure 3.

XR D patterns of N i90 Si10 annealed at di erent temperatures for 4 h and after 30 h
of M A.

F igure 4.

Variation of molar volume and crystallite size of fcc N i(Si) with annealing
temperature after M A for 30 h.

volume and crystallite size of fcc and hcp phases with annealing temperature are
shown in  gure 6. Similarly to the 30 h-milled sample, the crystallite sizes of both fcc
and hcp phases increase very slowly up to 523 K (21 and 23 nm at 523 K , in comparison with 10 and 12 nm in the as-milled state for fcc and hcp phases respectively). The
molar volume of the fcc phase drops from 6.97 to 6.56 cm 3 mol¡1 , while that of the
hcp phase increases from 7.61 to 7.82 cm 3 mol¡1 when the milled sample is annealed
at 523 K . When the crystallite size of the hcp phase reached 23 nm (at 523 K ), it
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F igure 5.

XR D patterns of N i90 Si10 annealed at di erent temperatures for 4 h and after 50 h
of M A.

F igure 6.

Variation of molar volume and crystallite size of fcc and hcp Ni(Si) with annealing
temperature after M A for 50 h.

appeared to become unstable and transformed back to the fcc phase. Above 523 K ,
substantial grain growth of fcc N i(Si) was observed (from 21 nm at 523 K to 40, 70
and 100 nm at 573, 673 and 773 K respectively), while the molar volume remained
more or less constant at 6.5 cm 3 mol¡1 , similar to the 30 h-milled sample. It is interesting to note that the crystallite size of fcc N i(Si) at di erent annealing temperatures
is insensitive to the previous milling time (30 h or 50 h) and also to whether the milled
sample is single phase (fcc N i(Si)) or a two-phase mixture (f cc ‡ hcp N i(Si)).
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} 4. D ISCUSSION
The present results suggest that when fcc N i(Si) reaches about 10 nm during M A,
it suddenly transforms to the hcp phase, which transforms back to the equilibrium
fcc phase on heating to 573 K . According to the mechanical instability model
(Johnson et al. 1993, Ettl and Samwer 1994) of the crystal-to-amorphous transformation, there appears a common observation that the lattice atoms are displaced
from their equilibrium lattice sites, causing lattice strain and softening of shear
elastic constants to critical values during the course of amorphization, irrespective
of the solid-state techniques used for this process. The prerequisites of this phase
transformation (lattice strain and shear softening) could be met by the presence of
static disorder in the parent crystal, which can be achieved either by the formation of
a supersaturated solid solution or by accumulation of defects. M echanical deformation during M A involves the creation and annihilation of a high density of dislocations in the material, leading to nanocrystalline grains with a special type of grain
boundary (F echt 1995). According to classical thermodynamic theory, the free
energy of a crystallite relative to the perfect crystal will increase (by an amount
¼gb =d, where ¼gb and d are the grain-boundary energy and crystallite size respectively) when the crystallite size becomes smaller. Therefore, nanocrystallization is
expected to enhance greatly the free energy of the system. The consequences of grain
re nement into the nanometre scale may include either a supersaturated solid solution (owing to the enhancement of solubilities) or distorted lattice structures of
crystallites (owing to supersaturation of defects) or both, in pure elements and
intermetallics. As the equilibrium maximum solid solubility of Si in N i is 10 at.%
at room temperature, no extension of solid solubility is relevant in the present case,
with the sample composition being N i90 Si10 . Thus, any increase in the molar volume
owing to the formation of a supersaturated solid solution can be ruled out. H ence,
the increase in molar volume of the fcc phase with re nement of crystallite size can
be attributed to an accumulation of defects. Once the molar volume of the fcc phase
(6.97 cm 3 mol¡1 ) approaches the melting-point molar volume of pure N i
(7.05 cm 3 mol¡1 ), the grain boundary is expected to undergo defect-induced melting
to an amorphous structure of zero shear modulus, which appears to relax immediately into a more compatible lower-density metastable hcp structure of molar
volume 7.57 cm 3 mol¡1 , which is close to the molar volume of liquid at the melting
point of N i (7.55 cm 3 mol¡1 †. The mechanism of fcc-to-hcp transformation has been
discussed thoroughly in terms of both mechanical and thermodynamic instability
criteria in an earlier paper of the present authors (D atta et al. 2000).
The present results show that the increase in crystallite size with increase in
temperature of fcc N i(Si) is very small as long as the lattice is distorted from its
equilibrium con guration. Once the lattice structure reaches the equilibrium con guration, substantial grain growth has been identi ed, suggesting that the lattice
distortion of nanometre-sized crystallites also plays an important role in controlling
the grain-size stability of nanocrystalline materials. In other words, an accumulation
of defects, which is the main cause of lattice distortion, acts as an obstacle for the
grain-growth process. The change of the distorted lattice to the equilibrium con guration is expected to arise through atomic di usion, not only along the interfaces
but also necessarily inside the crystalline lattice. Thus, grain growth in nanocrystalline materials is a result of both interface and volume di usion. The distorted lattice
reduces the volume di usion coe cient and thus hinders the grain growth in nanocrystalline materials.
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G rain growth in conventional materials is controlled mainly by atomic di usion
along grain boundaries. K nauth et al. (1993) have reported that the activation energy
for the grain-growth process of fcc N i(Si) is comparable with the activation energy
for grain-boundary di usion in N i. The grain-boundary di usion of an element
depends on the interfacial energy, that is, the interfacial excess volume. Low-energy
interfaces are generally more closely packed and consequently will present lower
di usivities, whereas high-energy interfaces are much more open and thus present
easy paths for grain-boundary di usion, resulting in faster grain growth.
Thermodynamically (D atta et al. 2000), it is expected that the grains below a critical
crystallite size always favour a lower interfacial energy, which can be achieved by the
formation of either an amorphous grain boundary (Phillpot et al. 1995) (the crystal–
amorphous interfacial energy is small in comparison with intercrystalline interfaces)
or by the formation of a less dense phase (D atta et al. 2000), or by the segregation of
a less dense element (such as Si in fcc N i(Si)) (Cziraki et al. 1994) at the grain
boundary. F or nanocrystalline N i, with average grain sizes ranging from a few
nanometres to 60 nm, Liu et al. (1994a) have shown that the average interfacial
excess energy decreases with a reduction in grain size in an approximately linear
fashion. Therefore, it is expected that a decrease of the interfacial energy with grain
re nement impedes interfacial di usion and will reduce the driving force for grain
growth.
In the present study, it has been shown that below a critical crystallite size (about
20 nm), the inherent characteristics of nanocrystalline materials, namely, lattice distortion from the equilibrium con guration and lower interfacial energy, act as self
obstacles to grain growth. Above this critical crystallite size, the lattice distortion is
minimal and the interfacial energy is expected to be high enough for normal graingrowth processes to prevail. It must be noted that, besides the lattice distortion and
interfacial energy contribution, various kinds of drag due to the presence of a lower
density second phase at the grain-boundary triple-junction porosities may also play
an important role in inhibiting the grain growth in the nanocrystalline state.
} 5. C ONCLUSIONS
An hcp N i(Si) phase forms during mechanical alloying with a volume expansion
of 8.6% , when the crystallite size of fcc N i(Si) becomes lower than a critical value
(about 10 nm). This transformation is attributed to defect-induced melting of fcc
N i(Si) followed by relaxation to a lower density hcp phase. The hcp phase transforms back to the equilibrium fcc phase at 573 K when its crystallite size reaches
about 20 nm. Lattice distortion in nanometre-sized crystallites from the equilibrium
con guration and a decrease in the interfacial energy with grain re nement appear to
act as self obstacles in controlling the grain growth of nanocrystalline materials.
R EF ER EN CES
A YYUB, P ., 1998, P hys. Educ., 21, 309.
C ZIRAKI, A ., T ONKOVICS, Z ., G EROCS, I ., F OGARASSY, B., G ROMA, I . , T OTH- K ADER, E .,
T ARNOCZI, T ., and BAKONYI, I ., 1994, M ater. Sci. Engng. A, 179/ 180, 531.
D ATTA, M . K ., P ABI, S. K ., and M URTY, B. S., 2000. J . M ater. Res., 15, 1429.
DE K EIJSER , T H . H ., L ANGFORD, J . I . , M ITTEMEIJER , E . I ., and VOGELS, A. B. P ., 1982, J . appl.
Crystallogr., 15, 308.

