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Abstract

Features of the formation of macro and microstructural state and the phase composition of Cu�30 vol. %
Fe3C nanocomposites obtained by mechanical alloying of  copper and iron powders in the liquid source of
carbon (xylene) followed by thermal treatment were studied by means of  X-ray phase analysis,  Mössbauer
spectroscopy,  scanning electron and optical microscopy,  measurement of  dynamic magnetic susceptibility.
It was demonstrated that iron carbides are not formed during alloying; however, for the alloys obtained by
grinding for 96 h, annealing at a temperature above 500 °Ñ leads to the formation of cementite with the
volume fraction of about 30 %. The grain size of the copper matrix of this composite is 10 nm, while after
annealing at 800 °Ñ it is 30 nm.
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INTRODUCTION

It is impossible to produce bulk Cu�Fe3C
composites using traditional metallurgic meth-
ods. Nanostructured copper alloys with the vol-
ume concentration of cementite 25?30 % is
mechanical alloying (MA) of copper, iron and
graphite powders followed by thermal treat-
ment and compaction are produced most suc-
cessfully [1�3]. Composites on the ground of
copper and carbides of transition metals are
promising as electrode materials because of
high electric and thermal conductance, hard-
ness, stability of electrophysical characteris-
tics at increased temperatures, resistance to
corrosion etc. [4�8]. Necessary parameters are
provided by adding a relatively small amount
of transition metal and graphite or carbide of
transition metal (not more than 10 vol. %) [5,
6, 9]. However, the low content of strength-
ening phase brings complications into the tech-
nology of Cu�Fe3C alloy production. Copper
is a very plastic material, and its treatment in
a ball planetary mill with insufficient amount

of graphite leads to its agglomeration and ad-
hering to balls and the walls of mill contain-
ers. As a consequence,  it is unreasonable to
obtain powdered alloys of copper with the
volume concentration of cementite up to 10
% using MA without adding special reagents
preventing adherence. As a rule, to prevent
agglomeration, some amount of alcohol, hep-
tane, toluene or so is added into the mill con-
tainers [10]. We established experimentally that
powder composites based on copper with ce-
mentite content 5�10 % may be obtained by
MA only in liquid oxygen-free media. It is
known [11�13] that cementite is easily formed
during mechanical activation of iron in tolu-
ene, heptane etc. However, up to now the pos-
sibility of the production of Cu�Fe3C mecha-
nocomposites using liquid hydrocarbons as car-
bon source and the effect of liquid grinding
medium on MA in Cu�Fe3C system has not
been studied yet.

The goal of the present work was to obtain
Cu�Fe3C nanocomposites by MA of  copper and
iron powders in a liquid hydrocarbon (xylene),
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to study their structural and phase state and to
choose optimal synthesis regimes.

EXPERIMENTAL

Model composites with the composition Cu�
30 vol. % Fe3C were obtained by means of the
high-energy mechanical activation of a mix-
ture of copper and iron powders with the mass
concentration of copper 72.7 % (99.72 mass %,
average particle size 18 mm), iron 25.5 % (98
mass %, admixtures: nitrogen 0.6 mass %, ox-
ygen 0.42 mass %, carbon 0.8 mass %, particle
size 3�20 µm) in approximately 20 cm3 of xy-
lene C6H4(CH3)2 of ch. d. a. reagent grade. Me-
chanical activation was carried out in a Pulver-
isette-7 ball planetary mill (Fritsch) with ener-
gy strain of 2.0 W/g with forced air cooling.
Heating of  the external wall of  containers dur-
ing mill operation did not exceed 80 °Ñ. Grind-
ing tools were cylindrical containers (45 cm3 in
volume) and balls (20 sp., 10 mm in diameter)
made of ShKh15 grade steel. For each assigned
time of MA (tMA = 3, 6, 12, 24, 48, 96 h) the
mass of charged powder mixture was 10 g. Af-
ter MA,  the powders were additionally ther-
mally treated in argon atmosphere (with pre-
liminary evacuation for forevacuum) at 600 and
800 °Ñ for 1 h.

