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Production of Bulk Cementite and Its
Characterization

M. UMEMOTO, Z.G. LIU, H. TAKAOKA,
M. SAWAKAMI, K. TSUCHIYA, and K. MASUYAMA

Bulk cementite has been synthesized through a combina-
tion of mechanical alloying (MA) and spark plasmasintering
(SPS). A density of 98 pct of the theoretical value was
reached. It isbelieved that thisisafirst report on synthesized
bulk cementite. The main properties of bulk cementite have
been measured, such as microhardness, compression proper-
ties, thermal expansion, thermoelectric properties, specific
heat, etc. The successful synthesis of bulk cementite will
enable more intensive investigation on cementite related
aloys.

Cementite is one of the most important phases in steels,
which plays a critical role in the mechanical properties of
steels. As a basic phase in stedls, the understanding of its
mechanical, physical, and chemical propertiesis particularly
desired. It is claimed to be metastable at al temperatures
with respect to graphite and its saturated solution in iron.[4
Its structure has been well studied and determined. Although
it has been well known that cementite is harder than ferrite
and is quite brittle,? some reports claimed that cementite
deforms plastically in drawn pearlitic steels during elevated
temperature.®¥ However, the mechanical behavior of
cementite is far from well understood.

So far, decades of effort have been devoted to under-
standing the mechanical properties of cementite in view of
better controlling the mechanical properties of steels.[5-12
Mechanical properties, such as hardness, Young's modulus,
shear modulus, fracture toughness, and their composition
and temperature dependence, are the most desired. Since
the 1950s, several reports about mechanical properties of
cementite have been published on the cementite in aferrite
matrix or electrolytically extracted from steels or cast
iron.l5-12 However, large errorswere inevitable due to their
small size as well as the effects of heat treatments. More
recently, Mizubayashi, et al. have made some improve-
ments on thin films of cementite.l? An electron-shower
assisted physical vapor deposition (PVD) process was
employed to prepare single-phase cementite films with a
thickness of around 2.5 to 3.0 um. Young's modulus, Pois-
son’s ratio, and Vicker’'s hardness were measured, which
resulted in similar data to the previous work that used
other methods.

Nevertheless, until now, there have been few reports on
the properties of bulk cementite; these are needed in order
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to have more meaningful data to evaluate the properties
of steels.

Our recent endeavor has led to successful fabrication of
bulk cementite by MA with subsequent SPS. Although MA
had been applied to the Fe-C system several years
ago,*1*19 the emphasis was not put on the synthesis of
bulk cementite. Bulk cementite with dimensions of up to
$15 X 10 mm has been produced in the present study. To
our knowledge, this is the first produced bulk cementite.
Thebasic mechanical and physical propertieswere measured
and compared to the previous results of cementite produced
by other methods. More intensive work on the effect of
composition and of substitutional additions, such as Cr and
Mn for Fe, is currently under way.

The starting materials were elemental powders of Fe and
graphite with a purity and particle size of Fe: 99.9 pct and
<100 pm, and C: 99.9 pct and <5 um, respectively. The
powders were mixed at compositions of 75 at. pct Fe and
25 at. pct C. Mechanical aloying was performed on a con-
ventional horizontal ball mill with a ball-to-powder weight
ratio of 100:1. The maximum milling time was 18,000 ks.
All the milling was carried out under an argon atmosphere.
The resultant powders were then subjected to x-ray diffrac-
tion (XRD) analysisfor phase determination. Thermal analy-
sisof the milled powders was monitored in aRigaku Thermo
Plus2 DSC 8230L, (Rigaku Denki Co., Tokyo, Japan) differ-
ential scanning calorimeter (DSC) at a heating rate of 20 K/
min up to 973 K under a flow of argon gas at 30 mL/min.
Two continuous runs were carried out for the same sample,
in which the first run was blanked by the second one to
obtain the true DSC curve. Spark plasma sintering was used
to produce compacts of the cementite.[*! The sintering was
carried out in vacuum under a pressure of 50 MPa for 300
secondsat varioustemperatures, inwhich 1173 K wasfinally
chosen as optimal. The density of the obtained compacts
was measured by the Archimedes method. Subsequently,
optical microscope (Nikon ME6G0O, Tokyo, Japan), scanning
electron microscope (SEM, JEOL* JEM-6300), and trans-

*JEOL is a trademark of Japan Electron Optics Ltd., Tokyo.

mission electron microscope (Hitachi H-800, Tokyo, Japan)
were used for structural characterization. Compression tests
weredonein air using an Instron universal tester at a cross-
head speed of 0.5 mm/min, at room temperature, 573 K,
and 773 K. Hardness measurements were performed on an
Akashi Co. (Tokyo, Japan) MVK-G1 micro-Vicker’s hard-
ness tester with a0.98 N load for 15 s and on a Nikon QM
high-temperature hardness tester. Thermal expansion was
measured on a Fujidenpa (Saitama, Japan) Formaster-F tes-
ter. The electric conductivity and Seebeck coefficient were
measured using a Shinku Rikou (Yokohama, Japan) ZEM-
1 thermoelectric tester.

