JOURNAL OF MATERIALS SCIENCE36(2001)1817—-1821

Mechanical and magnetic properties of Ni-Co
dispersed Al,O; nanocomposites
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Effects of the fabrication processing on the microstructure and properties of composites
were investigated. High-density Ni-Co dispersed-Al,O3; (Al,03/Ni-Co) composites were
obtained by hydrogen reduction and consolidated using hot pressing and pulse electric
current sintering (PECS) of Al,O3, Ni(NO3),-6H,0 and Co(NO3),-6H,0O powder mixtures.
Microstructural investigations of the hot-pressed composite fabricated using again wet/dry
ball-milled powder mixture after calcination revealed that fine Ni-Co particles, about

145 nm in diameter, dispersed homogeneously at the matrix grain boundaries. In particular,
fine microstructure of dispersion with the average size of 90 nm was realized for the
specimen consolidated by PECS method. High strength of over 1 GPa and hardness of

19 GPa were measured for the nanocomposites prepared from the again ball-milled powder
mixture. The ferromagnetism of nano-sized Ni-Co contributes to the magnetic properties of
the composites. A change in the coercive force with dispersion size was observed. Also, the
extent of magnetic response by an applied stress was strongly influenced by the size of
Ni-Co particles. The relations between microstructure and mechanical as well as magnetic
properties are discussed. © 2001 Kluwer Academic Publishers

1. Introduction Co dispersed AlO3 (Al,03/Ni-Co) composite with
There has been strong interest during recent years ithe inverse magnetostriction [4, 5]. This earlier study
the concept of nanocomposites involving the incor-indicated that the nanocomposite with desired mi-
poration of the nano-phase (of order 100 nm in sizekrostructure and high strength above 1 GPa could be
into a ceramic matrix phase [1]. Advantageous effectgabricated by the hydrogen reduction and the hot press-
reported include enhancement of mechanical propefing of Al,Oz, Ni(NO3),-6H,0O and Co(NQ)2-6H,O
ties, e.g. strength, toughness and improvement in highowder mixtures. Also, the fabricated nanocomposites
temperature properties. In fact, the strengths were reshowed the inverse magnetostrictive response to ap-
ported to increase from 350 MPa for 8); to over plied stress, because of the Ni-Co dispersions. This re-
1 GPaforthe 5vol% SiC composite. Moreover, ceramicsult implies a big possibility to introduce new functions
nanocomposites that have nano-sized functional matesuch as stress sensing into structural ceramics.
rials asthe dispersion, such as Ni-disperseta[2] or Considering the sensitive dependence of magnetic
BaTiOs-dispersed MgO [3], have also been found to ex-properties on magnetic domain state [6], it is expected
hibit attractive magnetic and electronic functions with-that microstructural characteristics such as dispersion
out loosing their excellent mechanical properties duesize can give a significant influence on the inverse
to the peculiar role of incorporated nano-sized phasemagnetostrictive behavior of the prepared composites.
in physical properties. A closer study of how the microstructure affects the
Motivated by an interest in a synergetic combina-magnetic properties including mechanical propertiesis,
tion of improved mechanical properties and excellentherefore, considered to be ofimportance for fabricating
functionality in metal-dispersed-AD; systems, we the composite having desired properties. In the present
investigated the feasibility of the fabrication of Ni- study, the effect of dispersion size on the mechanical
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and magnetic properties is investigated for,@d/

Ni-Co composites. To give the variation of microstruc-
tural characteristics in composites, we have applied the . ».
different powder preparation processing and the con*§
solidation method.

2. Experimental procedure
High-purity Ni(NO3)2-6H,O and Co(NQ@),-6H,O
(High Purity Chemetals Lab., Japan) powders were
used as a source material for Ni-Co. The compositio
of Ni-Co was 95.5 wt% Ni-4.5 wt% Co. Weighted ni-
trate powders, corresponding to 10 wt% of Ni-Co inthe 8(a)
final composite, were initially dissolved in 200 ml al-
cohol. Subsequently-Al,O3; powder (AKP-53, Sum-
itomo Chem. Co., Japan) was mixed with the above-_/
mentioned solution and ball milled for 24 h with high
purity Al,Oz3 balls. After calcinationin air at 45C, soft
agglomerates of the calcined powders were crushed b\
dry ball-milling for 24 h (process A) or again wet/dry
ball milled for 24 h using AdO3 balls (process B). The
powder mixtures were kept in graphite die and reduceq, ¢
by H, gas at 700C and 1100C for 1 h. Then, sinter- | 1 -
ing was performed at 145Q for 1 hin Aratmosphere " *
with an applied pressure of 30 MPa. Pure®4 was _{L
sintered under the same conditions as the composite & %,
The processing details have been described in our prép'
vious paper [5]. sl e

