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bstract

The melting behavior of the eutectic Fe–C fixed point was investigated as a function of the thermal history prior to melting using degassed and
on-degassed Fe–C cells. The liquidus temperature and the melting range depend on the preceding growth rate: slower freezing entails a higher
iquidus temperature and a smaller melting range. Annealing at temperatures just below the eutectic temperature has similar effects. The inflection
oint of the melting plateau and the maximum temperature of the freezing plateau showed a linear variation with the square root of the growth rate
uring the (preceding) freeze and this variation is approximately five times smaller for the melt than for the freeze. No clear evidence of the effect

f gaseous impurities could be detected on the shape of the melting plateau obtained in conjunction with the lowest growth rate. However, both
he inflection point of the melting plateau and the maximum temperature of the freezing plateau showed a larger dependence on the growth rate
or the degassed cell.

2007 Elsevier B.V. All rights reserved.
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. Introduction

In thermometry fixed points are used to define the temperature
cale and to disseminate the scale to secondary thermometers.
rimary fixed points are defined in the International Temper-
ture Scale of 1990 (ITS-90) [1]; the highest temperature of
he defining fixed points is that of the copper point (1357.77 K).
bove the freezing point of silver (1234.93 K), ITS-90 is defined
ia extrapolation in terms of the ratio of the spectral radi-
nce of a blackbody with respect to that at either the silver,
old (1337.33 K) or copper freezing point, resulting in a rapid
ncrease of uncertainty of the scale with increasing temperature.

o reduce the uncertainty at high temperatures, national metrol-
gy institutes are now developing reference fixed points beyond
he copper point based upon metal–carbon (M–C) and metal
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arbide–carbon (MC–C) eutectics covering the range from the
427 K (Fe–C) up to 3458 K (HfC–C) [2].

To enable the implementation of M(C)–C eutectic systems
s practical reference fixed points for use in thermometry, eval-
ation of their reproducibility is a prerequisite. From previous
nvestigations it appeared that the shape of the melting plateau
nd its liquidus temperature are significantly affected by the
urity of the materials involved [3]. To better understand the
nfluence of impurities on the melting process, melting plateaus
f the Fe–C eutectic system, observed for eutectic ingots pre-
ared from iron powder of different purity levels were compared
ith melting plateaus modeled by means of Thermo-Calc soft-
are [4]. The effect of impurities could be quantified but
iscrepancies between the predictions by the model and the
xperimental results remained.

As compared to other M–C eutectics, Fe–C showed relatively
oor melting plateaus with repeatability in transition tempera-

ure of approximately 130 mK [3]. Therefore, in a subsequent
nvestigation, the melting behavior of Fe–C eutectic was mea-
ured as a function of the thermal history prior to melting [5].
he results showed that both the liquidus temperature and the
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melting after a slow freeze

After a slow freeze the solidified structure may be assumed
to be close to its equilibrium limit, and therefore it is meaningful
to firstly have a closer look at this case. Melting and freezing of

Table 1
Detected gaseous impurities in DG and ND ingots (ppm mass)

Ingot O C S N

DG 3 2 1 1
ND 150 13 1 3

Table 2
Detected metallic impurities in ingots (common to DG and ND) (ppm mass)

Element Concentration

Al 0.19
Si 0.18
P 0.07
S 0.05
Ti 0.05
Cr 0.94
Mn 0.36
Co 8.7
Ni 0.90
Cu 6.0
Ga 0.02
Ge 2.2
As 0.04
Sr 0.02
2 N. Sasajima et al. / Journal of All

elting range depend on the growth rate of the solid phase during
he preceding freeze: slower freezing entails a higher liquidus
emperature and a smaller melting range. Annealing at tempera-
ures just below the eutectic temperature following a fast freeze
howed a melting plateau resembling that obtained after a slow
reeze.

In the present study, the effect of gaseous impurities on
he melting and freezing behavior was investigated experi-

entally by comparing the results obtained for degassed and
on-degassed Fe–C cells because the modeling of their effects
n the basis of Thermo-Calc is problematic. This was done by
ystematically investigating the influence of gaseous impurities
n the effect of thermal history of the ingot preceding the melt.