X-ray diffraction analysis was undertaken to monitor the
structural evolution during MA. After 360 ks of milling
of the 75Fe/25C powder mixture, a body-centered-cubic
structure phase formed with a particle size of less than 5
um. It was characterized as Fe-C mixture or, more possibly,
a-Fe(C) solid solution. Longer milling time resulted in the
formation of a carbide (Fe,C; structure), which is harder
and difficult to sinter. Thus, the powders milled for 360 ks
were chosen to be investigated in the subsequent experi-
ments.

VOLUME 32A, AUGUST 2001—2127



5 _ 580 K

B -

[=}

=

E i

»L 84.6 J/g

(=]

=

: -

m 1 1 1 1 L

350 400 450 500 550 600 650 700
Temperature, K

@
& a-Fe
L 2 Fe3C
&

=
G}
.5:; as MA
g o
3 ied
=
o

as Sintered

*® Q@

40 50 60 70 80
20(CoKo)

(b)

Fig. 1—(a) DSC curve of as-milled 75Fe/25C powder. (b) XRD patterns
of as-milled and as-aged 75Fe/25C powder.

The DSC analysis of the milled powders revealed an
exothermic reaction at atemperature of 580 K (Figure 1(a)),
which was determined by XRD to be the formation reaction
of cementite FesC (Figure 1(b)). This result corresponds
well with that reported previously.*® The DSC measure-
ments were repeated many times to determine precisely the
heat release of carbide formation. The measured heat release
scattered from 73.6 to 105.6 Jg due to the complicated
structure at as-milled state. Figure 1(a) shows an example
with a heat release of 84.6 Jg. A heat release of 100 Jg
was obtained by extrapolating from the dual-phase structure
of a-Fe + Fe;C. Therefore, the heat release was calculated
to be about 18 kJ/mol for one mole FesC (179 g/mol). This
value corresponds to the enthalpy difference between the
as-milled mixture of 3Fe + C and cementite (Fe;C) and

2128—VOLUME 32A, AUGUST 2001

i e
%5t ]
: P

e

Fig. 2—SEM micrograph of the cross section of the sintered cementite
compact.

does not correspond to the formation heat of cementite from
iron and graphite (about —30 kJ/mol™*™). Mechanical milling
raised the enthalpy of the 75Fe/25C mixture mainly by the
grain refinement of graphite powder and partly by the disso-
Iution of carbon into iron and the nanocrystallization of iron,
as will be discussed later.

Theas-milled powderswere subsequently sintered by SPS
at 1173 K. Though the XRD pattern in Figure 1(b) revealed
only peaks attributed to the cementite, there existed a possi-
bly minor amount of other phases, such asferrite and graph-
ite, formed by the decomposition of cementitein thesintering
process. It appears that the applied external pressure sup-
presses the decomposition of the cementite upon heating,
since the molar volume of cementite is smaller than that of
the corresponding amount of iron and graphite. The volume
difference AV between Fe;C and three moles of Fe and one
mole of graphite is about —3 cm?. The pressure applied (50
MPa) during sintering stabilizes cementite with respect to
the elemental mixture of 75Fe/25C by about 40 J/g-atom.
At around the sintering temperature (1173 K), this stabilizing
effect by pressure is about 30 pct of the driving force for
the decomposition of cementite (140 Jg-atom at 1173 K
obtained by THERMO-CALC).

Figure 2 shows a SEM micrograph of asintered cementite
compact after etching. The observed voids had a diameter
of less than 0.5 um. Some black spots and white spots
were attributed to graphite and iron, respectively, which are
considered to be less than 5 vol pct. The sintered cementite
compact had a measured relative density of 98 pct. The
polished surface had a metallic glare like iron.

Microhardness of the cementite bulk was measured to be
as high as 1000 HV. The previously reported hardness of
cementite scattered in a wide range. The early study on a
hypereutectoid steel (1.2 pct C) reported a microhardness
about 1270 HV of primary cementite.*8! The recent study
on a hypereutectic cast iron revealed a hardness of 988
HV in the eutectic cementite and 1370 HV in the primary
cementite.l*9 A more recent study on cementite film reported
a microhardness of 1230 HV.1™¥ Apparently, the previous
resultswereaffected by the starting composition, microstruc-
ture, and subsequent treatments (even the load in the test
may exert an influence to the final results). Compared with
those values, the present value is somehow low due to the
lower density and the existence of voids and a-Fe.
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Fig. 3—Tested Vickers hardness vs temperature. Load, 0.98 N; and loading
time, 15 s. In reference, load, 0.0245 N; and film thickness, 3 um.