For the variation of microstructural characteristic, ) )
the powder mixture of process B was consolidate@'g”re 1 SEM micrographs of microstructures for the,®s/10 wt%

. . . i-Co composites hot-pressed at 1460or 1 h; The powder mixtures
by a pulse EIECt”C_ current sintering (PECS) met_ho sed were prepared by (a) process A and (b) process B. The composites
at 1350C for 10 min in a vacuum under an applied were thermally etched at 1350 for 15 min.

pressure of 30 MPa, using a spark plasma sintering

system (SPS-2080, Sumitomo Coals Mining Co. Ltd.,

Japan). After applying the given pressure, the sampléomposites were composed entirely of,®4 and
was heated to the sintering temperature with the heatinbfi-Co. Neither residual metal oxides nor reaction phase
rate of 100C/min. The composite prepared by PECSWas observed. Almost full density of above 98.5% was
method is designated as process C. achieved all composites.

The microstructure was characterized by scanning Typical SEM micrographs of the etched surfaces for
electron microscopy (SEM) and more detailed bythe composites with different powder processing are
transmission electron microscopy (TEM). The dis-shown in Fig. 1, in which the bright and spherical
persion sizes were estimated from the measuremengases are the Ni-Co particles. The micrographs clearly
of more than 150 dispersions which were selecteshow a strong effect of the milling condition on the
from TEM micrographs. The hot-pressed bodies werdnicrostructural evolution of the hot-pressed compos-
cut, grounded and polished into rectangular bars wittites. As shown in Fig. 1a, the composite, fabricated by
3x4x 37 mm in size. Then, more than five speci- process A, exhibited abnormally grown matrix grains
mens were subjected to three-point bending tests (spaBnd large dispersion size. Conversely, the microstruc-
30 mm) with a cross-head speed of 0.5 mm/min to deture ofthe composite (Fig. 1b), fabricated from the pow-
termine the fracture strength. Vickers indentation, usingler mixture that was again ball-milled after calcination
98 N-load applied for 15 s, was used to determine thdprocess B), was characterized by a homogeneous dis-
hardness of the materials. persion of fine Ni-Co particles and uniform matrix grain

The magnetization change of the composites unsize. As reported in earlier studies [5, 8], this discrep-
der an applied stress was estimated by measuringncy was attributed to the different mixing homogeneity
the AC susceptibility under uniaxial compression with of initial powder mixtures and resulting role of disper-
Hartshorn bridge method, and the applied stress wasion as grain growth inhibitor in microstructural evolu-
varied from 0to 150 MPa. The detailed instrument setugion. Thus, the fact that a homogeneous dispersion of
is described elsewhere [7]. second-phase particles can be obtained by ball-milling

after calcination explains the homogeneous microstruc-
ture obtained by process B.
3. Results and discussion The microstructures for the AD3/10 wt% Ni-Co
3.1. Microstructure composites that have been sintered by hot-pressing
XRD analysis revealed that Ni- and Co-nitrate wereand PECS method using the same powder mixture of
completely converted to metallic Ni-Co, and all process B are shown in Fig. 2a and b, respectively.
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TABLE | Mechanical properties for AD3/10 wt% Ni-Co composites
and AL O3 fabricated by different processing

Vickers Hardness Fracture strength
Sample (GPa) (MPa)
Composite (process A) 174#0.44 722+ 62
Composite (process B) 19400.48 107G+ 72
Composite (process C) 19410.31 Not measured
Monolithic Al,0O3 17.8+0.26 524+ 114

tributions of the fine-grained microstructure ofo8k
matrix [10] as shown in Figs 1 and 2 and by the hard-
ening itself of Ni-Co particles [11].

