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Abstract

Thick-film magnetoresistive sensors based on Ni and Co fine powders have shown promising
results. In order to improve their performance Ni, Co and Ni—Co powders were prepared by the
polyol process. The metallic powders were characterised by simultaneous thermogravimetric
and differential thermal analysis (TGA-DTA), X-ray diffraction analysis (XRD) and scanning
electron microscopy (SEM).
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1. Introduction

Fine Ni, Co and Ni—Co alloy powders are required for developing magnetoresistive
sensors in thick-film form [1-4]. These sensors can detect and measure physical
quantities such as distance, linear and angular position and rotation speed [5]. Thick
films obtained by firing in N, pastes based on commercial Ni and Co fine powders
(Ni/Co atomic ration, a.r., 70/30) have shown good results [6]. It is expected, however,
that devices based on finer Ni and Co powders or on Ni—Co alloy powders should show
larger magnetoresistance anisotropy and lower thermal coefficient of resistance [7].

It has been reported that the reduction of M(1I) and M(I) inorganic compounds in
polyols gives good yields of micronic and submicronic metallic powders, the polyol
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acting both as reaction medium and reducing agent [8]. The first step of the reaction is
the dissolution of the precursors, then the reduction in the liquid phase occurs. Finally,
the nucleation and growth of the metallic phase take place [9].

In previous papers [ 10-12] the authors have reported the preparation of Ni, Co and
Ni—Co powders starting from different precursors in various polyols. This paper
mainly deals with the microstructural characterisation of the metallic powders ob-
tianed by the use of various techniques in combination.

Information on the chemical composition (presence of unreacted precursors or
by-products) and the microstructure of the Ni, Co and Ni~Co powders was first
obtained by DTA-TGA. The characterisation was completed by XRD analysis and
SEM observations.

2. Experimental
2.1. Materials

Ni, Co and Ni—Co alloy powders were prepared as described below. The preparation
of the M(II) precursors has been reported elsewhere [10-12]. The commercial chemi-
cals were Aldrich (Reagent Purity Grade).

Ni powders
30mmol of freshly prepared Ni(IT) bis-acetylacetonate (Ni(acac),) were added to
300 ml of 3,6-dioxaoctane-1,8-diol (triethyleneglycol, TEG) (b.p. 285°C).

Co powders
15mmol of Co(ll) bis-acetylacetonate (Co{acac),), commercial (a) or freshly pre-
pared (b), were added to 30 ml of 1,2-ethanediol (ethylene glycol, EG) (b.p. 196-198°C).

Ni—~Co powders

(a) 30mmol of commercial Ni(II) acetate tetrahydrate (Ni(OAc),-4H,0) and
10 mmol of commercial Co(II) acetate tetrahydrate (Co(OAc),-4H,0) were added to
100 ml of EG.

(b) 30mmol of commercial Ni(II) acetate tetrahydrate (Ni(OAc),-4H,0) and
10 mmol of commercial Co(II) acetate tetrahydrate (Co(OAc),-4H,0) were added to
100 ml of 2,2’-oxydiethanol (diethylenglycol, DEG) (b.p. 285°C).

(c) 48 mmol of freshly prepared Ni(Il) hydroxide (Ni(OH),) and 15mmol of Co(II)
hydroxide (Co(OH),) were added to 100 ml of EG.

The mixtures were refluxed in air under magnetic stirring. In the case of Ni(acac), the
reactions were performed by refluxing the mixtures in air (a) and in water (b).

The products were washed with acetone and dried at room temperature. All the
metallic powders were obtained in good yields.

2.2. Measurements

The precursors and the powders obtained were characterised by the following
techniques:
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X-ray diffraction analysis ( XRD ) ( Philips mod. PW 1729 )

The XRD patterns were recorded using Zr-filtered MoK« radiation (4 = 0.071 nm) in
the 26 range from 5° to 65°. Precision line profiles were obtained by step scanning with
20 angular intervals of 0.005° and counting times of 20's for each step. Better resolved
XRD spectra were obtained using V-filtered CrKa radiation (4 = 0.229 nm).

Simultaneous thermogravimetric and differential thermal analysis (TGA-DTA)
(Netzschmod. STA 409)

The analyses were performed in static air, heating rate 5°C min~ !, sample weight
about 25 mg, reference sample alumina.

Quantitative analysis

The Ni/Co atomic ratio (a.r.) was determined following a volumetric procedure
described in the literature [13]. Scanning electron microscopy (SEM) was performed
with a Leica (Cambridge) mod. Stereoscan 360.

3. Results and discussion
3.1. Nipowders

In Fig. 1 is reported the thermal behaviour of Ni powders (a) and (b). Thermal
analysis of Ni powder (a) showed, on the DTA curve in the range 400-700°C, a small
exothermic signal at 400°C and a rather broad exothermic peak with its minimum at
570°C. A 27% weight-gain was detected on the TG curve.

The observed transformation was attributed to the oxidation of Ni to Ni(II) oxide
(NiO), as confirmed by XRD analysis performed on the product obtained after the
TGA-DTA measurements [ 14], and by literature data [15].