E TTL, C . , and SAMWER, K ., 1994, M ater. Sci. Engng. A, 178, 245.
F ECHT, H . J ., 1995, Nanostruct. M ater., 6, 33.

84

Thermal stability of nanocrystalline Ni( Si)

J OHNSON, W . L ., L I, M ., and K RILL, III , C . E ., 1993, J . non-crystalline Solids., 156–158, 481.
K NAUTH, P ., C HARAI, A . , and G AS, P ., 1993, Scripta metall. mater., 28, 325.
L IU, X . D ., L U, K . , D ING, B. Z ., and H U, Z . Q . , 1994a , Chin. Sci. Bull., 39, 217.
L IU, X . D ., L U , K ., Z HANG, H . Y . , and H U, Z . Q ., 1994b, J . P hys.: condens. M atter., 6, L497.
L U, K ., 1996, M ater. Sci. Engng. R , 16, 161.
L U, K ., R UCK , R ., and P REDEL , B., 1993, Scripta metall. mater., 28, 1387.
N OVIKOV, V. V., 1999, Scripta. mater., 39, 945.
P EARSON, W . B., 1958, A H andbook of Lattice Spacings and Structures of M etals and Alloys
(London : Pergamon), p. 786.

P HILLPOT, S. R ., W OLF, D ., and G LEITER , H ., 1995, Scripta metall. mater., 33, 1245.
SHEWMON , P . G . , 1969, Transformation in M etals (New York: M cG raw-H ill), p. 300.
SURYANARAYANA, C . , 1995, Inter. M ater. Rev., 40, 41.