As summarized in Table I, by incorporating a fine
dispersion, the composites prepared by process A and
process B showed enhanced fracture strength. SEM
investigations revealed that the average grain size of
the monolithic AbO3 was 1.3um, whereas that of
the AlLO3z matrix in the composites prepared by pro-
cess A and process B was reduced to Quf8 and
0.67um, respectively. Considering the measured grain
sizes, it is reasonable to expect the fracture strength to
increase as the grain size decreases, as suggested by the
Griffith criterion for brittle fracture [12]. On the other
hand, the fracture strength of the composite prepared
by process B showed higher values than that of the
composite prepared by process A. Generally, it is well
Figure 2 Typical TEM microstructure of the ADs/10wt% Ni-Cocom-  Known that an inhomogeneous distribution of a second
posites; (a) process B, hot-pressed at t@and 30 MPa for 1 hand  phase and abnormally grown grains are harmful to me-
(b) process C, sintered by PECS at 138@ind 30 MPa for 10 min. chanical properties, often acting as the fracture origin

[13]. Therefore, the high strength of the composite pre-

pared by process B may be caused by the refinement of
In the composite sintered by hot pressing (Fig. 2a)the matrix grains and homogeneous microstructures.
the Ni-Co particles (the dark and spherical phases) are Fracture strength for the composite sintered by PECS
homogeneously dispersed at the,®@4-Al,O3 grain  method (process C) was not measured, because of the
boundaries. From the TEM observations, the averagemall size of the sintered specimen (20 mm in diameter)
size of dispersions was estimated to be 145 nm. Hencégr the three-point bending test with a span of 30 mm.
in this investigation the composite is classified as arHowever, it is generally known that the materials sin-
intergranular-type nanocomposite [1]. The microstructered by PECS method had improved mechanical prop-
ture of the composite sintered by PECS (Fig. 2b)erties than those obtained by hot pressing [14]. Also,
showed the same features as the hot-pressed compa®nsidering the microstructure and hardness shown in
ite. However, the average dispersion size significantlyFig. 2b and Table |, the composite prepared by process C
decreased as 90 nm, and fine Ni-Co particles were digs believed to have enhanced fracture strength. Further
persed within the AlO3 matrix grains and at the grain investigation onthe characterization of fracture strength
boundaries. Considering the high heating rate and shoi$ currently in progress.
sintering time in PECS method, it is suggested that the
decrease in dispersion size for sintered composite was
attributed to the minimized coalescence of dispersiorg 3 Magnetic properties

particles [9]. The dependence of the mechanical properties on pow-
der processing was discussed in the previous section. In
this section, we discuss the modification of the magnetic
3.2. Mechanical properties properties of the composites that are caused by the dis-
The mechanical properties of the composites are sunpersion of Ni-Co particles and different fabrication pro-
marized in Table | and compared to those of monolithiccessing. The dependence of magnetization on the ap-
Al,O3. The hardness of the composites varied dependslied magnetic field for composites was estimated using
ing on the processing steps. In case of the composite vibrating sample magnetometer with an applied mag-
prepared by process A, the hardness reached a valuetic field up tot400 kA/m at room temperature. The
of 17.7 GPa. However, the composites prepared byarameters that are related to the magnetic properties
process B and process C exhibited obvious hardeningre summarized in Table II.
and obtained a maximum value of around 19 GPa. This The spontaneous magnetization for composites is al-
hardening is supposed to be accounted for by the cormost the same at about 0.66 T (Tesla). The coercive
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TABLE Il Magnetic properties and dispersion size of®4/10 wt% 6 T T T
Ni-Co composites

Saturation Coercive  Dispersion St c ]
magnetization force size [
Sample ©) (kA/m) (nm) ~ 4r 1
5
Composite (process A) 0.65 5.37 370 = 3L i
Composite (process B) 0.66 6.45 145 B
Composite (process C) 0.66 6.65 90 % 5 A

force of the composites showed different values 1 .

