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React ive mi lli ng of N iO + A l p ow der mi xt ure resulted in the forma -

tion of N iA l{A l2 O 3 nano comp osite pow ders, w ith a cr ystallite size of about
20 nm . T he H all{ Wi l li amson analysis revealed that N iA l show ed an orien-
tation dep endent crystallite size af ter short pro cessing time and orientation
dep endent internal strain after long milli ng time. Both anisotropi es were

remo ved by heating the pow ders in the di˜erential scanning calorimetry .
C alorimetric studies show ed one exothermic e˜ect attributed to the reduc-
tion reaction of N iO and endothermic one associated w ith melting of A l. T w o
metho ds were applied for p owders compaction : resistance sintering and pulse

electric discharge. In both cases the densiti es of about 90% of the theoretical
value were achieved. A signi Ùcant increase in average N iA l crystallites size

in compacted samples w as observed, up to several hundreds of nanometers.

PAC S numb ers: 81.20.Ev

1. I n t rod uct io n

It has been reported tha t m echanical alloying (MA) can be used to induce
a variety of sol id-sta te chemical reacti ons. These reacti ons have been described
in the l i tera ture as m echanisynthesis or m echanochemical synthesi s and usually a
m etal oxi de is reduced by m ore reacti ve metal [1, 2 ]. MA techni que can be also
used to synthesi ze com pounds and nanocom posites using the m echanochemical
reacti ons. For exampl e the reducti on reacti on of nickel oxi de by alum inium can
give us an interm eta ll ic m atri x com posite (IM C)

3 Ni O + 5 Al ! 3 Ni Al + Al 2O3 :

(187)
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IMCs are pro duced by meta llurg ical m etho ds, rapid sol idiÙcati on, reacti ve
sinteri ng [3] and also by MA. IMCs reinforced wi th ceram ic phases, whi ch can
further impro ve some properti es, l ike creep resistance or wear resistance, are wi dely
inv estigated.

The purp ose of thi s work was to study i n situ f orm ati on of Ni Al { Al 2 O3

composite powders and to exam ine thei r structure. An attem pt of powders con-
sol idati on has been underta ken as well .

2 . E x per i m ent a l d et ai ls

The powders of Ni O and Al , wi th a puri ty better tha n 99.9% and parti cle
sizes below 4 0 ñ m, were used for the mi ll ing pro cesses. The powders were m ixed
to give the starti ng com positi on 3 Ni O + 5 Al , in order to give the Ùnal products
3Ni Al + Al 2 O3 , wi th about 40 vol .% fracti on of alum ina. The MA pro cesseswere
perform ed in a Fri tsch P5 Pul veri sette pl anetary bal l m i l l equipped wi th hard-
ened steel vi als and balls. The bal l -to -powder weight ra ti o was 10:1. Al l powder
handl ing wa s perform ed in a glove bag under an argon atm osphere. The X- ray
inv estigati ons (X R D) were perf orm ed on a Phi l ips PW 1830 di ˜ra ctom eter using
Cu K ˜ ( Ñ = 0 : 1 5 4 1 8 nm ) radi ati on. The values of latti ce param eter were calcu-
lated wi th an accuracy of Ï 0 : 0 0 1 nm , applyi ng the cos2 ˚ = sin ˚ functi on. XR D was
also used to determ ine the average interna l stra in and crysta l l i te size, based on a
Ha l l À W il l iamson analysis of peak bro adening [4]. In thi s appro ach the broadening
of the di ˜ra cti on l ines is plotted versus sin ˚ (˚ i s Bra gg' s angle). From the inter-
cept at sin ˚ = 0 the avera ge crysta l l i te size and from the slope the interna l stra in
can be deri ved. D i˜erenti al scanni ng calori metry (D SC) measurements were car-
ri ed out in a Perki n Elm er DSC 7 uni t wi thi n the tem perature range of 50À 7 0 0 £ C,
appl yi ng the heati ng rate of 2 0 £ C/ m in.

A resistance sinteri ng metho d wa s appl ied to consol idate the powders. In thi s
pro cess a low vo l tage and hi gh current were appl ied thro ugh the powder compact.
The powder com pact was heated di rectl y by the appl ied current, a high heati ng
rate and, consequentl y, a very short sinteri ng ti me, can be achi eved. The com pact
wa s conta ined in an insulated cavi ty of a ceramic die set and com pressed sim ul -
ta neously. The pressure (about 30 MPa ) acti ng on the sintered powder caused a
rapi d consol idati on of the powder. The sinteri ng process was executed in a pro-
tecti ve atm osphere of pure argon. D uri ng the sinteri ng pro cess the current was
kept at about 800 A, sinteri ng ti me 1 and 3 m in wa s used. The tem perature was
kept constant at 1 2 0 0 £ C. It was m easured by Pt{ PtR h therm ocoupl e. The sin-
tered specim ens of cyl indri cal shape (6 mm diam eter and about 7 m m height)
were pro duced.