The DTA curve of Ni powder (b) showed a sharp exothermic peak with its minimum
at 380°C and a low-intensity exothermic bump with its minimum at 425°C. On the
TGA curve was recorded in the range 300-380°C a 5% weight-gain followed by
a weight loss of 2%. In the range 380-470°C a 15% weight-gain was found.

The effect around 400°C could be attributed to the superimposition of the oxidation
of the metal powder and the decomposition of traces of unreacted organometallic
precursor. The second transformation was associated with the oxidation in air of the Ni
powder.

It should be taken into consideration that the oxidation in air of the metallic powders
could lead to the formation of mixed oxide—nitride phases. However the investigated
techniques did not allow us to discriminate between the oxides and mixed oxide—nitride
phases.

The XRD patterns of Ni powders (a) and (b) are reported in Fig. 2. Ni powder (a),
obtained by refluxing the mixture in air, showed only the reflections of the face cubic
centred (f.c.c.) Ni lattice [16]. In the case of Ni powder (b), obtained by refluxing the
mixture with water, peaks of nickel carbide (Ni;C) were also detected [17]. The
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Fig. 1. TGA-DTA patterns of Ni powder (a) (1a) and Ni powder (b) (1b).

presence of Ni,C as a by-product in Ni powders obtained in TEG has already been

observed by other authors [18].
By comparing the two thermal analysis patterns reported in Figs. 1a and 1b, it was
observed that the oxidation of Ni powder (b) occurs in a lower and narrower

temperature range than that of Ni powder (a).
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Fig. 2. XRD (MoKa) profiles of Ni powder (a) (2a) and Ni powder (b) (2b).

Fig. 3 shows the SEM micrographs of Ni powders (a) and (b). The particle diameters
of Nipowder (a) ranged around 700 nm, while for Ni powder (b) an average particle size
of 150 nm was observed. Therefore, the different thermal behaviour may be due to the
lower mean particle size of Ni powder (d) compared to Ni powder (a).

Thus, products with different chemical purities and microstructures can be obtained
by reducing the same precursor in the same polyol, depending on the experimental
conditions.

3.2. Co powders

XRD patterns of Co powders showed a highly distorted hexagonal closed packed
(h.c.p.) lattice (Fig. 4). In Table 1 the 26 experimental positions obtained with precision
measurements are compared with those calculated for MoKa radiation using data
reported in literature [19]. The peak profiles were broadened and the d,,, values were
smaller than those reported in the literature [19]. Due to their preparation, the
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Fig. 3. SEM micrographs of Ni powder (a) (3a) and Ni powder (b) (3b).
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Fig. 4. XRD (MoKu) profile of Co powder (a).

Table 1

Comparison between 26 (/°) positions and d (/nm) values obtained by XRD (MoKa) precision measurements
(exp.) of Co (a) powder and those calculated (cal.} for Co h.c.p. using literature data [19].

(hkil) 1010 0002 1011
20, exp. 19.19 20.39 21.59
d x 107!, exp. 2.13 2.00 1.89
26, cal. 18.87 20.21 21.42
dx 1071, cal 2.16 2.02 1.91

powders were considered dislocation-free, and thus the observed peak broadening was
due to the small size of the crystallites which diffract coherently. This effect was more
evident in the case of Co powder (b), obtained from synthesized Co(acac),. The low
intensity peak centered at 22.1° (26) indicated with the symbol (%) in Fig. 4 does not
correspond to an h.c.p. reflection. In order to achieve better resolution the XRD pattern
was recorded using CrKa radiation but also in this case the peak appears very
broadened. Therefore, it was supposed that stacking faults in high density were present
in the h.c.p. lattice, giving raise to zones with f.c.c. packing inside the h.c.p. grains. An
analogous peak was observed by Cardellini and Mazzone in pure h.c.p. Co powders
ball-milled for 20 h; this was attributed to the (200) reflection of Co f.c.c. [20].
Thermal analysis performed on Co powder (a) (Fig. 5a) showed, on the DTA curve,
a broad exothermic peak with its minimum at 410°C, two exothermic peaks with their
minima at 680°C and 760°C, and finally a sharp endothermic peak with its maximum at
930°C. The TGA patterns showed three distinct steps. In the range 360-670°C, a 13%
weight-gain was found, a 19% weight-gain was recorded in the range 670-880°C, and
finally in the range 900-950°C a 9% weight-loss (with respect to Co) was detected.
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Fig. 5. TGA-DTA patterns of Co powder (a) (5a) and Co powder (b) (5b).

Fig. 5b shows the thermal behaviour of the Co powder (b). The DTA curve showed two
exothermic peaks with their minima at 400°C (broad) and 470°C (sharp), a shoulder at
530°C, and finally a sharp endothermic peak with its maximum at 920°C. Both DTA
patterns showed a small exothermic peak at 260°C.
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On the TGA curve a sample weight-gain of 34% was recorded in the range
300-600°C, and a 9% weight-loss (with respect to Co) was recorded in the temperature
range of the last DTA peak.

The TGA curve of Co powder (a) showed a slope change occurring around 670°C,
while a linear trend was observed in the case of Co powder (b) up to 600°C.