A temperature dependence of hardness was measured
for the cementite compact (Figure 3). With increasing tem-
perature, the hardness of the samples decreased from above
1000 HV at room temperature to around 330 HV at 773
K. The higher the temperature, the greater the decrease.
Thisphenomenonisbelievedtorelatewith creep. A similar
effect of temperature on hardness has been reported in
testing of thin film cementite with a thickness of 2.5 to
3.0 um,[*2 although the loads in the two tests were differ-
ent. The higher hardness values in the reference may be
attributed to the smaller load on the thin film, for which
the dependence of hardness on loads is very strong.[?

The compression test was carried out to characterize the
mechanical properties of cementite. Samples with dimen-
sionsof 4 X 4 X 6 mmwere cut from the sintered cementite
compact and were ground and polished to a 0.05-um alu-
mina finish. Figure 4 shows the compression strengths of
the cementite specimens at three different temperatures.
The samples at room temperature and 573 K revealed
similar maximum stresses of 2.61 and 2.59 GPa, respec-
tively, without any detectable plastic deformation. How-
ever, at higher temperature (773 K), a drastic decrease of
maximum stress down to 1.39 GPa was observed along
with a plastic deformation as large as 10 pct, which was
obtained prior to fracture. The room-temperature fracture
stress of proeutectoid cementite ribbon extracted from car-
bon steel was measured by a bending test to be 4 to 8
GPa.l¥l Thislarge scatter is due to the small specimen size
tested (1- to 3-um thick and 1-mm long). Therefore, no
reliable data on mechanical properties of cementite by
tension, compression, or bending tests have been reported
thus far.

Figure 5 showsthethermal expansion curve of cementite
between 373 to 773 K. It revealsthermal expansion coeffi-
cientsof 7.6 K™ at 373 K, 16.5 K™! at 573 K, and 16.9
K~lat 673K respectively. An apparent kink on the thermal
expansion diagram at the Curie temperature of cementite
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Fig. 4—Maximum compression strength of bulk cementite as a function
of temperature. Strain rate: 2.14 X 1073 s™%. No plastic deformation was
observed for samples tested at 300 and 573 K.
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Fig. 5—Thermal expansion curve of bulk cementite (MA for 100 h, and
sintered at 1173 K, 50 MPa, 300 s). The average coefficients are indicated
on the curve.

appears (481 K). The average thermal expansion coeffi-
cient was calculated to be 1.62 X 107°K~1for 481 to 773
K (above the Curie temperature) and 6.8 X 1075 K~ for
373 to 481 K (below the Curie temperature), respectively.
The latter is much smaller compared with that of pureiron
within the same temperature range. This smaller thermal
expansion coefficient just below T isinduced by magneto-
striction in the cementite.[”-?1:22] |n the literature, the ther-
mal expansion coefficient of cementite was either
estimated from the extrapolated data of the cast iron or
obtained from electrolytically extracted cementite by
either dilatometry or XRD. Some values are in the same
magnitude with the present measurements, e.g., ~2 X
107° K~ above T, (derived from Figure 4 in Reference
21). The decomposition of cementite into «-Fe and graph-
itewasobserved above 853 K in the present study, detected
by the change of thermal expansion, electrical resistivity,
and XRD structural observation.
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Fig. 6— Seebeck coefficient of bulk cementite (MA for 100 h, and sintered
at 1173 K, 50 MPa, 300 s) vs temperature.

The Seebeck coefficient has also been measured for
the present bulk cementite, which is shown in Figure 6.
Negative Seebeck values were obtained, indicating an n-
type thermoelectric effect. At temperatures below the
Curie temperature, it was measured to be around —1.5
uVIK, increasing linearly with increasing temperature up
to 673 K from —1.46 —3.22 wV/K. However, when the
temperature was increased to above 773 K, the values
started to decrease due to the possible decomposition of
cementite, as such a change was observed in the thermal
expansion measurements at the same temperature.

Specific heat of bulk cementite was also measured. The
measurements revealed a specific heat of 106.1 Jmol-K
at 373 K for the present bulk cementite. Thisvalueisquite
close to the reported room-temperature specific heat of
cementite of 106.6 Jmol-K.[Z3

The measured el ectric conductivity of thebulk cementite
isrepresented in Figure 7. Aswith many metallic materials,
it was found that the electric conductivity decreases
slightly but linearly with increasing temperature, and was
12.7 X 10% Q/cm at 373 K. A slight decrease of electric
conductivity was found with temperature up to 853 K. In
contrast, the electric conductivity for pure ironf?4
decreases significantly with increasing temperature, which
is also shown in Figure 7.

