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The evolution of microstructure of Ni and NaCl mixtures formed by mechanochemical
reaction and mechanical milling has been studied using X-ray diffraction, electron
microscopy and magnetic measurements. Separate nano-sized Ni particles were formed
by continuous solid-state reaction of NiCl, + 2Na during mechanical milling. Further
milling resulted in the growth of clustered particles due to inter-particle welding during
collision events. On the other hand, milling of micron-sized Ni and NaCl powders resulted
in a layered particle morphology and continuous decrease in particle size with increasing
milling time. © 1999 Kluwer Academic Publishers

1. Introduction the mechanochemical reaction of Nj@lith Na to form
The synthesis of anumber of metallic and ceramic ultraNi. A comparison of particle sizes and magnetic proper-
fine powders by mechanochemical processing has bedies obtained via mechanochemical reaction with those
recently reported [1-6]. In this process reactant pow-obtained by the mechanical milling of equivalent Ni
ders are mechanically milled to form a nanoscale comand NaCl mixtures is also reported.

posite microstructure. Displacement reactions, which

are either mechanically activated during milling or oc-

cur during subsequent low temperature heat treatmen2. Experimental

resultin the formation of ultrafine metallic or oxide par- Anhydrous 99.9% pure NiGlpowder £100.m), Na
ticles embedded in a soluble salt matrix. Providing thepieces £€5 mm), Ni (4, 5um) and NaCl €500 um)
volume fraction of the salt phase is sufficiently high, theall of 99.9% purity or greater were used as the starting
metallic or oxide particles nucleate and grow as sepamaterials. NaCl was added as a diluent to the Ni€l
rate particles in the salt matrix. Subsequent removal oNa starting mixture in order to avoid combustion [3].
the salt phase results in a powder consisting of sepa- The starting materials were loaded and sealed to-
rable particles 5-20 nm in size. Studies to date havgether with 4.8 mm steel balls in a hardened steel vial
demonstrated the synthesis of ultrafine Fe, Ni, Co andinder high-purity argon atmosphere. The ball to pow-

Cu powders as well as AD3; and ZrQ. der mass ratio was 3:1. The milling time was varied
An initial investigation [3] of the mechanochemical between 0.5 and 150 h using a Spex 8000 mixer/mill.
synthesis of Ni powder viathe reaction, NjGt 2Na— The Ni particles were separated from NaCl through

Ni + 2NaCl, showed that the reaction occurred in ana process in which the as-milled powders were washed
unstable, combustive mode [7, 8] due to the large enseveral times with deionised and deoxygenated water,
thalpy change, resulting in submicron particle sizes. Tand finally rinsed with methanol in an ultrasonic bath.
prevent the occurrence of combustion it was necessaryhe washed powders were dried under vacuum and di-
to add NacCl as a diluent phase to the starting mixturerectly transferred to a high-purity argon filled glove
The addition of the diluent phase prevented combustiomox. All subsequent powder handling was carried out
by decreasing the collision frequency between reactarih the glove box.
particles, which had the effect of reducing the reaction The structure was studied with a Siemens D5000
rate and the rate of heat generation arising fromthe reac-ray diffractometer with C, radiation. The mi-
tion. In addition the decreased volume fraction of the Nicrostructure and particle size were examined by trans-
formed during milling minimised the coalescence andmission electron microscopy using a Philips 430 TEM
growth of particles resulting from inter-particle weld- equipped with an energy dispersive spectrometer (EDS)
ing associated with collision events. Particle sizes ofor composition analysis and a Gatan Image Filter
10—-20 nm were obtained in samples milled to comple-GIF200 for elemental mapping. The NiJyledge at
tion of the reaction. 68 eV in the electron energy loss spectra was utilised
This paper reports the results of a study of the evolufor constructing Ni mapping images with an electron
tion of microstructure and magnetic properties duringacceleration voltage of 300 keV and energy filter width
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Figure 1 Saturation magnetisatiol]s, and coercivityHc, as a function

o o ) Figure 2 Magnetisation curves of samples milled for different times.
of milling time for milling of NiCl, + 2Na+ 1.5NacCl.

of 12 eV. A Joel 6400 scanning electron microscope
(SEM) and a Joel 6300 field-emission scanning electro
microscope (FESEM) were used to study of the mor-
phology of the as-milled powders. Magnetic measure
ments were made at room temperature on cold-pressdis
cylinder samples using a Vibrating Sample Magne-
tometer (Oxford 3001 VSM) with a maximum applied
field of 120 kOe.

