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Abstract

In this work, a Fe—Zr based alloy prepared by MA was investigated. The as-milled powders were characterized using X-ray diffraction, differ-
ential scanning calorimetry, induction coupled plasma, chemical analysis and scanning electron microscopy. Analysis shows small contamination
(<1.8 at.%) from the milling tools. In MA process, cold welding between particle and particle, and fracturing of the cold welded particles under high
energy collision are involved. The balance between cold welding and fracturing can be controlled by the addition of a surface additive, a process
control agent (PCA). Various PCAs such as: methanol, stearic acid, cyclohexane and PBTC were used. The results indicate that the impurities
introduced by the PCAs may produce considerable effects on the thermally induced crystallization process as well as on the structural behaviour
of the as milled powders, if compared with material synthesized without surfactant. We obtain materials with higher thermal stability and low
crystalline size (~6 nm). Nevertheless, in other samples the formation of a carbide and/or oxide phase or a high crystallite size (>60 nm) was found.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Mechanical alloying (MA) is a solid state process capable to
obtain metastable structures like amorphous and nanocrystalline
materials [1,2].

During MA, powder particles are subjected to high-energy
collisions, which causes the powder particles to be cold-welded
together and fractured [3]. A process control agent (PCA) is a
surface additive normally used in the milling processes in order
to control the balance between the fracture and welding. The
mechanism lies in the modification of the surface condition of
the deformed particles by impeding the clean powder to powder
contact necessary for cold welding [4]. The type of PCA also
plays an important role in the balance. Several PCAs, such as
cyclohexane [5], hexane [6], stearic acid [7], methanol [8], ethyl
acetate [9] or polyethylene glycol [10], are often used in MA.

In this work we have investigated the effect and the role of
different PCAs on the structural, compositional and thermal evo-
lution of the alloy structure of a FeNiZrB alloy produced by MA.
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2. Materials and methods

Elemental Fe and B with a Niy;Zr3 compound powdered particles were
milled in a Fritsch P7 planetary ball mill operated at 600 rpm. The composition
of the alloy is Fe7o(Ni7Zr3)15B;5. To avoid the influence of oxidation during
milling, the vial was filled with Ar gas before milling. In order to investigate
the effects of the species of PCA on the MA mechanism, methanol (CH3OH),
PBTC (C7H;;OgP), cyclohexane (C¢Hj7) and stearic acid (CH3(CH;)16CO2H)
were chosen. As much as 3 ml of PCA were added to the powders. The ball to
powder weight ratio was 5:1.

Morphology evolution was followed by means of scanning electron spec-
troscopy (SEM) using a Zeiss DSM960 equipment. In order to evaluate con-
tamination from milling tools and PCAs, elemental and chemical analysis were
performed by energy dispersive X-ray spectroscopy (EDX) using a Si-Li detec-
tor and Tracor EDX analyzer, by induction coupled plasma spectroscopy (ICP)
in a Liberty-RL ICP Varian equipment and by chemical analysis in a CE Instru-
ments 1110.

Thermal analysis was performed under Ar atmosphere (flow rate:
40mlmin~"). Isochronal crystallization kinetics was studied in a DSC30
Mettler-Toledo differential scanning calorimeter. X-ray diffraction (XRD) pat-
terns were carried out in a D-500 Siemens equipment using Cu K,, radiation

3. Results and discussion

The morphology of the powders was analyzed by scanning
electron microscopy. Fig. 1 shows three micrographs which cor-
respond to samples milled for 80 h of the alloys with cyclohexane
(B) and methanol (C) as PCA, and the alloy without PCA (A).
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Fig. 1. SEM micrographs of samples milled for 80 h. (A) Sample without PCA, (B) with cyclohexane and (B) with methanol (C).

The as-milled powder has a relatively broad distribution of par-
ticle size. Usually, the average particle size diminishes with the
increase of the milling time [11] as shown in Table 1. Lower
value, at about 12 pm, corresponds to alloy milled with cyclo-
hexane. The topology of methanol sample indicates a higher
specific surface if compared with ductile shapes of the other
micrographs.

