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In this work we investigate metastable inhomogeneous Co-Cu alloy produced by new modification of mechanochemical 
synthesis. We use both convenient structural technique (X-ray diffraction) and magnetic measurements of М(Т) and М(Н) 
dependences to obtain additional information about the of mechanical alloying process.  
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1. Introduction 
 
In recent decade, nanocrystalline alloys based on the 

combinations of elements immiscible under equilibrium 
thermodynamic conditions, such as (Co, Fe)–(Cu, Au, 
Ag), have been extensively studied [1-8]. Although cobalt 
and copper are immiscible due to their positive heat of 
mixing, it has still been proved possible to alloy them by 
various techniques, an example are the vapor deposition, 
the magnetron sputtering [1-2] and prolonged grinding of 
metal powders in special ball mills (mechanical alloying) 
[3-6]. The method of mechanical alloying has drawn 
special attention of researchers due to apparent simplicity 
and still unclear mechanism of alloy formation. Using this 
method, metastable Co–Cu solid solutions of various 
compositions with a grain size of 5 – 20 nm were obtained 
from mixtures of metallurgical Co and Cu powders. The 
characteristic times of the Co–Cu solid solution formation 
amount to ~ 20 h [3-6]. In our previous work [7-8] we 
proposed new technique allows the Co–Cu solid solution 
to be obtained after milling for 2–3 hours. As a precursors 
we use powders form composite Co/Cu core-shell 
particles where Co core is amorphous and Cu coatings is 
nanocrystalline [9-10]. Convenient structural techniques 
(such as X-ray diffraction) provide rather limited 
information about structure of such materials at the 
different steps of milling process. The X-ray diffraction 
peaks are attributed only to Cu-rich phase. To obtain 
information on Co-rich phase magnetic measurements are 
useful. 

The aim of this work is to obtain additional 
information on Co-Cu alloy structure formed during ball-
milling process by magnetometry measurements.  

 
 
2. Experiment  

 
The investigated samples were produced by 

mechanical alloying (MA) of composite particle powders 
in hermetically sealed stainless steel containers in a 
planetary ball mill (AGO-2U). The reaction mixture is 
composed of ultra fine amorphous Со88Р12 and 
polycrystalline Cu powders (50:50)(2); ultra fine 
composite particle powders (Co95P5)50/Cu50(3) and 
(Co88P12)100-X/CuX  (20<x<90 at. %)(1). The (CoP)100–x/Cux  
composite particle powders (amorphous or crystalline Co–
P alloy core coated by nanocrystalline copper shell) were 
obtained by chemical deposition of Cu coating to the core 
of Co-P particles produced by reduction of metals from 
aqueous solutions of the corresponding salts.  

Investigation of the atomic structure and magnetic 
properties of the composite powders upon milling showed 
that the formation of supersaturated Co–Cu solid solutions 
under such conditions requires a much shorter milling time 
as compared to that for the conventional mechanical 
alloying processes. The structure of MA-treated powders 
was investigated by X-ray diffraction (XRD) using CuKα 
radiation. Note that, according to the accepted notions, the 
X-ray diffraction data cannot be used for the final 
judgment on the formation of chemically homogeneous 
solid solutions in a system of mutually insoluble 
components. Indeed, a change in the interatomic distances 
determined from the diffraction patterns can be related 
both to the formation of a solid solution and, for example, 
to a coherent fitting of the crystal lattice of ultrafine 
particles of one component to the crystal lattice of another 
(matrix) component. For this reason, the atomic structure 
of the obtained Co–Cu alloy was additionally 
characterized using the magnetization measurements. 
These methods provide data on the short-range order and 
the environment of Co atoms in the crystal lattice and 
some information on superparamagnetic Co-rich 
nanoparticles formation. The low-temperature 
magnetization measurements were performed in a 
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temperature range from 4.2 to 200 K on a vibrating-
sample magnetometer with an applied field of  50 kOe.  

 
3. Results  
 
X-ray. The structure evolution of prepared powders 

with alloying is studied by X-ray technique in detail in our 
recent paper [11]. As a result of this study the lattice 
parameter for Cu-rich phase with alloying is illustrated in 
Fig.1, which shows the change of the fcc lattice 
parameters for the reaction mixtures ((Co88P12)50/Cu50 (1); 
(Co95P5)50/Cu50 (3) composite particle powders and the 
mixture of ultrafine Co88P12 and Cu powders (2)) vs 
milling time. The 2-h processing of the mechanical 
mixture of Co88P12 and Cu powders (symbol 2 on Fig. 1) 
did not result in any significant structural changes. The 
milling of composite particle powders with the crystalline 
core results in more visible changes of lattice parameter 
with milling time.  