. Experimental context

.1. The Fe–C fixed-point cells

For the comparison of degassed (DG) and non-degassed (ND) Fe–C cells,
wo Fe–C eutectic cells were newly prepared. In a previous investigation [5], the
e–C cell was constructed from a degassed Fe–C ingot prepared by the high-
acuum cold-crucible induction-heating method. The ingot was cut into strips,
nd then they were polished, cleaned and filled in the crucible for observation.
owever, analysis results showed that the levels of both gaseous and metallic

mpurities were higher than expected, amounting to an overall purity level of
bout 99.99%. It is suspected that the impurities were introduced during cutting
nd polishing of the degassed sample.

In the current investigation, to reduce contamination during handling, the
igh-purity iron was prepared at the Ecole National Superieure des Mines, Saint
tienne (EMSE) in the shape of a cylindrical ingot to fit the shape of the crucible.
his moreover results in a reduced contamination with gaseous impurities during
andling because of the associated reduced surface area. The ingots were then
ransferred to the National Metrology Institute of Japan (NMIJ) where they were

elted in a graphite crucible to form eutectic Fe–C.
At the EMSE the starting material was electrolytic iron. After melting in

cold-crucible high-frequency induction-heating furnace [6] under high-purity
rgon to form a compact ingot, this was cut in halves. One piece was kept
s the ‘non-degassed’ sample. The other piece to be degassed was then re-
elted under a high-purity mixture of argon and hydrogen for several times

nd finally under argon to degas hydrogen. Thus, the ‘degassed’ sample was
btained. Both samples were then hot forged to a diameter close to the inner
iameter of the crucible, mechanically cleaned, machined to eliminate possible
ontamination during hot forging and a central hole was drilled, to accommo-
ate the cavity of the crucible. Machining was performed at a low velocity
ith liquid cooling. Finally, they were cleaned with organic solvents and

hen, by acid pickling. A sample was taken from both ingots for impurity
nalysis.

At the NMIJ, the ingots were placed inside the graphite crucibles, and were
elted to form eutectic alloy with carbon, totally supplied from the crucible.
he filling was done in vacuum in a vertical furnace (Nagano VR20-A10).

The graphite crucibles were of the same design with an outer diameter of
4 mm and a length of 45 mm. The crucible has a blackbody cavity with an
perture diameter of 3 mm, cavity length of 33.7 mm, and a conical bottom
hape with an apex angle of 120◦. The wall thickness of the cavity is 2 mm.
he effective emissivity of the cavity, taken to be isothermal, was calculated to
e 0.9997, assuming diffusely reflecting walls with an emissivity of 0.85. All
rucibles with nominal purity of 99.9995% were machined and purified by Toyo
anso KK.

.2. Instrumentation
For the investigation of Fe–C eutectic, a three-zone furnace (Chino
AT60SC) [3] was used: temperature uniformity of the furnace was better than

.1 K over the length of the crucible at the eutectic temperature of Fe–C. The
ell was inserted in a graphite cylindrical block which in turn was fitted into
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graphite tube, matching the larger size of the furnace tube and placed in the
urnace.

The temperature measurements were performed by means of an LP3 radia-
ion thermometer at an operating wavelength of 650 nm. The target diameter is
pproximately 0.9 mm at a target distance of 700 mm. No correction was applied
or the cavity emissivity or the size-of-source effect.

. Experimental results

.1. Impurity analysis

Table 1 shows the analysis results in ppm mass for the gaseous
mpurities for DG and ND ingots. Gaseous impurities were
etected by the classical method of infrared absorption after
eduction melting (O, N) or after oxidation melting (C, S).
able 2 shows the analysis results in ppm mass for the metal-

ic impurities. Metallic impurities were common to DG and ND
ngots, and obtained by glow discharge mass spectroscopy (GD-

S). The total metallic impurities were approximately 21 ppm
n mass.

The effect of these impurities on the uncertainty in the Fe–C
utectic system is discussed in detail in [7].