3. Results
3.1. Mechanochemical synthesis of Ni
X-ray diffraction measurements confirmed that Ni was
formed in a continuous manner during the milling of
NiCl, + 2Na + 1.5NaCl. The diffraction peaks for
fcc-Niappeared after milling for 1-2 h and their intensi-
ties relative to those of NaCl increased with increasing
milling time and approached saturation after milling for
~16 h, in agreement with previous work [3]. Figure 3 Ni mapped image of as-milled particle, milling t&s 2 h.
Since metallic Ni is the only ferromagnetic phase
present, the formation of Ni can be followed by mag-
netic measurements. Fig. 1 shows measurements of tidi particles with a particle size 610 nm and unre-
saturation magnetisatiorMls, and coercivity,H., as  acted paramagnetic Nigl
a function of milling time. TheMs values increased  The magnetisation curves of samples milled for4-8 h
rapidly with increasing milling time for the first 8—10 h could not be fitted with a combination of superparam-
and started to level off at milling times 16 hin agree- agnetic Langevin and linear paramagnetic functions.
ment with the XRD measurements. The valuedvaf ~ Satisfactory fitting required the addition of a constant
were measured to be 10.5 and 12 emu/g for samplesagnetisation component, indicating the presence of
milled for 16 and 150 h, respectively. These values arderromagnetic Ni. Magnetisation curves typical of a
close to the saturation magnetisatibh,= 12.2 emu/g, ferromagnet were found in samples milled for 16 h or
expected for the composition of Ni 3.5NaCl [9], indi-  longer.
cating that the solid-state reaction was nearly complete A TEM micrograph of an as-milled powder particle is
after milling for 15-20 h. showninFig. 3. Using the image filter to map Ni showed
Magnetisation curves corresponding to differentthatthe particle consisted 65 nm grains of Ni embed-
milling times are shown in Fig. 2. The starting mix- ded in a NaCl matrix. The Ni particles obtained after
ture of NiChL + 2Na + 1.5NaCl exhibited paramag- removal of NaCl by the washing process were studied
netic behaviour as evidenced by the linear dependenagsing electron microscopy (TEM and SEM). Samples
of magnetisation on the applied field. The magnetic susmilled for 1-2 h consisted of separable Ni particles
ceptibility measured from the slope of the M-H curve, with a particle size of 5-10 nm, as shown in Fig. 4a.
x =1.96 x 10~* emu/g/Oe, is in good agreement with The chain structure in Fig. 4a is due to magnetic interac-
the value expected for the starting composition [9]. Thetions between single domain particles [12]. For samples
magnetisation curves of samples milled for between 0.5nilled for 8-16 h, small clusters were found, as shown
and 2 h could be fitted with a combination of a super-in Fig. 4b, which consisted of many grains connected
paramagnetic Langevin function [10, 11] and a linearby grain boundaries. In samples milled for 32 and 64 h,
paramagnetic function. This fitting is consistent with all particles were multigrain particles with a broad dis-
the samples containing a mixture of superparamagneticibution of particle sizes ranging 100—1000 nm. After
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Figure 4 TEM micrographs of washed Ni particles after milling for (a)
2 h, (b) 16 h and (c) 142 h.

Figure 5 FESEM micrographs of washed sample after milling for (a)
16 hand (b) 142 h.

particles were observed, close to the single domain par-
ticle size, as expected from the magnetic measurements.
Submicron particles were found in the sample milled
for 142 h, as shown in Fig. 5b.

