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Solid-state reaction induced by milling of a 
mixture of cobalt and boron powders 
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A mixture of polycrystalline elemental cobalt and boron powders in the atomic ratio Coe7Baa 
was mechanically milled for 150 h. The milled powders were examined by X-ray diffraction, 
extended X-ray absorption fine structure spectroscopy and differential scanning calorimetry. 
Two steps where energy was regulated by different full/void volume ratio in the vials were 
carried out. In the first milling step ( f /v= 1/1) amorphization involves only a portion of the 
starting powder and reaches a steady state after 25 h. More energetic conditions ( f /v= 1/5) 
lead to almost complete amorphization of the sample after 70 h, and in the final stages the 
formation of crystalline t-Co2B is observed. Then a steady state, in which both amorphous and 
crystalline phases coexist, is reached. 

1. I n t r o d u c t i o n  
Several different methods have been developed so far 
for the preparation of amorphous metallic alloys; 
among them the rapid quenching of melts is widely 
adopted, and products in the form of splats, thin films, 
ribbons and wires are prepared by splat cooling and 
melt spinning [1]. Fine powders are also obtained via 
an ultrarapid quenching technique by melt atomiz- 
ation methods [1]. 

Melting is, however, not necessarily required: an- 
nealing at relatively low temperatures [2] and cold 
rolling [3] of multilayer polycrystalline materials as 
well as mechanical alloying of mixtures of elemental 
metal powders [4, 5] lead to the formation of amorph- 
ous alloys via solid-state amorphization reactions 
(SSAR). Anomalously fast diffusion of one element 
into the other as well as a large negative heat of mixing 
seem to be essential requirements in the systems re- 
ported so far as undergoing SSAR. Most of the sys- 
tems studied refer to bimetallic alloys of one early and 
one late transition element and a few to metal- metal- 
loid ones; among these metal-silicon amorphous al- 
loys have been obtained by SSAR induced by multi- 
layer annealing [6-9] and by mechanical alloying [10]. 

Solid-state amorphization of metal-boron systems 
seems to be more difficult [11]. On the other hand 
Me-B amorphous alloys in a wide range of composi- 
tions have been prepared by rapid quenching [12] and 
amorphous Me-B powders have been obtained by 
chemical reduction of metal ions in aqueous solutions 
[13, 14]. Recently an amorphous phase obtained in an 
Ni-B-Ni trilayer has been reported [15]. 

We report herewith amorphization by mechanical 
alloying of a C067B33 mixture of the powdered ele- 
ments. The atomic composition was chosen in order 
to keep the Co/B ratio close to that found in the 
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amorphous powders prepared by chemical reduction 
of Co 2+ by KBH 4 [14]. 

2. Experimental procedure 
2.1. Milling 
A mixture of polycrystalline powders of cobalt (Ven- 
tron 99.8%, containing both h.c.p, a-Co and f.c.c. 
[3-Co) and boron (Ventron 99.7%) in a weight ratio 
corresponding to a formal Co67B33 composition were 
milled in a planetary Fritsch Pulverisette 5 ball mill, 
with a balls/powder weight ratio around 5.5. 

Tempered steel vials were sealed under pure argon 
in order to avoid oxygen contact; excessive heating 
was controlled by a cold air jet and by alternating 
milling and rest periods at 5 min intervals. The energy 
transfer to the system was regulated by the full/void 
volume ratio (f/v) in the vials; a low energy transfer 
step (f/v = 1/1) and a high one (fly = 1/5) were 
successively carried out. 

2.2. X-ray diffraction (XRD) 
SSAR was followed by X-ray diffraction spectra ob- 
tained from small portions of the mixture, sampled at 
regular time intervals in a glove bag filled with argon. 
Spectra were recorded on a Seifert 0-0 diffractometer 
using MoK~ radiation in the angular range 
2 ~  ~ 

2.3. EXAFS 
Extended X-ray absorption fine structure (EXAFS) 
spectra on the Co K-edge were collected on some of 
the samples used for XRD analyses, Data were collec- 
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ted at the EXAFS-I beamline at LURE (Orsay) using 
synchrotron radiation produced by the DCI storage 
ring operating at 1.85 GeV and 200 mA; a channel-cut 
Si 331 monochromator was used. 