The analysis of  the structural phase state
of alloys was carried out on a DRON-3M X-
ray diffractometer in monochromatic (graphite)
copper radiation at room temperature. The qual-
itative and quantitative analyses of  the record-
ed spectra was carried out with the help of
software package developed at MISIS. The grain
size of crystal copper was estimated from the
diameter of coherent scattering regions deter-
mined by means of Warren�Acerbic procedure
from the profile of one line (311) according to
[14]. Mössbauer studies were carried out at room
temperature using a YaGRS-4M spectrometer
in the mode of constant accelerations with 57Co
γ-radiation source in the matrix of chromium
and rhodium. The functions P(H) of distribu-
tion of superfine magnetic fields (SFMF) were
found using the generalized regular algorithm
of inverse problem solution according to
Tikhonov�s procedure [15]. Thermomagnetic
measurements were carried out using a set-up

for the investigation of  dynamic magnetic sus-
ceptibility (DMS) with the amplitude of alter-
nate magnetic field 0.8 E and frequency 5 Hz
in inert atmosphere (Ar) with the rate of 30 °Ñ/
min within temperature range 5�800 °Ñ. The
size of copper and iron particles was determined
with the help of  laser diffraction analyzer
Analysette 22 Economy. Auger spectra and im-
ages in secondary electrons were obtained with
a JAMP-10S spectrometer at the accelerating
voltage of 10 kV, current 10�7 A, electron
probe diameter 300 nm. Microstructure was
studied using a MIM-8M optical microscope.
Polished sections were etched with a 10 % so-
lution of ferric chloride in ethanol.

RESULTS AND DISCUSSION

Electron microscope images of powders ob-
tained at tMA = 6, 48 and 96 h indicate that
after grinding for 6 h the characteristic parti-
cle size is nearly 10 µm, after 48 h it does not
exceed 5 mm (Fig. 1). The size distribution of
particles is rather uniform. The analysis of  the
microstructure of particles obtained with tMA =
6 h (Fig. 2, a) showed that the particles are
composed of copper with rounded inclusions of
iron 0.5�10 µm in size, distributed uniformly in-
side copper particles. Iron is less plastic than cop-
per, so during mechanical treatment iron parti-
cles get surrounded by copper layer. On the ba-
sis of size and shape of initial particles of iron
powder, it may be concluded that the rate of
iron inclusion grinding is insignificant at the ini-
tial stage of mechanical treatment (tMA = 6 h).
This may be due to relatively small size of par-
ticles in initial iron powder which is 10 µm as
average. It was shown in [16, 17] that this is the
limiting value for the average particle size of
iron powder ground in liquid organic medium.

After grinding for a longer time (tMA = 96 h),
the morphology of copper powder becomes
more disperse (see Figs. 1 and 2, b), while the
size of copper particles in the powder is less
than 1 µm. The formation of agglomerates of
very small particles (see Fig. 1, c, d) is likely to
be connected with the conditions of sample
preparation to electron microscopic studies. Ac-
cording to the results of metallographic stud-
ies of the thin section of MA powder there
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Fig. 1. Electron microscope images of powders subjected to mechanical alloying (MA) (a�d) and their Auger spectra (e).
Time of MA, h: 6 (a), 48 (b), 96 (c, d): 1�3 � Auger spectra of powders with MA time 6, 49 and 96 h, respectively.

are not agglomerates; light particles of MA al-
loy are uniformly distributed over the dark bind-
ing matrix of epoxide glue (see Fig. 2, b).

Carbon concentration on the surface of par-
ticles increases up to 92 at. % with an increase
in grinding time (the rest 8 at. % are copper
and iron), which follows from the results of
Auger analysis (see Fig. 1,  e) and is the evi-
dence of intense xylene decomposition process.

Xylene destruction occurs mainly on the sur-
face of grinding balls and container because
iron serves as a catalyst for the decomposition
of liquid hydrocarbons [13].

According to the data of X-ray structural
analysis of  powders (Fig. 3),  the phase compo-
sition of the samples after MA is represented
by crystalline Cu and Fe. It follows from the
calculations of the size of coherent scattering
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Fig. 2. Microstructure of powders after MA for 6 (a) and 96 h (b).

Fig. 3. Diffraction pattern of powders subjected to
mechanical alloying for 6, 48, 96 h (1�3, respectively),
then annealed at 600 °Ñ (4�6, respectively) and 800 °Ñ (7,
8, respectively).

regions that both phases are nanocrystalline
even after powder grinding for 6 h. Within the
determination error,  the lattice parameter of
iron is close to the reference value and does
not depend on the time of mechanical treat-
ment. The lattice parameter of copper
(0.3615 nm) increases with grinding time and

reaches 0.3639 nm for 96 h (Fig. 4) as a conse-
quence of the formation of the solid solution
of iron substitution in FCC copper [18�20].

