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Co-P ribbons have been obtained by electrodeposition on aluminium substrates. The effect of 
changing the current density (in the range 8-19 A dm -2) and the H3PO 3 concentration on the 
nature of the phases present in the "as-prepared" samples and their thermal evolution has 
been studied by X-ray diffraction analysis and differential scanning calorimetry. Amorphous 
and crystalline (fully or partly) products have been obtained, by changing the bath 
composition. Devitrification of the initially amorphous samples leads to cobalt (in the 
hexagonal and/or cubic form) and cobalt phosphide (Co2P) crystalline phases. A 
devitrification mechanism has been proposed. The presence of two amorphous phases in the 
glassy samples and the possibility of obtaining intermediate samples with crystalline and 
amorphous phases intermixed with each other, is suggested from the experimental results. The 
electrical resistivities of the products obtained have been measured. They are affected by the 
phosphorus content and develop after thermal treatments, in agreement with both 
microstructure changes and the nature of the crystalline cobalt phases formed. 

1. Introduction 
The possibility of obtaining amorphous magnetic ma- 
terials, having low coercive and saturation fields, is of 
great interest in the production of soft magnets. When 
produced by casting techniques, metallic glasses re- 
quire high quenching rates and therefore a splat- or 
roller-quenching apparatus, Amorphous Co P alloys 
are often produced by electrodeposition techniques 
[1-5] by properly selecting the electrolyte composi- 
tion and the current density. In this way the phos- 
phorus atomic fraction, x, of the Co l_xPx alloys can 
be varied and, when it is higher than 0.11, non- 
crystalline products are obtained. Correlations be- 
tween the physical properties and the phosphorus 
atomic fraction and the alloy structure have been fully 
established [6, 7]. Usually copper substrates are used, 
which are asported by means of chemical dissolution 
(500 g CrO 3 + 50 g H2SO 4 + 103 ml H20 ). 

It was shown [8] that amorphous, crystalline and 
intermediate partly crystalline structures can be ob- 
tained by means of electrochemical deposition on an 
aluminium instead of a copper substrate. In this case, 
the Co-P deposits can be separated mechanically 
from the substrate. This property can affect the struc- 
tural characteristics of the samples because the depos- 
ited materials do not form chemical bonds with the 
aluminium substrate so that new structural character- 
istics can be obtained as a function of current density 
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[8]. The objective of this investigation was to study 
both the thermal evolution and the electrical proper- 
ties of the products obtained by using the non-conven- 
tional substrate mentioned above. 

2. Experimental procedure 
Three bath compositions were used. 

(A) 180g COC12.6H20; 50g H3PO4; 12g HaPO3; 
1000 ml H20. 

(B) 180g COC12"6H20; 50g H3PO,; 34g H3PO3; 
1000 ml H20. 

(C) 180g COC12.6H20; 50g H3PO4; 26g H3PO3; 
1000 ml Ha0. 

A detailed list of the obtained samples is reported in 
Table I, As can be seen, the current density was 
changed in the range 8-19 Adm 2. The samples di- 
mensions were fixed by using inert plastic covers (80 
x 3 mm 2) on the aluminium substrate. The last one 
was accurately lapped and polished. Samples of 72 
+ 10 gm thick were obtained by electrodeposition for 

times in the range 30-60 rain. The samples were sub- 
jected to thermal analysis using a Netzsch heat-flux 
differential scanning calorimeter (DSC) model 404. 
A120 3 powder was used as reference material. 
The analysis was performed at a heating rate of 
l0 ~ rain 1 in a nitrogen atmosphere on small pieces 
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TAB L E I DSC peak temperatures of the electrodeposited samples 

Sample Bath Current DSC peak 
density temperatures 
( a  dm - 2) (~ 

A 1 A 8.3 - 
A z A 14.5 - 
A 3 A t8.7 - 
B 1 B 11.1 296, 372 
B z B 12.5 282, 389 
B 3 B 16.6 243, 404 
C 1 C 9.2 449 
C 2 C 16.6 455 

of C o - P  ribbons (~40mg) ,  suitable for the DSC 
sample holder, covered with A120 3 powder. 

X-ray diffraction analysis was performed using a 
Siemens diffractometer controlled by an Olivetti M24 
personal computer. Using CoK~ radiation, the C o - P  
samples were examined for an incidence angle within 
the range 20-80 ~ . 

The electrical resistivity measurements were carried 
out using a potentiostat Solartron 1286 in a galvano- 
static four-electrodes configuration. The current in- 
tensities across the sample were 10, l02 and l03 mA. 
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Figure 1 DSC curves of the investigated samples. 

