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An analysis of the solidification and decarburization of white-heart malleable cast iron (MCI) is presented. The solidification
and decarburization courses were examined with simple and differential scanning calorimetry. The microstructure
characteristics and the physical properties of the white-heart malleable cast iron changed during the decarburization process.
Also, the electrical resistivity changed with the change of carbon contents and the macro-and microstructures. Based on this
hypothesis, a measuring method for simultaneous measurements of the electrical resistivity and dimensional variations during
the decarburization process of white-heart malleable cast iron was developed. In addition, a physico-mathematical model was
developed to follow the carbon concentration and to determine the depths of the decarburization zone during the decarburization
process. The decarburization process was presented as a function of the specific electrical conductivity, the carbon concentration
and the decarburization time.

Keywords: white-heart malleable cast iron (MCI), thermal analysis,electrical resistivity, specific electrical resistivity,
decarburization time, depth of decarburization zone

Clanek opisuje spremljanje strjevanja in razogljicenja belega litega Zeleza. Potek strjevanja in razoglji¢enja sta bila preiskana z
enostavno in diferencno vrsti¢no kalorimetrijo. Med procesom razoglji¢enja belega litega Zeleza se spreminjajo znacilnosti
zgradbe in fizikalne lastnosti. Prav tako se zaradi spremembe koncentracije ogljika ter makro- in mikrostrukture spreminja tudi
elektricna upornost. Na tej hipotezi je bila razvita merilna metoda istoCasnega merjenja elektricne upornosti in dimenzijskih
sprememb med procesom razoglji¢enja belega litega Zeleza. Razvit je fizikalno-matemati¢ni model, s katerim je moZno med
procesom razoglji¢enja spremljati koncentracijo ogljika in dolociti globino razoglji¢enja. Potek procesa razogljicenja je
prikazan kot funkcija specifi¢ne elektri¢ne upornosti, koncentracije ogljika in ¢asa razogljicenja.

Kljucne besede: belo lito Zelezo, termi¢na analiza, elektri¢na upornost, specifi¢na elektri¢na upornost, ¢as razogljicenja, globina
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1 INTRODUCTION

White-heart malleable cast iron (MCI) was prepared
from a chilled hypoeutectic iron alloy. Afterwards, it was
decarburized to achieve adequate mechanical properties.
The morphology of the solidified phases, the temperature
regions of the corresponding reactions and the formed
phases were determined with a thermodynamic analysis
of the MCI solidification and decarburization process.
The fraction of pearlite and the heat treatment' are essen-
tial to obtain the desired properties of the MCI. The fol-
lowing methods were used to examine the solidification
process and solid-state transformations: simple thermal
analyses (TA), dilatometric analyses, and simultaneous
thermal analyses (DSC). An "in situ" measuring appara-
tus, as a part of the laboratory equipment, was also de-
veloped to follow the electrical resistivity during the
decarburization process. The goal of the examination
was to design a model for the "in situ" monitoring of the
decarburization process by determining the carbon con-
centrations and the depths of decarburization zone. The
thermal analyses could be used for the quality control of
the MCI, since it made it possible to determine the met-
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allurgical quality of the cast iron in the shortest possible
time. The chemical composition and the nucleation con-
ditions determined the obtained microstructure.>”’ The
simple thermal analysis made it possible to determine the
reference liquidus temperature and the temperatures of
the transformations and to forecast the latter properties
of the castings.® In the solidification of the MCI it was
important that all the remnant melt solidified entirely as
a chill in the form of a cementite eutectic. The simple
thermal analysis and dilatometric curves helped to exam-
ine the solidification process and the cooling of spheroi-
dal-graphite cast iron (Figure 1).°

The as-cast MCI was decarburized in approximately
40 h in an oxidizing atmosphere at 1050 °C, when the
cast microstructure changed with the reactions:
1. Formation of austenite:

(ape + Fe;C) = v,
2. Decomposition of cementite:

FC3C g 3’J/Fe + C(malleabliwdgraphile)

3. Decarburization process:
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Figure 1: Cooling curve and dilatometric curves of slightly hypo-
eutectic spheroidal graphite cast iron”

Slika 1: Ohlajevalna krivulja in dilatometrske krivulje podevtektske
sive litine s kroglastim grafitom’

C(malleablized graphite) and [C]y + HZO(g) = CO(g) + H2(g)
4. Precipitation of ferrite:
VFe - Up,
5. Formation of pearlite:
Yre = (g + Fe;0)
6. Precipitation of graphite:
aFe - Graphite(tertiﬂry)

The decarburization proceeded predominantly by the
reactions:

[C]V—Fe + HZO(g) = CO(g) + HZ(g) (D
and
C + H,O, = CO, + Hy, 2)