.2. Melting and freezing plateaus

.2.1. The effect of gaseous impurities, observed during
o 0.30
g 0.03
n 0.02

0.04
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Fig. 2. Degassed (DG) sample: (a) dependence of melting plateaus on the pre-
ceding growth rate (determined by the furnace temperature settings, denoted
a
p

w
F
t
t
i
under the same melting conditions.

In the previous investigation, the effect of the annealing
temperature was also investigated [5]. From a comparison of
the results obtained at annealing temperatures of TE − 1 K and
ig. 1. Melting plateau shape for the degassed (DG) and non-degassed (ND)
e–C cells obtained after a slow freeze.

he sample are induced by offsetting the furnace temperature Tf
ith respect to the nominal eutectic transition temperature TE.
he notation +i K or −j K, referred to below, implies melting or

reezing plateaus being induced by an offset Tf − TE of +i K or
j K of the furnace temperature setting, respectively.
The shapes of the melting plateaus observed for the DG and

D samples are shown in Fig. 1. Furnace temperature settings
ere −1 K for the preceding freeze and +5 K for the melt relative

o the eutectic temperature. At the setting of −1 K for the preced-
ng freeze no clear evidence of the effect of gaseous impurities
ould be detected in the shape of the melting plateau.

.2.2. Dependence of the shape of the melting plateau on
he rate of the preceding freeze

Previous investigation showed that the normalized shape of
he melting plateau is immune to the melting rate. On the other
and, the melting behavior is influenced markedly by thermal
istory prior to melting [5]. Therefore, melting plateaus obtained
t the same melting rate, i.e. +5 K melts, were compared for
arious rates −j K of the preceding freeze.

Fig. 2 gives the results for the DG sample. Fig. 2b shows
he freezes preceding the melts given in Fig. 2a. The melting
lateau was realized after a set length of time (170 min) from
he initiation of the preceding freeze, during which time the
urnace was kept at the furnace temperature settings to equalize
he effect of annealing for all freezing conditions. The melting
lateau showed trends similar to those observed in the previous
nvestigation [5]: the higher the rate of the preceding freeze, the
ower the liquidus temperature and the larger the melting range,
he temperatures traversed during melting.

.2.3. Effect of annealing
The freeze was realized at a −20 K furnace temperature

etting and the furnace was then kept at that temperature for
nnealing during various annealing times, indicated in Fig. 3
or the DG sample. The melt observed after annealing was fol-
owed by a −5 K freeze in conjunction with a +5 K melt to check

he stability of the radiation thermometer during the annealing
xperiments.

The large melting range induced by fast freezing (−20 K) is
een to be reduced by annealing. This trend is in good agreement

F
t

s their difference with respect to TE) and (b) associated preceding freezing
lateaus.

ith what has been observed in the previous investigation [5].
rom the stability check it appeared that the drift of the radiation

hermometer was less than 20 mK during all the measurements,
hat is, the change in melting temperatures observed in Fig. 3
s significantly larger than the repeatability of the measurement
ig. 3. Degassed (DG) sample: dependence of the melting plateaus on annealing
ime following a −20 K freeze. Annealing temperature was TE − 20 K.
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in the amount of gaseous impurities, and therefore it is natural
to assume that the difference in the slope is due to this.
4 N. Sasajima et al. / Journal of All

E − 20 K after fast freezing (−20 K), it appeared that a higher
nnealing temperature leads to a shorter annealing time to be
equired for recovery of the melting plateau to a given shape.

.3. Microstructures of eutectic Fe–C observed in relation
o thermal history

To clarify the origin of the observed phenomena, structural
nalysis by an optical microscope was conducted for three Fe–C
ngots thermally pretreated in a different way [5]. One sample
as prepared following a fast freeze (−20 K) and another one

ollowing a slow freeze (−4 K). A third sample was prepared
ollowing annealing for 128 h at a (TE − 20 K) furnace tempera-
ure setting preceded by a fast freeze (−20 K). The samples were
apidly cooled to room temperature, cut into two, polished and
tched, and then observed by means of an optical microscope.
he result showed that slow freezing results in coarser graphite
omains with larger separations within the �-Fe matrix. Fast
reezing resulted in a fine flaky graphite structure. Long-term
nnealing after fast freezing resulted again in a larger separation
f the graphite domains with more rounded shapes. There was
o evidence of the formation of Fe3C (cementite) during the
utectic transition.