 

 
 

Fig. 1. 
 
A different situation is observed in the course of 

milling of the composite particle powders with amorphous 
core (symbol 1 on Fig. 1). Here, even 0.5-h processing 
result in significant structural changes. The results of X-
ray diffraction measurements summarized in Fig. 1 show 
that a 2-3-h milling of the composite powder renders the 
state of the Co–Cu solid solution. However there are 
reflexes only from nanocrystallyne Cu shell on composite 
powders with amorphous Co-P core before milling. The 
milling process would proceed through formation two 
different phases: Cu – rich and Cu – poor. Information on 
fig.1 corresponds to the former Cu – rich phase. To obtain 
information on Cu – poor magnetic phase the investigation 
of magnetic properties were carried out. 

 
Magnetic. The low-temperature magnetization curves 

(4.2 K and 200 K) and temperature dependence of 
magnetization (measured in H=20 kOe) for the composite 
particle powders are shown in Fig. 2, 3. There are two 
contributions in M(T, H) curves. The first - ferromagnetic 
(high and temperature independent susceptibility in small 
fields in M(H) curves and the small temperature gradient 

and positive curvature in M(T) curves for T > 50 K). The 
second contribution is superparamagnetic from ultra thin 
ferromagnetic clusters not coupled by exchange (hard 
saturation in 4.2 K and negative curvature from 20 to 50 
K). The experimental M(T, H) (Fig. 2, 3) curves were well 
fitted by the following expressions (Fig. 4):  
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where ( ) ( ) 1/L x cth x x= −  is the Langevin function. 
The first two terms in these expressions, describing the 
magnetization dependence vs applied field and 
temperature for ferromagnetic phase where 

0 0T H f fа а M ν≈ = ; 1T f fa M Bν= ; 
2

1 /15
aH f f fa M Hν= . Here fM is the average 

magnetization of the ferromagnetic component, fν is the 

volume fraction of this component, and B~A-2/3 is the 
average Bloch constant related to the effective exchange 
coupling constant A, 

af
H  is the local magnetic anisotropy 

field. The third term in (1) and (2) describes a decrease in 
the magnetic susceptibility of the superparamagnetic phase 
that corresponds to the Langevin law 

where 2 2T H sp spa a M ν≈ = ; 

3 /T sp sp Ba M HV k≡ ; 3 /H B sp spa k T M V= . Here 

Msp is the average magnetization of the superparamagnetic 

component, spν  is the volume fraction of this component, 

and Vsp is the average volume of a superparamagnetic 
particle. The values of fitting parameters were used to 
determine the values of average physical properties: Bloch 
constant 1 0/T TB а а= , local magnetic anisotropy field in 

ferromagnetic phase ( )1/ 2
1 015 /

af H HH а а= , the number of 

superparamagnetic particles per unit volume 

2 3 /sp H H Bn а а k T= ⋅ , the absolute value of 

magnetization per gram Co 

0 2tot sp sp f f H HM M M а аν ν= + = +  taking into 
account both ferromagnetic and superparamagnetic 
phases. The blocking temperature TB was estimated in following 
way. At the some temperature near the liquid helium 
temperature the curvature sign of М(Т) curve is changed 
from positive (Blocking state) to negative 
(superparamagnetic state). We accept this temperature as 
the estimation of blocking temperature (insert in Fig. 4). 
Using blocking temperature in the form 
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/ 50
aB sp sp sp BT H M V k=  (where 

aspH  is the 

local magnetic anisotropy field in superparamagnetic 
particle) and the value of magnetic moment in 
superparamagnetic particle ( 3/sp sp B HM V k T a= ) the 

value of
aspH  is determined as 

350 /
asp B HH T a T= .  

 
 

 
Fig. 2a. 

 

 
 

Fig. 2b. 
The calculated totM  and other magnetic constants for 

the composite particle powders milled at different times 
are given in the table both for ferromagnetic (

af
H , B ) 

and for superparamagnetic ( BT , spn , 
aspH ) phases. 