The formation of metastable cementite from stable iron
and graphite mixture by ball milling can be considered as
follows. Mechanical milling resulted in grain refinement
of both iron and graphite, and probably solid solution of
carbon atomsin theiron matrix, which increases the energy
level of the milled powdersto higher than that of cementite
(FesC). The enthalpy of cementite (1/4Fe;C) is 8.9 kJ/
g-atom higher than that of the mixture of 75Fe(a)/
25C(graphite) at 580 K.[*1 The heat release in the forma-
tion reaction measured by DSC of the milled 75Fe/25C
powder is 4.5 kJ for 1/4Fe;C. Thus, the enthalpy of MA
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Fig. 8—Energy consideration of the formation of cementite from mechani-
caly aloyed iron and graphite elemental powders.

powder is 13.4 kJ higher than the mixture of 75Fe(a)/
25C(graphite). The particle size refinement of graphite by
ball milling wasreported by Nagano et al.[? The estimated
graphite diameter of 2.7 nm after ball milling gives the
increase in enthalpy by 40.8 kJ/g-atom. Nanocrystalliza-
tion (10 nm) of Fe results in an increase in enthalpy by
1.6 kJ/g-atom. Taking theseinto account, Figure 8 predicts
a 3.5 at. pct carbon content in Fe. Although this solution
value is dlightly larger than the estimated value of about
1 at. pct from lattice expansion, the preceding calculation
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explainstheimportance of the graphite particle sizerefine-
ment by ball milling for the formation of FesC.

As a brief summary, the bulk cementite has been fabri-
cated through the combination of mechanical alloying of
Fe and C powder mixtures and the subsequent sintering.
The microstructure, mechanical, and physical properties
of bulk cementite have been characterized as well. It is
believed that this is the first to produce and characterize
bulk cementite. The present result will be beneficial to
further research work on cementite and on the improve-
ment of understanding the structure and properties of
steels.
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Discussion of “The Role of
Manganese and Copper in the
Eutectoid Transformation of
Spheroidal Graphite Cast Iron”*

OSCAR MARCELO SUAREZ and CARL R. LOPER Jr.

A few comments should be made concerning the effect
of Mn and Cu in the solid-state transformation of nodular
iron discussed by Lacaze et al.l! The eutectoid transforma-
tion of severa cast irons and Si steels was studied using
the differential thermal analysis (DTA) method at different
cooling rates. These DTA results were contrasted with ther-
modynamic modeling of the corresponding Fe-C-Si metasta-
ble and stable equilibrium phase diagram. Since the bulk of
the investigation of the writers of this discussion relates
to ferritic ductile irons,>¥ only the stable phase diagram
analyzed by Lacaze et al. will be discussed.

Figure 1 presents a schematic of an isopleth section of
the stable Fe-C-Si phase diagram. The austenite (y) + graph-
ite (G) « austenite () + graphite (G) + ferrite (@) transfor-
mation temperature is designated TS, while T, designates
the y + G + a @« G + « transformation temperature.
Therefore, under conditions approaching equilibrium, at
temperatures equal to or just below T9, the onset of ferrite
formation should be expected. This was neither the case in
Lacazeet al.’s! research nor in more recent investigations.!
Even at very low cooling rates from temperatures with little
superheat above the predicted transformation temperatures,
the aloys start forming ferrite at or below T, in most cases.
According to Lacaze et al., carbon diffusion from parent
austenite through the ferrite shell into the graphite nodule
required that “the carbon content . . . at the ferrite/austenite
interface must be higher than at the ferrite/graphite inter-
face.” Therefore, “this condition isfulfilled only at tempera-
tures lower than the lowest temperature of the three-phase
austenite/ferrite/graphite field,” i.e, T,. In other words,
based on kinetic considerations, the precondition for the
formation of ferrite is that the alloy be at a temperature at
or below the crossover of the lines e-f-d and f-b in Figure
1,i.e, below T,. Thiswould explain the large undercoolings
observed by Lacaze et al. and corroborated by the present
researchers. In a train of thought later elaborated on by
Linareset al.,[®¥ the available driving force for the formation
of ferrite at a given undercooling becomes the carbon con-
centration difference: C,, — Cya, i.€., the concentration
aong the «/y boundary (line f-b in Figure 1) minus the
concentration along the /G boundary (line f-d in Figure 1)
at a given temperature.

Using the same thermodynamic package as used by

*J.LACAZE, A.BOUDOT, V. GERVAL, D. OQUAB, and H. SANTOS:
Metall. Mater. Trans. A, 1997, vol. 28A, pp. 2015-25.
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