3. R e s u l t s  and d i s c u s s i o n  
Fig. 1 shows the DSC curves of the samples. As can be 
seen, Samples B1, B2, B3, C1, C2 all exhibit exo- 
thermic peaks when heated in the DSC apparatus. 
Samples A1, A 3 (not shown in Fig. 1) behave like 
sample A 2. It is known that if a glass is heated in a 
DSC apparatus, when passing through the temper- 
ature range of efficient crystal growth (which, in the 
case of metallic glasses, is usually superimposed on 
the efficient nucleation temperature range [9]), de- 
vitrification takes place and the heat evolved gives rise 
to an exothermic peak on the DSC curve. Therefore, 
the DSC results are indicative of the fully crystalline 
nature of Samples A~, A 2 and A 3. It is interesting to 
observe that in the case of Samples B~, B 2 and B 3 
obtained from the Bath B, two exo-peaks were ob- 
tained. For the samples from Bath C, only one exo- 
peak was observed. As can be seen in Table I, the 
current density during the electrodeposition appears 
to influence strongly the values of the DSC peak 
temperature: a difference of 50 ~ separates the first 
DSC peaks of Samples B 1 and B 3. 

In order to check the amorphous nature of the other 
samples and to identify the crystalline phases that they 
form, after crystallization, X-ray diffraction analysis 
was performed. Figs 2 and 3 show the XRD patterns 
of the two sides of the ribbons A2, B~, C2 obtained 
from the electrodeposition; the "rear" side is that in 
contact with the substrate. As can be seen, Sample A 2 

is confirmed to be fully crystalline. Sample B~, al- 
though somewhat different on the "rear" side, is 
amorphous. Sample C2 is only partly amorphous. 
Therefore, they show substantial differences; minor 
differences were observed between samples obtained 
from the same bath. Also taking into account the 
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Figure 2 XRD patterns of the samples: (a) A 2 front side; (b) A 2 rear 
side; (c) Bj front side; (d) B 1 rear side. (A)  Co (JCPDS card 5/727); 
(D) Co (JCPDS card 15/806);(O) CozP (JCPDS card 32/306). 
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Figure 3 XRD patterns of Sample C2: (a) front side; (b) rear side. 
For key, see Fig. 2. 
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results of Fig. 1, we can therefore distinguish three 
kinds of sample: those obtained from Bath A which 
are fully crystalline; those from Bath B, which are 
predominant ly  amorphous  and give DSC curves with 
two exo-peaks; and those from Bath C, which are (d)  
partly amorphous  and give DSC curves with only one 
exo-peak. In the following, therefore, we refer only to 
Samples A, B and C. Figs 4 and 5 give the X R D  results '- 
after short heat treatments (15 min), in a nitrogen 
atmosphere at the temperatures of  the exo-peaks of 
the DSC curves for samples representative of the three 
types A, B and C. The phases present were identified 
using J C P D S  cards and are indicated in the figures. It 
is worth remembering that card 15 806 relates to the 
high-temperature cubic form of cobalt, which is re- 
ported to be stable above 450 ~ while J C P D S  card 
5-727 relates to the low-temperature hexagonal form 
of cobalt. A martensite start temperature, Ms 
= 388 ~ is reported on the cards. In Table II, rough 

values of the crystallization degrees are reported. The 
superscript primes refer to samples heat treated as 
specified in the same table. For  similar samples, aver- Sample 
age values are reported; for example, the value at- 
tributed to Sample B' is the average of the values of 
B1, B2 and B 3 heat treated for 15 min at the first DSC 
peak temperature. They were calculated by evaluating 
the ratio [10, 11] A 

B 

( C %  = 1 - -  Qam l O 0  (1) A' 
Q'am// B' 

where Q'.m is the integrated intensity of the spectrum c'  

of the completely amorphous  sample and Qa~ is the B" 
analogous quanti ty relative to the amorphous  halo of 
the crystallized sample. In the case of C samples it has 
been assumed that Q'am is the same as for the B 
samples reported in Fig. 2c. 

The X R D  results (Figs 4 and 5) confirm that the 
devitrification process takes place, in B samples, in two 
steps, coherently with the appearance of two peaks on 
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Figure 4 XRD patterns of Sample B3: (a, b) front and rear sides after 
15 min at the first DSC peak temperature, 240 ~ (c, d) front and 
rear sides after 15 min at 240 ~ and 15 min at the second DSC peak 
temperature, 405 ~ For key, see Fig. 2. 

