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Abstract

The behaviour of Fe(100 — x)C(x) systems under mechanical alloying (MA) of elemental components
within the concentration range up to x = 32 is studied by X-ray diffraction and M&ssbauer spectroscopy. At
carbon content x < 20 the amorphous phase is observed. At x 3 20 the Fe;C and Fe,C, carbides are formed. For
the high-carbon composition Fe(68)C(32) the kinetics of solid state reactions is studied. The amorphous phase,
Fe;C cementite and Fe,C; are formed sequentially in MA process. Solid-state reaction mechanism including the
penetration of carbon along the grain boundaries of Fe, the formation of amorphous phase and carbides
depending on C content and milling time is discussed.

INTRODUCTION

The Fe — C system has been attracting at-
tention of investigators for many years in con-
nection with its exceptional practical impor-
tance in particular. Nevertheless, the processes
taking place in the system under different ac-
tions are still far from being well understood.
This is valid for mechanical alloying (MA) proces-
ses, too.

A lot of discordant facts concerning phase
formation in Fe — C system under MA were
reported. The interstitial solid solution was ob-
tained in mixtures with small C content (8.7 at. %)
[1]. In the concentration range from 20 up to
50 at. % C the cementite Fe;C [2—4], or car-
bide Fe,C, [5], or carbide mixture Fe;C, + Fe,C
+ Fe,C [6] are obtained. However, a complete
amorphization was observed in a number of
works for the concentration range 20—25 at. %
C [7—-10]. On the other hand, it was determi-
ned [11-13] that the tendency to amorphizati-
on of Fe — C system is strengthened when the
carbide-forming elements are added. In many
works mentioned above, the stainless steel with
high content of highly carbide-stabilizing Cr is

used as a milling tool material. Nevertheless,
the possibility of contamination of samples
by chromium and the effect of this contami-
nation on system’s behaviour are not discussed.
Besides, the power intensity of the milling
devices is not mentioned in these works, which
hinders comparative analysis of the results ob-
tained by different investigators.

Taking the above considerations into account,
one can state that it is necessary to study phase
evolution in the Fe — C system during MA
within a broad range of compositions. The ex-
periments of MA should be performed under
identical conditions, using milling device of
the known power intensity and a wear-resis-
tant milling tool material; contamination level
of the obtained samples should be tested. Thus,
the purpose of the present work is to study
MA processes in Fe — C system for the concen-
tration range up to 32 at. % C with regard to
above-mentioned requirements.

EXPERIMENTAL

Mechanical alloying (MA) of elemental pow-
ders was carried out in the protective atmos-
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phere (Ar) using a planetary ball mill Fritsch
P-7 with the power intensity of 2.0 W/g. Vial
(volume 45 cm?®) and balls (20, diameter 10 mm)
were made of ball-bearing steel containing
1.0 mass % C and 1.5 mass % Cr. The total
mass of the initial powder loading was m; =
10 g. Possible contamination of samples by the
milling tool material was monitored by the
measurement of the powder mass before and
after mechanical treatment.

Pure iron (99.99) and pure carbon (99.99 hexa-
gonal graphite) powders with the particle size
less than 300 mm were used to form the initial
mixtures with atomic ratios Fe(100 — x)C(x),
x = 5—32. X-ray diffraction (XRD) studies were
carried out with monochromatized CuK, radia-
tion. °"Fe Mdssbauer spectra were measured at
room temperature using a °’Co source in Cr
matrix.

RESULTS AND DISCUSSION

Milling for 16 h was found to be sufficient
for MA completion for any carbon content with-
in the investigated range. Besides, no pronounced
contamination of mixtures was observed dur-
ing milling (mass increment Dm/m, did not ex-
ceed 10 %); an exception was the Fe(68)C(32)
system, for which Dm/m; = 15 % after grind-
ing for 16 h. However, in this case solid-state
reactions were completed within ¢ ; = 12 h
with slight mass increment (Dm/my; £ 10 %).
This is why we shall first consider the phase
states of all the mixtures after mechanical al-
loying for 16 h (12 h in the case of Fe(68)C(32)).
Then we shall consider the sequence of solid
state reactions (SSR) in the case of high-car-
bon Fe(68)C(32) as the most instructive compo-
sition.