Fig. 6a and b are micrographs of bright-field and
dark-field TEM images of a Ni particle in a sample
milled for 142 h. The two TEM micrographs clearly
show that the Ni particle is a multi-grain particle con-
sisting of Ni grains with a crystallite size of 5-20 nm.
Measurements of the effect of milling time on the aver-
age grain size determined using the Scherrer method
are shown in Fig. 7. The grain size increased only
slightly with increasing milling time, within the range
13-16 nm.

3.2. Effect of additional diluent

The effect of additional diluent on the NigZNa reac-
tion was studied by increasing the amount of NaCl in
the starting mixture by a factor of two. Fig. 8 shows
the magnetic properties as a function of milling time
for samples of NiGl + 2Na + 3NaCl. Comparison
of Fig. 8 with Fig. 1 shows thaMs and H. for the
samples containing 3NaCl vary with milling time in a
similar manner as for the samples containing 1.5NacCl.
However, increasing the volume fraction of diluent sig-

milling for 142 h, most particles were in the range of nificantly decreased the reaction kinetics.

400-1000 nm, as shown in Fig. 4c.

The microstructure of NiGl+ 2Na + 3NaCl was

Washed samples milled for 16 and 142 h respectivelyalso similar to that observed in the milling of NiGH
were studied with FESEM. As shown in Fig. 5 the 2Na-+ 1.5NaCl. Separable 5-10 nm Ni crystallites were
particles exhibited a cluster morphology. For the samfound after milling for short times. Extended milling re-

ple milled for 16 h (Fig. 5a), small clusteree50 nm

sulted in the formation of clustered multi-grain particles
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100 nm

Figure 6 TEM micrograph of Ni particle after milling for 142 h; (a)
bright field image, (b) dark field image.
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Figure 7 Effect of milling time on grain size.
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Figure 8 Saturation magnetisatioMs, and coercivityHc, as function
of the milling time for milling of NiCh + 2Na+ 3NacCl.
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Figure 9 Effect of milling time on coercivity for N4 5NaCl mixture.

with sizes of 100—-1000 nm resulting from interparticle
welding.

3.3. Mechanical milling of Ni and NaCl
Mixtures of Ni and NaCl (NH 5NacCl) were milled for
times up to 128 h. Measurementsidf, as a function
of the milling time are shown in Fig. 9. increased
continuously with the milling time reaching 200 Oe in
the sample milled for 128 h.

An optical micrograph of a sample milled for 16 h
and washed is shown in Fig. 8. The Ni particles were
mainly plate shaped, consisting of a deformed, layered
morphology. The particle size decreased with increas-
ing milling time and after~100 h was similar to that of
the mechanochemically reacted Ni, however, the parti-
cles retained the elongated morphology.

4. Discussion

4.1. Evolution of microstructure

The TEM measurements show that the nucleation and
growth of Ni particles occurs in two overlapping stages
during milling. In the first stage crystallites of Ni form
asindividual separated particles. As shownin Figs 3and
4a, the initial size of the Ni particlesis5 nm or smaller.
These patrticles consist mainly of individual crystallites
which form by mechanically activated reaction between



with 49 vol % NacCl (Fig. 8) the times coincided. The
milling time required to achieve maximum coercivity
may be associated with a critical particle size. Thus,
the present of the diluent phase has a greater effect
on the rate of particle growth than on the rate of the
NiCl,/Na displacement reaction. Although modelling
studies need to be carried out, this behaviour would be
expected since the rate of particle growth depends on
both the reaction rate and the rate of agglomeration of
Ni particles during milling, both of which depend on
the amount of diluent present.