2.4. Differential scanning calorimetry (DSC) 
A portion of the sample which showed maximum 
amorphization (70 milling hours) was heated up to 
500~ in a DSC 7 Perkin-Elmer calorimeter, at a 
heating rate of 30 ~ min- 1 under an argon flux. 

3. Results and discussion 
The XRD pattern of the starting powder mixture is 
shown in Fig. 1 a. Comparison of the intensities of the 
(200) peak due to f.c.c. 13-Co [16] and of (1 00) and 
(1 0 1) peaks due to h.c.p. {z-Co [17] indicates that 13- 
Co, stable over 450~ but still retained at room 
temperature, is quantitatively predominant; the re- 
maining peaks of the two forms are mostly super- 
imposed and are not discernible. No peaks ascribable 
to boron are evident, due both to its low weight 
content and to its small scattering factor. 

Fig. lb shows the spectrum of the sample after 10 h 
milling; h.c.p, resolved peaks, although broadened, 
maintain their original intensity. A definite intensity 
decrease is clearly evident for the (200) f.c.c, peak, 
indicating that the metastable phase is most affected in 
the early milling stages. This fact is also confirmed by 
the intensity drop of superimposed (0 0 2) h.c.p, and 
(1 1 1) f.c.c, peaks. The intensity variation is accom- 
panied by the appearance at the bottom of the main 
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Figure 1 X-ray diffraction spectra (MoK=) for (a) starting powder, 
and samples milled for (b) 10, (c) 43, (d) 70 and (e) 150h (arbitrary 
intensity units). (�9 h.c.p, s-Co, (@) f.c.c. [3-Co. 
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peaks of a halo which keeps increasing up to 25 
milling hours; the prominent peaks remain present at 
their original angular positions, although they con- 
tinue to broaden. 

No significant variations were observed after a 
further 18 (43 total) milling hours (Fig. lc), when 
Bragg peaks due to crystalline cobalt were still 
present. 

At this point milling conditions were changed by 
increasing the collisional energy transfer in order to 
favour the amorphization progress. Since the angular 
rotation rate of the mill was close to maximum the 
sample and the balls were transferred to larger vials, 
thus lowering the full/void ratio to 1/5 and increasing 
the mean free path of the balls and therefore their 
kinetic energy. 

After 27 (total 70) hours of further milling under the 
new operational conditions the sample reached an 
almost complete amorphization, as shown by the 
pertinent diffraction pattern (Fig. ld); here the 
amorphous halo is predominant and Bragg peaks are 
barely discernible. Milling was continued but no pro- 
gress in amorphization, as inferred from the area of the 
halo, was estimated; Bragg peaks of a crystalline 
phase, lately identified as t-Co2B [18], started instead 
to appear. Their peak intensity reaches a maximum 
which is that shown in the diffraction pattern obtained 
after a total of 150 milling hours (Fig. lc). The t-CozB 
peaks are broadened, indicating that its crystallites 
remain rather small as an effect of milling, which 
hampers their growth. The amorphous halo shows 
neither a significant flattening nor a widening with 
respect to that in Fig. ld. 

Fig. 2 shows the spectra of the sample at the end of 
the milling process (150 h) as well as those which result 
after thermal treatments. These show that the in- 
tensities of both t-Co/B and f.c.c. 13-Co peaks increase 
with temperature. 
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Figure 2 X-ray difl?'action spectra (MoK~) for (a) as-prepared final 
mil]ing product, and after thermal treatment at (b) 300, (c) 400 and 
(d) 500 ~ (arbitrary intensity units). (@) [3-Co, (�9 CozB. 



Fourier transform moduli of EXAFS interference 
functions from samples milled for 15, 43 and 70 h are 
reported in Fig. 3a-c, together with that from an f.c.c. 
]3-Co (Fig. 3d) reference foil. The F(r) of the f.c.c. Co 
sample differs significantly from that reported for 
h.c.p. Co [19] in the range 0.43-0.52 nm, where the 
f.c.c, structure shows an extraordinarily intense peak 
due to a focusing effect of the fourth shell [203. 