Compositional behaviour of mechanosynthesis

Figure 1 shows the XRD patterns of the
products of mechanical alloying of the system
Fe(100—x)C(x) as a function of x. Up to x = 15
only the broadened bcc peaks are observed.
Their positions point to the invariance of the
lattice parameter which is equal to that of the
pure a-Fe. However, as carbon content increases
to x = 15, the increase of (110) reflection shoul-
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Fig. 1. XRD patterns of mechanically alloyed Fe(100 — x)C(x)
system as a function of the composition of initial mix-
ture (a). Milling time: 16 h (12 h for x = 32); x = 5 (1),
10 (2), 15 (3), 20 (4), 25 (5), and 32 (6). Diffraction
patterns of the detected phases are also shown.

der intensity looking like amorphous halo takes
place. For x = 20 the reflections of Fe;C car-
bide (cementite) appear. They emerge more sharp-
ly in pattern of the Fe(75)C(25) composition.
However, for x = 32 the reflections change,
which can be interpreted in terms of higher-
carbon Fe,;C; carbide formation.

Figures 2 and 3 show the °"Fe Mdssbauer
spectra for the same samples. Already begin-
ning from x = 5 the MO0ssbauer spectra are
distinguished from the spectrum of pure a-Fe
(see Fig. 2). A new magnetically split compo-
nent with very broad lines appears. The sub-
spectrum with broad lines points to the exist-
ence of formations in which carbon atoms are
distributed chaotically around Fe atoms. The
joint consideration of the Mdssbauer and XRD
data drives to conclusion that an amorphous
Fe — C phase is formed in mixtures with x < 20.

The results of M0Ossbauer spectra fitting are
shown in Table 1. As x increases, the fraction
of the relative area of the amorphous phase
subspectrum increases reaching a maximum (70 %)
for Fe(85)C(15). The efficient magnetic field on
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Fig. 2. MGssbauer spectra of the products of mechanical
alloying in the Fe(100 — x)C(x) system as a function of
initial mixture composition (x = 5—20). Milling time: 16 h;
x =5 (1), 10 (2), 15 (3), and 20 (4).

Fe nuclei in the amorphous phase decreases,
and the isomeric shift increases, which points
to the increase of C concentration. The line
width increases significantly. At the same time,
the parameters of a-Fe subspectrum remain
unchanged within the error, with an excep-
tion of line width, which slightly increases as
x increases. A new sextet with substantially dif-
ferent parameters appears for x = 20 instead
of the amorphous phase subspectrum (see Tab-
le 1 and Fig. 2). The line width changes espe-
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Fig. 3. M0Ossbauer spectra (a) and P(H) functions (b) of
mechanically alloyed Fe(75)C(25) (for 16 h) and Fe(68)C(32)
(for 12 h) systems.

cially sharply being decreased from 2.3 mm/s
for x = 15 to 0.8 mm/s for & = 20. The parame-
ters of this sextet are close to the known pa-
rameters [14, 15] for non-deformed cementite
spectrum (H = 209 kOe, isomeric shift d =
0.2 mm/s with reference to a-Fe and quadru-
pole splitting DEg = 0.1 mm/s). Therefore, we
assume (in accordance with XRD data) that
the obtained phase is cementite. The differen-
ce of its M0Ossbauer parameters from those of
non-deformed cementite parameters is due to
distortions caused by mechanical actions. As the
carbon content increase up to x = 25 (see Fig.
3) the cementite fraction rise almost to 100 %.
At x = 32 the MGssbauer spectrum may be
interpreted as the appearance of the Fe,C,
carbide. The reference data of the hyperfine
fields for non-deformed Fe;C [14, 15] and Fe,C,
[16] are shown in Fig. 3, b as dashed lines,
along with hyperfine field distribution func-
tions P(H). Similarly to the case of cementite