The decarburization process of steel, such as electri-
cal steel,'®!! proceeded by the decarburization reaction
(1). The decarburization process of MCI started with a
carbon loss in austenite, [C],r. (reaction 1), and then it
was continued by Caiieabiized graphice 108S according to reac-
tion (2) after the cementite decomposed according to re-
action:

malleablized graphite

Fe}C = 3‘)/Fc + Cma]lcablizcd graphite (3)

The decarburization process depends on the chemical
composition of the decarburized material (steel or MCI),
on the applied atmosphere,'®!" the temperature and first
of all on the wall thickness of the casting. For MCI it
was also essential to know how the microstructure was
influenced by the wall thickness.'? The relationship be-
tween the mass fraction of carbon and the decarburi-
zation time is presented in Figure 2. The decarburization
was achieved by annealing in the temperature range from
1070 °C to 1075 °C in a gas atmosphere with water vapor
(H>O)), and the process consisted of carbon diffusion
from the interior towards the surface of the MCI casting,
of the water vapor transport to the surface of the MCI
casting, the oxidation of MCI carbon on the surface of
the MCI casting where proceeded and also the oxidation
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Figure 2: Relationship between the mass fraction of carbon and the
decarburization time!?
Slika 2: Odvisnost masnega deleZa ogljika od Gasa razoglji¢enja'?

of iron and of the other elements. The relations between
the decarburization time and the remaining carbon con-
centration in the MCI are represented by the following
equations:'?

lgC=k-mt “4)
C =10 5)
k-1gC
(= (©)
m
with:
C — remaining carbon concentration,
t — time,

k, m — constants

The microstructural characteristics and the physical
properties of the malleable cast iron changed during the
decarburization process. Due to changed carbon concen-
trations and changed macro- and microstructures the
electrical resistivity also varied. The relationship be-
tween the electrical resistivity and the specific electrical
resistivity applied for the calculations of the specific
electrical resistivity during the MCI decarburization pro-
cess are described with the equation:

A
p=R7(Q m) (7

where:
p = specific electrical resistivity of the specimen (€2 m)
R = electrical resistivity of the specimen (€2)
A = cross-section of the specimen (mm?)
| = length (mm)

Matthiessen’s rule'® describes the relation between
the specific electrical resistivity and the temperature, as
follows:

A(T)=p, +ps(T) ®)
where po is a term that is independent of the temperature

and takes into account the influence of the alloying ele-
ments and pg(7) is a temperature-dependent term.
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2 EXPERIMENTAL

"In-situ" simple thermal and dilatometric analyses of
the same alloy were made in industrial conditions. The
"in-situ" measuring equipment is presented in Figure 3.4

A sample for chemical analysis was taken after each
measurement and for laboratory decarburization. For an
easier comparison, some of those specimens were
decarburized together with industrial castings in indus-
trial conditions, while the others were prepared only for
laboratory decarburization tests. The chemical analyses
of the as-cast cast irons and of the decarburized speci-
mens were made after "in-situ"dilatometrical measure-
ments, thermal analyses and differential scanning calo-
rimetry to follow how the electrical resistivity varied
during the laboratory decarburization process.The chem-
ical compositions of the as-cast cast iron samples were
evaluated and are presented in Tables 1 and 2.

The measurements of the electrical resistivity and of
the dimensional changes were performed with laboratory
equipment to follow the variations of the electrical resis-
tivity of the MCI specimens during the decarburization
process at 1050 °C, 1075 °C and 1100 °C for periods of
(12, 24 and 48) h in atmospheres of argon, CO,, N, and
N, + H,O. Figure 4 shows the used equipment.

The Olympus BX 1 optical microscope with the DP
70 video camera and the analySIS 5.0 software for ana-
lyzing micrographs was used in the metallographic ex-

Measuring
cell

e O S RS TF G e - — gl L

Figure 3: Equipment for "in situ" simple thermal and dilatometric
analyses with the measuring cell'*

Slika 3: Naprava za enostavno termi¢no in dilatometrijsko analizo z

merilno celico' "in situ"

Figure 4: Laboratory equipment for measuring electrical resistivity,
and performing dilatometric analyses during the decarburization pro-
cess

Slika 4: Posnetek naprave za izvedbo meritev elektri¢ne upornosti in
dilatometrijske analize pri razoglji¢enju

aminations. Multiple image alignment (MIA), a method
of stitched overview, was applied to determine the
microstructural constituents and the variation of their
fractions with the distance from the surface of the speci-
mens. The microstructural components were determined
across the specimen’s cross-section from the center (x =
0) towards the edge (x = 2 500 um). The distance from
the center to the edge of the specimens decarburized in
laboratory conditions was divided into five sections, each
was 500 ym long. The microstructural changes and the
variations in the microstructural constituents were deter-
mined in each section. Afterwards, the single pictures
were stitched into a joint picture.