TAB L E 11 Crystallization degree and electrical resistivities aver- 
age values. A', B' and C' indicate samples after heat treatment of 
15 min at the temperature of the first DSC exo-peak. B" refers to 
samples B' after heat treatments of 15 rain at the temperature of the 
second DSC exo-peak. A' is a sample of type A annealed for 15 min 
at 240 ~ 

Crystallization Electrical 
degree (%) resistivity 

front rear (10- 5 f2 cm) 

100 100 6.2 
0 25 12.1 

30 65 4.9 
100 100 5.7 
40 65 7.0 
90 90 1.9 
80 95 5.3 

the DSC curves. These results agree with those re- 
ported in the literature [12] for C o - P  alloys obtained 
by electrodeposition under different experimental 
conditions. The following devitrification mechanism 
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Figure 5 XRD patterns of samples after heat treatments at DSC 
peak temperatures: (a, b) front and rear sides of C 1 after 15 min at 
the DSC peak temperature, 450 ~ (c, d) front and rear sides of B a 
after 15 rain at the first DSC peak temperature, 280~'C, and 15 rain 
at the second DSC peak temperature, 390 ~ For key, see Fig. 2. 

is, therefore, operative in B samples, as already ob- 
served [12] 

a ---, Co + a' -~ Co + Co2P (2) 

where a is the original amorphous phase, a' is an 
intermediate amorphous phase. 

The C samples, which at origin are only partly 
amorphous, need only one devitrification step. It is 
worth noting that they represent a sample type not 
found in the other work to our knowledge; their 
formation is, therefore, linked to the nature of the 
substrate and/or the electrodeposition bath used in 
the present work. The new structural type of these 
C samples is related to relevant differences in physical 
properties, as, for example, already reported for the 
magnetoelastic coupling [13]. As can be seen in Figs 3 
and 5, during devitrification a transformation of the 
initially present cobalt hexagonal form into the cubic 
one is also observed, as evinced by the striking change 
of relative intensity of the three peaks in the range 
40-60 ~ . This should be linked to the fact that the heat 
treatment was performed at the DSC peak temper- 
ature of T = 450~ at which the cubic form is re- 

ported to be stable. As a consequence, the devitrified 
A, B and C samples have different crystalline phase 
compositions. In effect, in A' the cobalt hexagonal 
form prevails, whereas in C', the cubic form is predom- 
inant. Fully devitrified B" samples appear to consist of 
a mixture of the two phases. 

The two-step devitrification mechanism observed in 
the case of B samples should be linked to the presence 
of inhomogeneities in the samples. It is known, in fact 
[14] that, small-angle X-ray and neutron scattering 
have revealed that the medium-range structure 
(1-100 nm)in metallic glasses is characterized by com- 
positional inhomogeneities so that metalloid-enriched 
regions can be distinguished by a metalloid-depleted 
matrix. The two-stage devitrification can well be the 
consequence of different devitrification behaviour of 
the two phases. 

In Table II the electrical resistivities of the studied 
samples are reported. They are average values in the 
sense indicated above for the crystallinity percentages. 
It is known that the physical properties are dependent 
on the phosphorus percentage and the structure of the 
alloy. It is also known [4, 6-8] that amorphous 
samples are obtained when P > 11%; moreover, inter- 
mediate structures between the fully crystalline and 
amorphous ones are obtained when 9% < P < 11%. 
Therefore, the percentage of ph6sphorus increases in 
the sequence A, C, B. The results reported in Table II 
confirm that the structure has a pronounced influence 
on the properties. In fact, when the crystallinity per- 
centage increases, the electrical resistivity decreases. 
The electrical resistivity of the fully devitrified B" 
samples approaches the values for the fully crystalline 
A samples, in spite of the different phosphorous per- 
centages. In addition, the nature of the cobalt crystal- 
line phases present appear to have a marked influence. 
In fact, particularly low values are found in the case of 
the C "as-prepared" samples, which already contain 
the cubic cobalt form, and larger values in the fully 
crystallized samples, C', in which the cubic cobalt form 
is the prevailing phase. Also the similarity of electrical 
resistivity values between the A and B" samples, in 
spite of the different phosphorus percentages, could be 
due to the presence in B" samples of the cubic cobalt 
form, which is completely absent in A samples. 

4. C o n c l u s i o n s  
Crystalline, amorphous and partially amorphous 
Co P alloys were obtained by electrodeposition on 
aluminium substrates (instead of conventional copper 
ones) by changing the H3PO 3 concentration in the 
bath in the range 12 34 g l -  1 H 2 0  with current dens- 
ities changing in the range 8 19 Adm -2. The nature 
of the phases present in the "as-prepared" samples and 
their thermal evolution was studied by XRD and 
DSC. In spite of differences in the DSC peak temper- 
atures, the changes of the current density (in the range 
studied) do not appear to influence the nature of the 
phases present in the "as-prepared" samples, and 
those formed on heating. The H3PO 3 concentration in 
the bath is confirmed to determine the amorphous or 
crystalline nature of the samples. The experimental 
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results reveal the presence of two amorphous phases in 
Samples B, while there is only one amorphous phase 
when disordered and ordered phases are intermixed 
with each other (C samples). The values of electrical 
resistivity in the obtained samples appear to change 
coherently with the differences in microstructure and 
cobalt crystalline phases. 
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