From these results, it was concluded that the origin of the
ependence of the melting temperature on the rate of the pre-
eding freeze or on the annealing conditions is governed by
tructural effects, entailing a variation in the overall interfacial
ree energy when varying these external conditions.

.4. Relationship between transition temperature and
rowth rate during freezing

The solidification temperature during directional solidifica-
ion with imposed growth rate and imposed temperature gradient
n the liquid phase is uniquely related to the interlamellar
pacing of the eutectic structure via the material parameters
haracterizing the eutectic system in question. The model [8]
redicts that the undercooling, i.e. the temperature difference
T between the eutectic temperature – ideally obtained in

he limit of zero growth rate – and the solidification tem-
erature observed at finite growth rate is proportional to the
quare root of the growth rate. This will be further detailed in
ection 4.1.

The results obtained for the DG and ND cells were analyzed
o see whether the model – in terms of the predicted propor-
ionality – still applies in the present experimental context with
mposed rate of heat extraction (rather than growth rate) and a
emperature gradient in the liquid state near to zero. The tem-
erature difference (TE − Tf) between the eutectic temperature
nd the furnace temperature primarily determines the rate of
eat extraction. The rate of heat extraction should be propor-
ional to (TE − Tf) if the thermal resistance between furnace and
ngot may be supposed to be much larger than that over the

ransformed part of the ingot, and the variation of the transfor-

ation temperature is relatively small. The peak temperatures
f the freezing plateaus – with a growth rate uniquely related
o the imposed rate of heat extraction – were plotted against

e
F

a) the peak temperature of the freezing plateau and (b) the inflection point
emperature of the melting plateau on the growth rate during freezing.

he square root of the temperature difference between the eutec-
ic temperature (TE) and the furnace temperature (Tf) during
reezing.

The results are shown in Fig. 4a. For the maximum freez-
ng temperature, the plot shows an excellent linear fit for both
amples. The slopes of the fits are different, the DG sample
howing the larger variation of the undercooling with growth
ate.

In Fig. 4b we plot the inflection point temperatures (Tinf)
f the melting plateaus against the square root of (TE − Tf).
gain Tinf shows a linear dependence on the square root of

he preceding growth rate for both samples2; this, to the best
ur knowledge, is a new experimental finding [9]. The depen-
ence on preceding growth rate for melting is approximately five
imes smaller than that observed for freezing. The difference
bserved for the DG and ND samples shows the same trend
s in the case of freezing, the DG sample showing the larger
lope.

The only difference between the DG and the ND samples is
2 Except for the highest growth rate which might be partly explained by the
nhanced effect of annealing in the period between freezing and melting, cf.
ig. 2b.
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. Discussion

.1. Freezing

In the case of alloy solidification, where mass diffusion con-
rols the transformation, atomic movement is required over much
arger distances compared to the case of pure substance. Because
f these atomic movements, solidification will always require
ome departure �T from equilibrium to drive the process.

For eutectic growth the relationship between the undercool-
ng �T, the interphase spacing λ and the growth rate V for a
egular eutectic is given in the general form:

T = KcλV + Kr

λ
(1)

here the coefficients Kc and Kr are related to the material prop-
rties [8]. The first term is the so-called solute term, associated
ith the diffusion of carbon in the liquid phase promoting a fine

tructure with short diffusion distances between the graphite
omains during their growth from the liquid phase. The sec-
nd term is the so-called solid–liquid interface curvature term
romoting a coarse graphite domain structure with low overall
nterface energy.