The powders were sintered by a pul se electri c discharge m etho d as wel l . In
thi s metho d the powder to be sintered is heated in a resisti ve way using periodi cal ly
appl ied high current electri c impul ses.A 2 0 0 ñ F capacito r battery di scharged f rom
a vol ta geof m axi mum 10 kV generated the im pul ses.The capacito r battery , used as



Fabr i cation, Structure and Consolidat ion of NiA l {Al 2 O3 . . . 189

the source of electri c energy, generates periodi cal ly current impul sesof dura ti on of
several tens of microseconds and m agnitude of hundreds of kA. Tha nks to the very
short ti me duri ng whi ch the heati ng current Ûows thro ugh the powder, com pared
to the interv als between the consecuti ve impul ses (1{ 5 s), the sinteri ng pro cess
pro ceeds in a quasi-adiabati c way and the avera ge tem perature of the heated
m ateri al duri ng the process does not exceed several tens of degrees. The studi ed
powders were sintered in an argon atm osphere in a graphi te die of an 8 mm inner
di ameter.

3 . R esul t s an d d iscu ssio n

Fi gure 1 shows the XR D patterns col lected after increasing mi l ling ti m es.
For pro cessing ti m es up to 1.25 h no phase tra nsform ati ons were observed. The
reducti on reacti on of Ni O ta kes place between 1.25 and 1.5 h of mi ll ing and a new
XR D pattern, consisti ng of the di ˜ra cti on l ines of Ni Al and alum ina, appears. Both
phases are form ed in sit u, di rectl y duri ng the MA process.The m i l ling pro cesswas
pro longed up to 40 h and resul ted in a further broadeni ng of the di ˜ra cti on l ines
onl y, testi fyi ng the m icrostructure reÙnement and/ or increase in interna l stra in.
The value of latti ce param eter of Ni Al was calcul ated as 0.2885 nm and rem ained
uncha nged after pro longed m i l l ing as well as af ter com pacti on of the powders.

Fig. 1. X RD patterns of N iO + A l powder mixture after milli ng for increasing times.
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The resul ts of the Hal l { W i l liamson analysis perform ed f or Ni Al interm etal l ic
compound are col lected in the Tabl e. For m i l ling ti me 1.5 h the m ean crysta l l i te
size D i s orienta ti on dependent, whi le the interna l stra in h ¯ 2

i
1 = 2 rem ains almost

the sam e in both di recti ons. On the contra ry , after 40 h of processing there is a
considerable increase in the interna l stra in for (100){ (200) di recti on and, at the
sam e ti me, som e stra in decrease in (110){ (220) di recti on. The above changes in
the interna l stra in levels are accom panied by changes of crysta l l i te sizes. A consid-
erable reÙnement is observed after 40 h of mi ll ing for (110){ (220) di recti on, f rom
70 nm down to 10 nm . Simul ta neously, the average crysta ll i te size in (100) À (200)
di recti on rem ains alm ost the sam e. The variati on in di ˜ra cti on peak broadening
wi th reÛection can be expl ained in term s of the correl ati on of interna l stra in wi th
elastic anisotro py of the latti ce [5].

T AB LE
C alculated crystallite size D and lattice strain h ¯ i

1 = 2 for N iA l

comp ound after various pro cessing.

Pro cessing D 1 00 À 200 h
1 2

100 200 110 220

1 2

110 220

[nm ] [%] [nm] [%]

1 h 30 min MA 15 0.59 70 0. 57

40 h MA 18 0.88 10 0. 34

40 h MA + DSC nm, 1 2

Heati ng the sam ple results in a considerable increase in m ean crysta ll i te size
of Ni Al up to 125 nm and a decrease in latti ce stra in down to 0.35%. Sim ulta ne-
ousl y, both anisotro pies have been rem oved. Fi gure 2 shows the Hal l { W i ll iamson
pl ot f or the sam ple after 40 h of mi ll ing and subsequent heati ng in the D SC
up to C.

Fig. 2. T he H all{Wi ll i amson plot for N iA l intermetallic comp ound after 40 h of pro-

cessing and subsequent heating in the DSC up to C .
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D SC studi es of short ti me m i lled sam ples (b efore the reacti on ta kes place)
reveal one exotherm ic e˜ect, whi ch can be attri buted to the reducti on of nickel ox-
ide, and endotherm ic one, associated wi th m elti ng of alum inium . The D SC curves
are presented in Fi g. 3.

Fig. 3. DSC curves recorded after various milli ng times for N iO + A l pow der mixture.

Fig. 4. X RD patterns for N iA l + A l 2 O 3 comp osite af ter consolid atio n.



192 D. Oleszak, A. Mi chalski , T . Maj ewski

For both m etho ds of powders com pacti on, i .e. resistance sinteri ng and pul se
electri c di scharge, the densiti es of about 90% of the theo reti cal value have been
achi eved. The obta ined di ˜ra cti on patterns for the com pacted sam ples (Fi g. 4)
are qual ita ti vely sim i lar to tho se ta ken af ter 2 hours m i l ling synthesi s (Fi g. 1). In
both cases there are no pha se tra nsform ati ons due to the consolidati on pro cesses,
however, a signi Ùcant increase in avera ge Ni Al crysta l l i te size is observed, up to
several hundreds of nm .

4. Co n cl usion s

The use of m echanica l al loying/ reacti ve m i lli ng as a processing to ol for
nanocrysta l l ine interm etal l ic matri x composites is very pro mising and e˜ecti ve.
Ho wever, further studi es, includi ng densiÙcati on m etho ds (hot isostati c pressing,
cold isostati c pressing fol lowed by pressureless sinteri ng, shockwa ve compacti on,
spark pl asma sinteri ng, micro wave sinteri ng) are necessary to get a ful ly dense
m ateri al wi th preserved nanocrysta l l ine structure. These studi es al low us to under-
stand and opti m ize the correl ati ons between pro cessing, structure, and pro perti es.
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