4.2. Magnetic behaviour
The variation in the magnetic behaviour during milling
may be rationalised in terms of the reaction kinetics and
particle growth during milling. As discussed in Section
3.1, samples milled for short times (0.5-2 h) exhibited
NiCl; and Na grains and are separated by the NaCuperparamagnetic behaviour due to the small particle
phase. size. The particle size estimated from the TEM mea-
With continued milling, the Ni particles agglome- surements was in good agreement with values obtained
rated together as a result of interparticle welding duringrom fitting of the Langevin function to the magneti-
collision events. As is evident in Figs 4 and 5, the parti-sation curves in Fig. 2. With longer milling times the
cles evolved into clusters of crystallites which C0ntinuesamp|es became increasingly ferromagnetic, and for
to increase in size progressively into micron sized partmilling times longer tha 8 h it was nopossible to dis-
icles with increasing milling time. As shown in Fig. 7, tinguish a paramagnetic component of magnetisation.
the crystallite size remained nearly constant as the parFhe increase in magnetisation with milling time is thus
ticles grew to~1 um with increasing milling time. due to both Niformation and particle growth. As shown
In many ductile systems the particle size tends to an Fig. 1, theMs measurements indicated that approxi-
steady state value at long milling times, which is de-mately 30 h was required to complete the reaction.
termined by the relative rates of welding and fracture. For short milling times the decrease in superpara-
An increase in the particle size of ductile powders dur-magnetism with growth of the particles also caused the
ing mechanical milling has been reported previouslyincrease inH, with increasing milling time. The mag-
for other systems [13]. In the present study, the role ohetisation curves in Fig. 2 clearly show that the low co-
fracture in limiting the growth of the Ni particles is not ercivity values £50 Oe) measured for samples milled
clear. As shown in Figs 5 and 6, there is no evidencégor 1-2 h, were due to superparamagnetism. With par-
of particle deformation as normally observed in me-ticulate magnetic materials, the highest values of co-
chanically milled ductile metal powders. The clusteredercivity are expected to be exhibited by particles hav-
particle morphology suggests that interparticle weldinging the single domain particle size [15], which in Ni is
primarily occurs during collision events, similar to that 50-60 nm [11]. The maximum coercivity was exhibited
observed by Harrist al. [14]. in samples milled for 16 h. As shown in Fig. 4b, TEM
The addition of the diluent phase enabled Ni to formexamination of samples milled for 16 h showed parti-
as separate particles. In addition the diluent has a sigzles of 30-100 nm, consisting of irregular clusters of
nificant effect on both the kinetics of the Ni@Na re-  grains. The maximum value ¢i. was approximately
action and the subsequent rate of particle growth. Théne same for samples containing 33 and 49 vol % NacCl
NiCl2/Na reaction kinetics are limited by the proba- in the starting mixtures, confirming that the maximum
bility of collisions between the reactant phases duringvalue ofH corresponds to a critical particle size. Fur-
milling. As discussed previously, the addition of the ther milling caused a decrease of coercivity, due to the

diluent phase decreases the collision frequency betweéncrease of particle size above the single domain parti-
reactant particles, which reduces the reaction rate. Witgle size [15].

the NiCL/Nareaction, previous studies have shown that

the addition of diluents is essential to prevent combus-

tion [3]. Comparison of Figs 1 and 8 shows that de-4.3. Evolution of mechanically milled

creasing the volume fraction of NaCl from 33 to 49% Ni/NaCl microstructure

increased the time required to complete the reaction byfhe present measurements show that the microstructure

a factor of~2. In addition, the rate of coalescence andofthe milled Ni+ NaCl mixture evolvesinacompletely

growth of Ni particles during milling resulting from different manner from that generated by mechanochem-

inter-particle welding associated with collisions eventsical reaction. During mechanical milling deformation,

was also decreased by the presence of the diluent phaseacture and welding of the Ni particles occur, resulting
It is of interest to note that with samples containingin the formation of particles having layered microstruc-

33 vol % NacCl in the starting mixture the milling time tures similar to that observed in mechanically alloyed

(Fig. 1) needed to achieve maximum coercivity wasductile powders. The particle size and microstructure

less than that required to complete the reaction, whil@are progressively refined during milling as compared

Figure 10 Optical micrograph of Ni 5NaCl mixture milled for 16 h.
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