The formation of the solid solution of Cu�Fe
substitution is confirmed by the appearance of
D1 doublet of the paramagnetic phase in Möss-
bauer spectra of MA powders with the isomer-
ic shift parameters IS = 0.13(1) mm/s, quadru-
pole splitting QS = 0.50(1) mm/s (Fig. 5, plot 1)
which correspond, according to [21], to iron at-
oms in copper lattice with two or more neigh-
bouring iron atoms. At the same time, paramag-
netic nanoclusters of  BCC iron in copper ma-
trix may have close parameters of the doublet
[22, 23]. It is necessary to stress that the spec-
trum of powder with tMA = 12 h exhibits two
doublets of paramagnetic phases. The values of
IS = 0.30(2) mm/s and QS = 1.02(4) mm/s of
D2 doublet, which has a smaller area, are close

Fig. 4. Dependences of copper lattice parameter (a) on
powder MA time before (1) and after annealing at 600 (2)
and 800 °Ñ (3).
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to the corresponding parameters for phases based
on copper oxide Cu2O in which some copper at-
oms are substituted by iron atoms [24�26].

With an increase in grinding time to 96 h,
the area of the doublets and the correspond-
ing fraction of paramagnetic phases increase
(see Fig. 5, plot 2). The parameters of D2 dou-
blet are conserved, while those of D1 some-
what increase up to IS = 0.22(1) mm/s and QS =
0.56(1) mm/s. Iron content in the oxide phase
increases from 0.5 to 4 at. %, and from 2 to 11
at. % in the solid substitution solution of iron
in copper, which accounts for almost half of
total iron in the alloy. The spectrum of the sam-
ple with tMA = 96 h contains iron carbide phas-
es, accounting for almost 5 at. %. It does not
appear possible to determine the type and com-
position of carbide phases.

So, with an increase in tMA, the degree of
iron dissolution in copper and the fraction of
solid solution increase; no noticeable formation
of iron carbides occurs. Carbon is likely to be
accumulated on the surface of copper particles,

in interfacial regions and along grain boundaries,
but does not penetrate inside grains. For the for-
mation of iron carbides, it is necessary to in-
crease the diffusion mobility of carbon and per-
haps iron, which is realized during the thermal
treatment of the resulting composites.

The appearance of temperature dependences
of DMS (Fig. 6) depicts the occurrence of mag-
netic and phase transitions in the obtained com-
posites. A small region of DMS drop at a tem-
perature of about 200 °Ñ for the alloy with tMA =
96 h corresponds to the transition into the para-
magnetic state of cementite formed during MA.

Within temperature range of 250�450 °Ñ,
the decomposition of the paramagnetic FCC
solid solution of iron in copper [27�30] and an
increase in DMS occur as a consequence of the
formation of clusters of ferromagnetic BCC
iron. A drop at 320�330 °Ñ is close to Curie tem-
perature for supersaturated solid solution of
copper in α-Fe with the atomic concentration
of copper 3 % and higher [31]. The presence
of the solid solution of copper in iron is addi-

Fig. 5. Mössbauer spectra and corresponding distribution functions P(H) for powders subjected to mechanical alloying for
12 and 96 h (1, 2, respectively) and annealed at 600 °Ñ (3 and 4, respectively) and 800 °Ñ (5 and 6, respectively).
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Fig. 6. Temperature dependences of  the dynamic magnetic
susceptibility (heating and cooling) χ(T) for powders
subjected to MA for 12 (1) and 96 h (2).

Fig. 7. Volume concentrations of phases Cu, α-Fe and Fe3C for MA powders before (a) and after annealing
at 600 (b) and at 800 °Ñ (c) determined by means of XSA: 1 � α-Fe, 2 � Fe3C, determined by means
of Mössbauer spectroscopy.

tionally confirmed also by magnetic transfor-
mations in α1-Fe(Cu) and α2-Fe(Cu) phases with
copper content 0.5�0.6 (α1) and 0.2�0.3 at. %
of Cu (α2), respectively [31, 32]. This is mani-
fested as declines on DMS curves at tempera-
tures 650�680 and 720�730 °Ñ, respectively. It
is evident that along with the supersaturated
solid solution of iron in copper, MA also leads

to the formation supersaturated solution of cop-
per in iron, and both phases decompose almost
completely during heating. It is difficult to de-
termine the composition of the solid solution
of copper in iron in MA samples by means of
X-ray diffraction and Mössbauer spectroscopy
because of  relatively small fraction of  nano-
structural iron.