In MA processes, a serious problem is the potential for sig-
nificant contamination from the milling media (balls and vial) or
atmosphere as well as the formation of non desired phases like
oxides, hydrides, nitrides or carbides [12,13]. Furthermore, the
milling of fine powders with organic PCAs containing atoms
such as O, C, H, etc., may affect the process. For MA sam-
ples, the contamination is favoured by the high surface/volume
ratio of the small particles. The contamination measured by
EDX and ICP in the powdered alloy increases with the milling
time. Nevertheless, the results show only slight (<1.8 at.%) con-
tamination from the solid milling tools (Fe, Ni and Cr) after

Table 1
Average particle size of the samples milled for 40 and 80 h

40-80h MA. The values are similar in all alloys. Further-
more, several microanalysis were performed and the carbon
and oxygen presence was detected as shown in Table 2. As
expected, the lower contamination values correspond to the non-
PCA alloy. The cyclohexane and stearic acid samples present
small contamination if compared with PBTC and methanol
samples.

Fig. 2 shows the X-ray diffraction patterns obtained for the
alloys milled for 80h. The majority of the X-ray diffraction
peaks correspond to the bcc Fe phase. Furthermore, carbide
(Fe3C) is found in PBTC and methanol samples, and mag-
netite (FezOy4), only in the methanol sample. Thus, methanol
and PBTC are not the most indicated PCA, at least in the milling
conditions chosen. Furthermore, the sample with stearic acid
has larger nanocrystalline size, about 68 nm, as determined by
Williamson—Hall analysis. Only the alloy milled with cyclohex-
ane has broader peaks, probably due to the formation of a more
disordered phase, that sample milled without PCA.

Table 2
C and O contamination in samples milled for 80 h

MA time (h) Without PCA Methanol PBTC Cyclohexane Stearic acid Element Without PCA  Methanol PBTC Cyclohexane Stearic acid
40 18 40 30 15 19 C 0.01 11.8 2.7 1.2 3.1
80 15 30 25 12 16 (¢} 14 19.2 9.4 1.4 29
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Fig. 2. XRD patterns of samples milled for 80 h: (a) without PCA, (b) methanol,
(c) cyclohexane, (d) PBTC and (e) stearic acid.

Fig. 3 shows the differential scanning calorimetry curves of
the mechanically alloyed powders. There is a broad hump in
the temperature range of 100-300 °C. The humps are associ-
ated with the relief of internal stresses, since no phase trans-
formations were detected in X-ray diffraction and Mossbauer
studies performed in alloys with similar composition [14,15].
The exothermic peaks over 300 °C correspond to the crystalliza-
tion processes. Cyclohexane and non-PCA samples have similar
thermal crystallization behaviour: two peaks, one at low tem-
perature (near 400 °C) and a main process. This main process
is about 40 °C displaced to higher temperature in the case of
cyclohexane. Other alloys present a temperature broad process.

The apparent activation energy, E, for the crystallization
processes of alloys milled 80 h was obtained in order to inves-
tigate how the PCA affects the crystallization behaviour. It was
evaluated using the Kissinger equation relating In(8/ sz) and
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Fig. 3. DSC scans at 10K min~! of samples milled for 80 h: (a) without PCA,
(b) methanol, (c) cyclohexane, (d) PBTC and (e) stearic acid.
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Fig. 4. Kissinger plots of the main crystallization process of alloys milled for
80h.