depending on the processing, from 5.37 kA/m to - 1
H 1 2 1 A 1 " 1 2

6.65 kA/m. The coercive force_ is yvell—kno_wn to be 00 100 500 300 200

strongly dependent on the grain size, residual stres Dispersion Size (nm)

and dislocation density [15, 16]. When the particle size

of a magnetic material decreases, its magnetic StruGsigure 4 Effect of the dispersion size on the magnetization change

ture varies from a multidomain state to a single-domainaM/Mo) at the same applied stress of 150 MPa. The symbol repre-

state, to reduce the total energy of the system; hencgnts the process designations.

a high coercive force is expected. In the present ex-

periment, it is not clear whether the dispersed Ni-Co . . . .
particles have single domain structure or not. HOW_applled stress is strongly influenced by the microstruc-

ever, considering that there are a number of smaIIeP"ral characteristics which resulted from different pro-

particles that exist in the composites prepared by progessmg route. . .

cess B and process C (Fig. 2), it seems that some of AS Summarized in Table II, the main difference
the dispersions might have a single-domain structure2M°Nd the composites was_the size of magnets d'.s'
Thus, it is suggested that the decreased dispersion si grsion. Bgsed on th.'s conS|derat|on, the relationship
was mainly responsible for the increase in coerciva’€tWeen dispersion size and magnetization change was
force. analyzed. Fig. 4 shows the magnetization change of

In our previous paper [4], the inverse magnetostric—compoSites at an _applied pressure of 150 M'Pa, as a
tive behavior in AJO3/Ni-Co composites was con- function of dispersion size. The tendency of increas-
firmed by measuring the magnetization change subiNg magnetization change with decreasing dispersion

jected to applied stress. In this paper, we investigate th)%ize Is clearly ShOW’.‘ ".1 this figure. Qonsidering that the
effect of microstructural characteristic on the inverse!'VErsé magnetostrictive response is mainly dependent

magnetostrictive behavior. Fig. 3 shows the magnetiza®" the magnet domain rotation and magnetostriction

tion change, abbreviated a& /M), against applied valug of ”_‘ate”a'.s [6.17,18], the ma_in 'inflgence' bt
uniaxial stress for three composites with different pro-PErSion size on inverse magnetostriction is believed to

cessing route, wher& M is the difference between the arise through its effects on domain structure. However,

magnetization subjected to stress and the initial ma the detailed effect of domain structure on the inverse

netization without applied stresa (o). It is evident magnetostriction is difficult to clarify here, because it

that the magnetization change in all the composites inStill reveals an unclear feature. Although the effects

creased linearly as the applied stress increased. Als§ MIcrostructure on extrinsic magnetic properties are
the composite prepared by process C is considered fficult to de_sc_:r_lbe theoretically, it h_owever suggests
be effective in amplifying the sensitivity. This result is that the sensitivity of the magnetization change under

suggested that the extent of magnetic response by &' applied pressure can be controlled by the dispersion
size

@ —9 Process C
- B—m Process B

A —2 Process A

AM/M. (%)

[ w L 4 = ~3
1

0 50
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Figure 3 Magnetization change\(M /Mp) with applied uniaxial stress
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for the composites with different fabrication processing.
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4. Conclusions

This work demonstrated the effects of processing
on the microstructure and properties of composites.
Al,03/10 wt% Ni-Co nanocomposites prepared from
the again wet/dry ball-milled powder mixtures after
calcination (process B) showed marked refinement
of Al,O3 grain size and homogeneous distribution of
nano-sized Ni-Co. In particular, fine microstructure of
dispersion was realized for the specimen consolidated
by PECS method.

The composites fabricated by hot pressingand PECS,
using the powder mixture of process B, exhibited obvi-
ous hardening and obtained a maximum value of around
19 GPa. Fracture strengths of over 1 GPa were mea-
sured for the nanocomposite prepared from the powder
mixture of process B. The strengthening was caused by



the refinement of the matrix grains and homogeneousa4.
microstructures. 5.
The ferromagnetism of nano-sized Ni-Co contributes &
to the magnetic properties of the composites. A change,
in the coercive force with dispersion size was observed.g.

Also, the extent of magnetic response by an applied
stress was strongly influenced by the size of Ni-Co par- 9

ticles. The effect of dispersion size on the coercive force
, o : 10.

and the inverse magnetostriction was attributed to a pos-
sible change of domain structure. 1

12.
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