At Ò > 500 °Ñ, the magnetic susceptibility of
alloys decreases substantially as a consequence
of thermally induced formation of cementite.
Evidently, at this temperature carbon starts to
interact both with nanocrystalline iron that did
not dissolve in the copper matrix of the alloy
during MA and with iron clusters evolved as a
result of decomposition of supersaturated sol-
id solutions. The larger is the amount of solid
solution formed during MA and the smaller is
the size of iron particles that did not dissolve
in copper matrics, the larger amount of ce-
mentite is formed.

Results of investigations by means of X-
ray structural analysis and Mössbauer spectro-
scopy of alloys annealed at a temperature of
600 and 800 °Ñ confirm the above-formulated
conclusions. A decrease of the lattice parame-
ter of copper to 0.3620(2) nm after annealing
at 600 °Ñ and to 0.3617(1) nm at 800 °Ñ (see Fig. 4)
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Fig. 8. Dependence of the coherence area size of copper
on MA time for powders before (1) and after annealing at
600 (2) and 800 °Ñ (3).

is due to the decomposition of supersaturated
solid solution of iron in copper and the conser-
vation of 2�3 at. % of iron in copper [33]. The
fraction of cementite in the phase composition
of alloys obtained after tMA < 96 h does not ex-
ceed 7 vol. %, which follows from the data
shown in Fig. 7. For the maximal grinding time
(96 h) and independently of annealing temper-
ature, the volume concentration of cementite
is nearly 30 %. Evaluation by means of Möss-
bauer spectroscopy gives larger volume concen-
trations of phases because the copper matrix
of  the alloys is nanocrystalline,  while the
formed cementite is characterized by high dis-
persity degree.

The grain size in dispersion-strengthened
alloys is one of the most essential factors de-
termining their hardness. The size of coherent
areas for the copper matrix of alloys (Fig. 8)
after MA do not exceed 10 nm, after anneal-
ing at 600 °Ñ � 12 nm. Annealing at 800 °Ñ leads
to some increase in the grain size � up to 60 nm;
with an increase in the grinding time a trend is
observed to decrease the grain size to 30 nm as
a result of thermal treatment. The fact that
the nanocrystalline structure of  copper matrix
in alloys is conserved at a temperature much
higher than copper recrystallization tempera-
ture (about 300 °Ñ) for MA time shorter than
96 h is due to the presence of excess carbon on
the boundaries of  copper and iron nanograins.
Carbon forms clusters on grain boundaries, as
shown in [34, 35] for MA composites Cu�C as
example, and slows down diffusion at grain
boundaries thus limiting the growth of copper
nanograins. For powder grinding time longer

than 96 h, the maximal possible cementite frac-
tion formed during thermal treatment is pro-
vided due to the minimal sizes of particles and
grains of copper and iron, large specific sur-
face of the powder and high concentration of
carbon on the surface of  particles and nan-
ograins boundaries. In this case, the size of
grains of the matrix of annealed alloy decreas-
es because of thermally activated nucleation of
a large number of disperse inclusions of ce-
mentite at the boundaries of  copper nanograins.

CONCLUSION

Features of cementite formation in copper
matrix during mechanical alloying followed by
thermal treatment of Cu�Fe powders in the
liquid organic medium (xylene) were studied in
the work.

It is shown that with xylene as the grinding
medium and carbon source, supersaturated solid
solutions of iron in FCC copper and copper in
bcc iron are formed after the transition of initial
components of  the alloy into nanostructured state.
Iron carbides are not formed, independently of
the duration of mechanical alloying. Long-term
mechanical treatment (96 h) followed by anneal-
ing of the resulting alloys at a temperature above
500 °Ñ lead to the formation of 30 vol. % cementite
in the nanocrystalline copper matrix  with grain
size below 30 nm. The nanocrystalline state of
the copper matrix of the formed composites is
conserved after annealing at 800 °Ñ.
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