1/T,, with B the heating rate and T}, the peak temperature [16].
The crystallization data have been collected from DSC ther-
mograms, obtained with different heating rates (2.5, 5, 10, 20
and 40 Kmin~!). Fig. 4 shows the Kissinger plot with the lin-
ear fittings corresponding to the main crystallization process.
The values range between 599 and 288 kJmol~'. The lower
value corresponds to the alloy without PCA and the higher to
the methanol sample, the condition containing most O atoms.
This tendency is similar to that reported for the Ni-50 at.% Zr
[17] and Ti—Al [18] systems. In the Ni—Zr system the activation
energy for crystallization increased from 240 to 290 kJ mol~! by
addition of 2.3 at.% O. The values of the minor first crystalliza-
tion process, between 155 and 193 kJ mol~! seem reasonably to
be associated with a grain growth process [19]. A high defect of
the lattice, the immense magnification of the boundary surface
and high diffusion rate lead to low activation energies for the
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Fig. 5. XRD patterns of samples milled for 80 h after annealing during 30 min:
(a) at 400 °C without PCA, (b) at 400 °C with methanol, (c¢) at 500 °C without
PCA and (d) at 500 °C with stearic acid.
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Fig. 6. Crystalline size, L, as a function of milling time and annealing treatment
obtained from Williamson—Hall analysis.

transformation of the structure [20]. Similar results were found
in other Fe(Zr, Nb, Ni) based alloys [21,22].

The combination of higher activation energy and crystalliza-
tion temperature indicates high thermal stability of the structure
obtained after milling. From previous results, it is clear that the
best candidate to be compared to the sample without PCA is the
cyclohexane sample. Fig. 5 shows the crystallization products
of cyclohexane and non-PCA samples after annealing treatment
during 30 min at 400 and 500 °C, corresponding to the peak
position of the first crystallization process and to the end of the
main crystallization process of the sample without PCA respec-
tively. In all cases, the XRD patterns show a nanocrystalline
state. Figs. 6 and 7 show the crystallite size, L, and the lattice
strain, ¢, as a function of milling time and annealing temperature
obtained using the Williamson—Hall method [23]. The param-
eters obtained are shown in Figs. 6 and 7. As expected, the
increase of the milling time favors the reduction of the nanocrys-
talline size to values of 6 nm (cyclohexane) and 11 nm (without

12— °
] +
0.8 + 3
S :
@ ] < :
+ 1
04— ¢ ]
+ l
== whitout PCA %
©  Cyclohexane : $
00— \ T T T
5 20 40 80 400°C 500°C
MA Time (h) Annealing T

Fig. 7. Lattice strain, ¢, as a function of milling time and annealing treatment
obtained from Williamson—Hall analysis.

PCA) and an increase of the lattice strain. Ulterior thermal
treatments induce the growth of the nanocrystalls size. After
annealing at 400 °C, the values are of 22-26 nm. The results
after annealing at 500 °C confirm the higher thermal stability
of the nanocrystalline phase in the sample with cyclohexane as
PCA. Tt is known that the carbon from the decomposition of an
organic PCA as hexane increases the formation of a disordered
phase in the Fe—B system by C dissolution in the disordered
phase without the formation of crystalline carbide [24].

4. Conclusions

The Fe79(Ni7Zr3)15B15 alloy was obtained by MA of pow-
ders using methanol, PBTC, cyclohexane and stearic acid as pro-
cess control agents. The XRD analysis shows the formation of a
nanocrystalline phase (crystallite size: 6-68 nm). The increase
of the milling time favours the reduction of the nanocrystalline
size and an increase of the lattice strain. Furthermore, the car-
bide (Fe3C) phase is found in PBTC and methanol samples,
and magnetite (Fe304) in the methanol sample. Moreover, the
sample with stearic acid has the larger nanocrystalline size.

Structural relaxation at low temperature and two crystalli-
ation processes were found from DSC scans. Using Kissinger
analysis, the lowest apparent activation energy of the main crys-
tallization process corresponds to the alloy without PCA and the
highest to the O rich methanol sample. The values of the minor
first crystallization process, between 155 and 193 kJ mol~! seem
reasonably to be associated with a grain growth process.

Ulterior thermal treatments induce the growth of the
nanocrystalls. Annealing analysis confirm the higher thermal
stability of the nanocrystalline phase in the sample with cyclo-
hexane as PCA, probably due to C dissolution.
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