Mo0ssbauer parameters of the products of mechanical alloying in Fe(100 — x)C(x) system

x f, % <H>, kOe d, mm/s DE,, mm/s G mm/s
5 375 2964 0.13, —0.05, 1.8,
10 50, 279, 0.12, —0.03,4 1.9,
15 70, 263, 0.14, -0.02, 2.3,
20 63, 203, 0.19, 0.01, 0.82,

Notes. 1. f is the area graction, <H> is average effective field, d is isomeric shift with reference to a-Fe, DE, is

quadrupole splitting, G is line width of amorphous
shown.

(Fe3sC for x = 20) phase subspectrum. 2. Error in the last digit is
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phase, we suppose that slight mismatch of these
data with the maximums of P(H) functions is
explained by distortions caused by mechanical
actions.

Thus, an intermediate conclusion can be
made on the basis of the results presented
above. The MA in the Fe(100 — x)C(x) system
results in the formation of the amorphous phase
(x £ 20), cementite when x = 20—25 and car-
bide Fe,;C; in the case of x » 30.

Kinetics of mechanical alloying

The whole sequence of solid state reactions
in Fe — C system can be conveniently conside-
red with the example of high-carbon Fe(68)C(32)
composition. The XRD patterns of Fe(68)C(32)
system during MA are shown in Fig. 4. For mill-
ing up to 3 h, there are only broadened bcc
reflexes of a-Fe and halo from amorphous
structure close to the (110) reflection. Further,
the cementite Fe;C and carbide Fe;C; with or-
thorhombic structure appear sequentially. The
latter is observed most clearly at ¢t ; = 12 h
(see Fig. 1). The measurements of a-Fe lattice
parameter show that it does not change during
the whole milling process of while the clearly
discernible peaks of bcc phase (up to t,; = 8 h)
exist. The grain size and microstrains were de-
termined from the analysis of XRD line pro-
file. The superfine grain (about 4 nm) was re-
vealed as early as at t,; = 1 h. At further
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Fig. 4. XRD patterns of Fe(68)C(32) system as a function
of milling time. t h: 2 (1), 4 (2), and 8 (3).

mil’

| a
2h b

= 4 h
o =

- 31
iy - Fe,C
= —
= 8h

6 4 -2 0 2 4 6
V, mm/s

0 100 200 300
H, kOe

Fig. 5. Mossbauer spectra (a) and P(H) (b) of mechano-
synthesis products in Fe(68)C(32) system as a function
of milling time.

milling the grain size does not change. The lat-
tice microstrains gradually increase up to 0.15 %
after milling for 6-8 h.

Mossbauer spectra and the functions P(H)
retrieved from them are shown in Fig. 5. After
milling for short time intervals t.; £ 3 h, the
major contribution into the spectrum is made
by the component from pure a-Fe. Neverthe-
less, it is possible to make the conclusion about
the beginning of Fe and C MA with the amor-
phous phase formation basing on the arrange-
ment of the spectrum relative to non-resonance
level (it is shown by horizontal line) and the
presence of hyperfine field distribution wide-
ly ranged from 140 to 300 kOe. At t,;; 3 3 h the
Mossbauer spectrum shows an additional sex-
tet, and at t,; 2 8 h (see Figs. 5 and 3) the
complex spectrum of the Fe;C; carbide is de-
tected.

As one can see, the phase composition evo-
lution of the high-carbon mixture is generally
similar to the sequence of phase states of the
final product obtained at increase of the C
content in initial mixture (see the previous sec-
tion). This fact indicates that a common mecha-
nism of MA in Fe — C system within a broad
concentration interval exists.