Regular eutectics are assumed to grow at minimum under-
ooling. This leads to the relationships [10]:

T = 2
√

KcKr
√

V (2)

=
√

Kr/Kc√
V

(3)

For irregular eutectics like Fe–C (2) and (3) have to be
eplaced [8], respectively, by:

�T 〉 =
(

φ + 1

φ

) √
KcKr

√
V (4)

λ〉 = φ
√

Kr/Kc√
V

(5)

ere, the brackets refer to averaged values and φ is given by:

= 〈λ〉
λex

(6)

here λex defines the spacing corresponding to the minimum of
he �T versus λ curve for a given growth rate V, associated with
he results (2) and (3). Although for a given finite temperature
radient in the liquid phase φ is a function of V, for eutectic
e–C in its pure state φ is constant up to growth rates from zero

o beyond 100 �m s−1 for temperature gradients in the liquid
pproaching zero [8]. The growth rates corresponding to the
urnace temperature offsets (TE − Tf) in Figs. 2 and 4 range from
bout 1 to 30 �m s−1 calculated from the crucible dimension
nd the duration of the melting. Since the temperature gradient

n the liquid is approaching zero in the limit of zero growth rate
n the present experimental context, the relation (4) would imply
square root dependence of the undercooling �T on the growth

ate V.
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.2. Melting

Apparently the kinetics of melting is not adequately cov-
red by the model proposed in Ref. [8], which is tailored to
he description of the process of solidification. For the freeze,
he solid–liquid interface is on the average perpendicular to the
rowth direction. On the other hand melting is initiated at the
nterface between the graphite and metal-rich phase, showing the
ighest curvature, resulting in a melting front still more irregular
han that developing during freezing. It is therefore surprising
hat we still see a linear relation similar to the freeze between

T and V1/2. It is expected that analysis of the eutectic structure
ill further clarify the relationship between melting temperature

nd structure: not only the interphase spacing but also interface
rea and its curvature should be taken into consideration.

.3. The effect of impurities

The influence of the amount of gaseous impurities on the rela-
ion between melting temperature (freezing temperature) and
he growth rate during the (preceding) freeze is not yet clear.
pparently nucleation and/or growth of the eutectic phases or
iffusion of graphite might be influenced by gaseous impurities,
r by their compounds with Fe, C or with some of the metallic
mpurities, present in the ingot. It even cannot be excluded that
he ND samples are purer than the DG samples as regards the

etallic impurities due to the ‘gettering’ effect of the gaseous
omponents. In Ref. [8] a start has been made with quantifying
he effect of impurities on the freezing process by studying the
ariation of the �T − λ relationship when varying the material
arameters making up the solute and curvature terms Kc and Kr.
urther study is needed to estimate the effect of impurities on

he material parameters in question such as the interfacial energy
ncorporated in the interface between the phases involved.

. Conclusion

The melting behavior of eutectic Fe–C was investigated for
wo samples, degassed and non-degassed. The melting temper-
ture has been shown to be proportional to the square root of the
rowth rate during the preceding freeze, as was earlier observed
nd modeled for the freezing temperature. The observed depen-
ences of the transition temperature on the growth rate have been
hown to be influenced by the amount of gaseous impurities,
he degassed material showing a larger variation in transition
emperature. The variation of the melting temperature with pre-
eding growth rate is approximately five times smaller than that
bserved for freezing.

Modeling of the observed phenomena in terms of the change
n eutectic structure with thermal history is envisaged. It is also
nvisaged to investigate the effect of gaseous and metallic impu-
ities upon these structural changes.

The saturated melting plateau, resulting from freezing at the
owest growth rate or from annealing at longest annealing time

s in reasonably good agreement with the melting plateau mod-
led on the basis of the Scheil–Gulliver model [5], which takes
nto account the effect of metallic impurities. The remaining
iscrepancy is still to be explained.
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It should be noted that observation of the relatively small
ffects of the thermal history on the melting behavior has been
nabled only recently through a gradual improvement in mea-
urement capabilities and measurement conditions since the
ntroduction of M–C eutectics as fixed points in thermometry.

The reported thermal influence factors are expected to have
inor implications as regards the uncertainty in the definition of

he transition temperature of eutectic Fe–C, when standardizing
he thermal boundary conditions. M–C eutectics showing higher
utectic temperatures have been shown to be much less prone to
hermal history than eutectic Fe–C, the subject of this study [11].
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