In order to explain this different behaviour, Co powders (a) and (b) were both heated
to 670°C (heating rate 5°C min~'). The XRD patterns are reported in Figs. 6 and 7.

The XRD spectrum of sample (a) (Fig. 6a) showed Co(IL III) oxide (Co,0,) reflec-
tions [21]; some other lines of minor intensity were also detected. To identify the other
phases present in the mixture XRD measurements were performed by using CrKao
radiation which gives better resolution (Fig. 7).

The peaks at 55.7 and at 56.3° (20) in Fig. 7, which correspond to CoO (111) [22] and
Co,0, (311) respectively, appear in Fig. 6 as a single line. Fig. 7 shows that the line at
20.2°(26)in Fig. 6 is also due to the overlapping of two reflections corresponding to Co
f.c.c.(111) [23] and Co,0, (400). Therefore the two main reflections (111) and (200) of
Co fc.c. confirm that besides Co,0, and CoO Co f.c.c. is also present in sample (a)
heated to 670°C. No reflections related to the Co h.c.p. phase were detected.

As shown in Fig. 6b, the XRD pattern of Co powder (b) heated to 670°C did not show
any signals related to Co f.c.c. or to Co h.c.p.. Reflections of CoO were found for this
sample also. These results were confirmed by CrKa radiation XRD spectra.
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Fig. 6. XRD (MoKa) profiles of Co powders (a) (6a) and Co powders (b) (6b).
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Fig. 7. XRD (CrKa) profiles of Co powders (a) after heating to 670°C.

Both Co powders (a) and (b) heated to 1200°C showed mostly CoO peaks [22]
(Fig. 8). These results are in agreement with literature data [15] and with the thermal
behaviour observed for the commercial Co powder (Aldrich).

It was supposed that the different oxidation rates of Co powders were due to the
different microstructural features.
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Fig. 8. XRD (MoKa) profile of Co powder (a) heated to 1200°C.
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SEM micrographs of Co powders shown in Fig. 9 confirm this hypothesis, since Co
powder (a) was more heavily agglomerated than Co powder (b). These results explain
the slower oxidation rate of the former observed by means of the thermal analysis.

3.3. Ni-Co alloy powders

The thermal behaviour of the Ni—Co alloy powders was characterised on the DTA
curve by a small exothermic peak at 280°C followed by a sharp exothermic peak in the
range 300-700°C. On the TGA curve a sample weight-gain of 27% was observed.
Fig. 10 shows the TGA-DTA pattern of Ni-Co powder (¢) (Ni/Co a.r. 70/30). The
experimental results suggested that the oxidation of the Ni—Co alloy to (Ni(II), Co(1I))
oxide ((N1, Co)O) occurred.

The XRD patterns of the Ni-Co alloy showed only the reflections of a Ni-like f.c.c.
pattern, as reported in previous papers [ 10-12]. No peaks related to the precursors, to
by-products or to the single metals were detected.

The XRD spectrum of Ni—Co alloy powders heated to 1200°C showed an NiO-like
lattice pattern only, and no reflections related to cobalt or nickel oxides were found
(Fig. 11).

Fig. 9. SEM micrographs of Co powder (a) (9a) and Co powder (b) (9b).
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Fig. 9. (Continued)
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Fig. 10. TGA-DTA patterns of Ni-Co powder (c).
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Fig. 11. XRD (MoKa) profile of Ni-Co powders heated to 1200°C.

The DTA patterns of Ni-Co alloy powders are compared in Fig. 12. The DTA curve
of Ni-Co (a) (Ni/Co a.r. 90/10) showed an exothermic peak in the range 400-700°C. In
the case of Ni~Co (b) (Ni/Co a.r. 70/30) the peak is split and shifted in the range

300-600°C.
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Fig. 12. TGA-DTA patterns of Ni—-Co powders (a) (12a) and (b) (12b).
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Fig. 13. SEM micrographs of Ni-Co powder (a) (13a) and Ni-Co powder (b) (13b).
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Fig. 13. (Continued)

Once more the different thermal behaviour was attributed to the different powders’
microstructures. This was explained in terms of more homogeneous and less agglom-
erated particles of Ni-Co (b) powder than Ni—Co (a) powder. These results were
confirmed by SEM, as shown in Fig. 13.

Thus, the microstructure of the Ni—Co alloy powders depends strictly on the polyol
used as reaction medium, as observed by other authors in the case of single metals [24].

As already observed in the case of Ni powders, the techniques used did not furnish
experimental evidence of the formation of mixed oxide—nitride compounds.

4. Conclusions

Ni, Co and Ni—Co powders were obtained by reduction of M(I) and M(II) inorganic
precursors in polyols. The products were first characterised by thermal analysis to
check the chemical purity and to detect and identify unreacted precursors or by-
products. By means of thermal analysis, preliminary microstructural information was
obtained and subsequently confirmed by XRD analysis and SEM observations. The
chemical purity, the atomic composition and the microstructure of the metallic
powders were greatly affected by the precursors, by the polyol and by the experimental
conditions under which the reactions occurred.
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