In the course of milling, the value B for the initial 
(Co88P12)80/Cu20 composite particle powder is almost 
doubled at tm = 1 h (further milling does not significantly 
change this value). For the initial (Co88P12)50/Cu50 
composite particle powder, the Bloch constant in the 
course of milling exhibits a sevenfold growth at tm = 2 h 
and then varies only slightly at tm = 4 h. Since the 
magnitude of the exchange coupling constant A 
(determining the B value) is related to the nearest 
environment of Co atoms, the changes in B observed for 
the composite powders during the initial milling for 1–2 h 
are naturally attributed to the formation of Co–Cu solid 
solutions. 

 

 
 

Fig. 3a. 
 

 
 

Fig. 3b. 
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Table. 
 

Ferromagnetic phase Superparamagnetic phase 

 ,
/

tot

Co

M
emu g

 
6 3/ 2

,
10
B

K− −
 

,
af

H

kOe
 

,BT

K
 14 3

,

10
spn

cm−

 

,
aspH

kOe
 

(Co88P12)50/Cu50 88 6.5 5.16 14.0 0.50 2.53 

2h 86 43.3 4.60 12.0 2.57 3.43 

4h 78 48.4 4.91 19.1 4.38 5.91 

(Co88P12)80/Cu20 87 6.5 5.11 15.5 1.10 2.64 

1h 74 13.9 5.19 11.6 3.75 3.18 

4h 72 14.7 5.15 18.5 7.48 5.73 

 
The absolute value of magnetization per gram Co 

reveals decreasing with milling. For the initial 
(Co88P12)80/Cu20 and (Co88P12)50/Cu50 composite particle 
powder magnetization per gram Co are well corresponded 
with magnetization of amorphous Co88P12 powders [9-10]. 
Decreasing magnetization with milling is result from both 
recrystallization of amorphous Co88P12 to fcc Co + Co2P 
[12] and Co–Cu solid solution formation. Decreasing 
magnetization from recrystallization of amorphous Co88P12 
would be no more then 5 emu/gCo. Thus observing lack of 
magnetization about 10÷14 emu/gCo is the evidence of 
Co–Cu solid solutions too. 

 
 

 
 

Fig. 4a. 
 

 
 

Fig. 4b. 
 
The value of 

af
H  with milling is changed slightly. 

The value of BT  varies nonmonotonously. The milling of 
(Co88P12)50/Cu50 composite particle powder during 2 hours 
results in decreasing BT  by 2 K and further milling 
during 4 hours results in increase it by 7 K. The milling of 
(Co88P12)80/Cu20 composite particle powder during 1 hour 
results in decreasing BT  by 4 K and further milling 
during 4 hours results in increase it by 7 K. The value of 

spn  is significantly increased in the course of milling 

process. The volume concentration of superparamagnetic 
particles spn  for (Co88P12)80/Cu20 composite particle 

powder both before and after milling is more than spn  for 
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(Co88P12)50/Cu50. We suppose that it is result from the 
buffer function of copper witch more plastic than cobalt. 
The copper makes the grinding process of Co slower and 
thus more Cu in composite particle powder results in pure 
grinding of Co clusters. The value of BT  varies slowly in 

comparison with spn . This means that during milling 
process the superparamagnetic clusters with 
approximately equal size are broke off from the coarse 
magnetic particles. The local magnetic anisotropy field of 
superparamagnetic particles 

aspH is twice smaller than 

magnetic anisotropy in ferromagnetic phase
af

H but it is 

increased with milling and reached the same value as in 
ferromagnetic particles.  

In summary we investigate metastable 
inhomogeneous Co-Cu alloy produced by new 
modification of mechanochemical synthesis. For this 
purpose, highly disperse powders of composite particles 
representing a Co–P amorphous alloy core covered with a 
nanocrystalline copper shell were prepared by chemical 
deposition. These composite powders were mechanically 
alloyed by processing in a ball mill. Investigation of the 
atomic structure and magnetic properties of the composite 
powders upon milling showed that the formation of 
supersaturated Co–Cu solid solutions under such 
conditions requires a much shorter milling time as 
compared to that for the conventional mechanical alloying 
processes. New information on magnetic anisotropy, 
blocking temperature and concentration of 
superparamagnetic particles formed during the milling 
process is obtained. 
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