Let us consider the probable mechanisms
of mechanosynthesis of iron and carbon. The
invariance of lattice parameter being equal to
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that of pure a-Fe testifies that no interstitial
supersaturated solid solution of carbon in a bo-
dy of a-Fe grains is formed. The presence of
super-equilibrium carbon in interstices of iron
lattice would give the additional Mdssbauer
components due to C atoms in close vicinity of
Fe atoms, as it takes place in case of quenched
martensite [17]. However, broad distribution
P(H) (see Fig. 5), halo not far from (110) dif-
fraction peak (see Fig. 4) and anomalously ra-
pid grain refinement observed for samples with
t,q £ 3 h indicate the effect of carbon presence
in a-Fe. The carbon atoms can penetrate into
iron along the grain boundaries and dislocation
cores. The carbon atoms can penetrate into Fe
crystallites probably by the interstitial diffu-
sion as well, but they must be immediately
adsorbed on dislocations. It is known that the
dislocations and other lattice defects are more
preferable positions for carbon atoms in iron
than normal the heat effect of
carbon transfer from the latter positions in the
former ones is AHZ = -27.5 kJ/mol of car-
bon [18]. It is possible to estimate equilibrium
distribution of carbon in these positions. If
Cy; and C; are concentrations of carbon in
defects and interstices, respectively, then
Cy/C; = exp(—AHg /(RT)) =1000 at represen-
tative process temperature of T = 473 K. At
such relation, it is clear that the carbon amount
residing in defects can be very high and is
restricted only to the amount (density) of these
defects in spite of the fact that C; £ 0.095 at.
% (the limitary interstitial concentration in a-
Fe). With regard to high-defective nanocrys-
talline state, it is possible to expect that almost
all the carbon atoms entering a-Fe will be ar-
ranged in defects such as grain boundaries and
dislocations, and consequently the lattice pa-
rameter will not change.

According to the present notions [19—21],
the nanocrystalline state obtained by severe
deformation is characterized by both an al-
most defect-free grain body and a great extent
of non-equilibrium large-angle grain bounda-
ries saturated with defects. The elastically dis-
torted interfacial area 1.0—1.5 nm deep exists
near the nanograin boundary. We assume that
carbon having a very small miscibility in un-
distorted bcc Fe penetrates into nanocrystal-

interstices:

line iron along interfacial areas where it forms
an amorphous phase.

The carbide Fe;C is formed just when C
concentration in the interfacial areas achieves
» 25 at. %. It is known [18, 22] that places of
carbide nucleation in steels are usually the grain
boundaries where carbon concentration is the
greatest. Carbon penetrating along the new
boundaries (a-Fe/Fe;C boundaries) provides the
increase of cementite amount. However, as the
carbon content increases over the Fe;C stoichio-
metry, it becomes unstable. Then the reaction
proceeds by the pathway involving the forma-
tion of Fe,C; carbide. The Fe;C; fraction reach-
es almost 100 % at t,;; = 12 h (see Fig. 5). It
should be noted that the enthalpy of carbide
formation in Fe — C alloy is —26.0...—28.4 kJ/mol
of carbon [18], which is close to AHg. This
means that an energetic driving force of
carbide formation is absent. In other words,
carbide precipitation is hindered even in pla-
ces of their most probable formation (on de-
fects).

The carbides are formed by crystallization
of the amorphous phase when the carbon con-
centration in the latter approaches the carbide
stoichiometric concentration. In Fe(100 — x)C(x)
with small carbon content (x < 20), the C con-
centration in the amorphous phase is small and
consequently the carbides are not formed. The
Fe;C and Fe,C; carbides are formed when
x 3 20.

CONCLUSIONS

The study of mechanical alloying in
Fe(100 — x)C(x) system over the wide C con-
tent range up to 32 at. % C reveals a common
sequence of solid-state reactions:

Fe — C ® Amorphous phase for 0 < x < 15;

Fe — C ® Amorphous phase ® Fe,C
for 20 £ x £ 25;

Fe — C ® Amorphous phase ® Fe;C ® Fe,C,
for x = 32.

Mechanism of mechanical alloying is con-
nected with carbon diffusion along nanograin
boundaries of iron.
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