F(r) functions of the samples after 15 and 43 milling 
hours (Fig. 3a and b, respectively) are very similar; 
both show a drop, more evident at large distances, in 
the area of all the peaks with respect to their crystal- 
line counterparts. This fact confirms the X-ray results 
that early milling stages lead rapidly to a partial 
demolition of the crystalline network followed by a 
stationary state, when amorphization is far from being 
complete. 

The more energetic conditions of the second milling 
step lead to a final product which gives an interference 
function and an F(r) much closer to those exhibited by 
amorphous alloys of similar composition obtained by 
melt-spinning and chemical reduction [21, 22]. All 
show a large peak centred at about 0.2 nm like that in 
Fig. 3c. Some weak extra peaks present in the milled 
sample, particularly that centred at 0.46 nm, suggests 
that the small fraction of crystalline cobalt still present 
is due to f.c.c, phase. 

Fig. 4 shows the DSC trace from the 70 h milled 
sample. It has two significant peaks: the first, rather 
small, around 300 ~ can be ascribed to the growth of 
cobalt crystallites which did not take part in the solid- 
state reaction. This hypothesis is confirmed by the 
X-ray spectrum of the sample heated up to 330 ~ and 
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Figure3 EXAFS F(r) for samples milled for (a) 15, (b) 43 and 
(c) 70 h, and for (d) f.c.c. 13-Co reference foil. N. B. The intensity of(d) 
is reduced by a factor of two. 
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Figure 4 DSC trace for 70 h milled sample. 

' 6 ' 10 14 18 
8 (deg) 

Figure 5 X-ray diffraction spectra for (a) 70 h milled sample and 
(b) after DSC analysis carried out up to 500~ (arbitrary intensity 
units). (0) 13-Co, (O) CozB. 

then rapidly quenched; it shows the reappearance of a 
faint peak at 0 = 10 ~ common to the two phases of 
metallic cobalt. 

The second and larger DSC peak is mainly due to 
the crystallization of t-CozB and partially to the 
h.c.p.-f.c.c, transition of metallic cobalt; this is con- 
firmed by the XRD spectrum of the sample heated up 
to 500 ~ which shows a peak at 0 = 11.5 ~ due to the 
(2 0 0) f.c.c, cobalt reflection (Fig. 5). 

The following sequence of events seems to be con- 
sistent with the experimental facts reported above. In 
the beginning the cobalt and boron crystalline pow- 
ders are intimately crushed and their surface contact is 
therefore enlarged; this is followed by the diffusion of 
the smaller species (B) into the larger one (Co), with a 
consequent disordering of its crystalline lattice, in 
agreement with the mechanism suggested to explain 
the solid-state amorphization reaction in analogous 
systems [15, 23]. Afterwards the amorphous phase 
increases amid the component layers and at their 
expense, as supported by the broadening and lowering 
in intensity of the crystalline cobalt peaks; these, on 
the other hand, do not shift from their angular posi- 
tions, excluding the formation of any crystalline solid 
solution. 

The amorphous phase increases up to a maximum 
when its own presence becomes a barrier to the further 
diffusion of boron; diffusion is hampered by the ab- 
sence in the amorphous state of point and line defects 
and of grain boundaries. A similar behaviour has been 
observed in an Ni-B multilayer [-15], where the 
amorphous phase does not grow beyond a 40 nm 
thickness. 
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When milling is restarted under more energetic 
conditions the barrier which opposed the diffusion of 
boron is overcome, and the amorphous phase keeps 
growing up to a point when the presence of crystalline 
cobalt is barely detectable both in XRD and EXAFS 
spectra. 

The higher kinetic energy associated with the balls 
also helps the diffusion of the host element (Co) and 
produces proper conditions for the formation of 
crystalline t-Co2B [23]. Then a steady state is reached 
in which both amorphous and crystalline phases 
coexist. 
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