3 RESULTS AND DISCUSSION

The simple thermal analysis was applied to record the
cooling curves and the curves of the dimensional
changes of specimens Nos. 1, 2, 3 and 4. In addition,
characteristic temperatures of the solidification and of
the transformations were determined, too. The cooling
curve with the marked characteristic temperatures for the

Table 1: Chemical compositions of as-cast cast iron samples, including the C+Si sum and the Mn/S ratio w/%
Tabela 1: Kemijska sestava vzorcev 1, 2, 3, 4, vsota C + Si in Mn/S v masnih deleZih

Chemical composition in mass fractions, w/%
Sample C S Mn S Al P Cr C+Si Mn/S
1. 2.8405 0.9174 0.5026 0.1952 0.0010 0.0321 0.0395 3.7579 2.5748
2. 3.0633 0.9549 0.5005 0.1879 0.0024 0.0321 0.0396 4.0182 2.6637
3. 3.0032 0.9305 0.4991 0.2132 0.0009 0.0323 0.0398 3.9337 2.3410
4. 3.0259 0.9368 0.5045 0.1818 0.0004 0.0312 0.0040 3.9627 2.7750

Table 2: Chemical compositions of as-cast cast iron samples prepared for laboratory decarburization, including the C+Si sum and the Mn/S ratio

Tabela 2: Kemijska sestava vzorcev belega litega Zeleza za razogljicenje z vsoto C + Si in razmerjem Mn/S v masnih delezih, w%

Chemical composition in mass fractions, w/%

C Si Mn S Al P Cr C+Si Mn/S
2.99 0.85 0.49 0.17 0.004 0.0321 0.04 3.84 2.88
Materiali in tehnologije / Materials and technology 45 (2011) 6, 529-535 531
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specimen No. 3 is presented in Figure 5. It shows that
the solidification started at 1280 °C with the precipita-
tion of primary austenite (L = yr.) and continued until
the temperature of the eutectic reaction (L = (Yr +
Fe;C)) at 1154 °C. After the eutectic reaction was com-
pleted, the cooling continued in the solid state down to
the eutectoid reaction (yr. = (ar. + Fe;C)) at 740 °C. Af-
terwards, the cooling continued and no further changes
were detected on the cooling curve. The liquidus and sol-
idus temperatures of all the specimens, i.e., of Nos. 1, 2,
3 and 4, were collected and are presented in Table 3 with
the results of the differential scanning calorimetry. Next
to characteristic temperatures, the reaction enthalpies
were determined also.

Figure 6a presents the heating curves of industrially
cast specimens, i.e., of the initial specimen, and of the
decarburized specimen with 0.18 % C. Both curves ex-
hibit the exothermic and endothermic peaks of the
eutectoid transformation (yr. = ar. + FesC); (ar. + FesC
- yg) at 757 °C and 752 °C. Both peaks were much
more pronounced with the initial specimen since the
enthalpy of transformation was —16.48 J/g, while the
enthalpy of transformation in the decarburized specimen
was much smaller, only —3.632 J/g. The melting of the
initial specimen (blue line) commenced at 1139 °C with
the solidification of the (yr. + FesC = L) eutectic, and it
continued with the melting of the primary austenite (yr.
- L) at 1188 °C.

The melting enthalpy was at —1 34.2 J/g. In the
decarburized specimen (red line) no melting of the
eutectic (yre + FesC = L) was detected. After the
eutectoid transformation (ar. + Fe;C - yg) at 752 °C,
the heating was continued until the primary austenite
melted (yr. = L) at 1 331 °C, then the peritectic reaction
(yre + L = Or) proceeded at 1 452 °C and the Jd-ferrite
melted (Or. = L) at 1 479 °C.
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Figure 5: Dilatometric and cooling curve and derivative of the cooling
curve with marked temperatures of the solidification start, of the
eutectic solidification and of the eutectoid transformation for sample
No. 3

Slika 5: Dilatometrijska in ohlajevalna krivulja z odvodom ohlaje-
valne krivulje s temperaturami zacetka in evtekti¢nega strjevanja ter
evtektoidne premene za vzorec 3
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Figure 6: Heating (a) and cooling curves (b) of the as-cast specimen
(blue), and specimen with mass fraction of C 0.18 %, decarburized in
industrial conditions (red), obtained by differential scanning calorime-
try

Slika 6: a) Segrevalni in b) ohlajevalni krivulji diferencne vrsti¢ne
kalorimetrije; modro: izhodno lito stanje; rdece: industrijsko razoglji-
Ceni vzorec z masnim delezem C 0,18 %

Figure 6b presents the cooling of the initial (blue
line) and of the decarburized specimen (red line). The
solidification of the decarburized specimen started at
1500 °C with precipitation of the d-ferrite (L = Or.). The
peritectic reaction (Or. + L= vr) at 1467 °C, at 1366 °C
the peak of formation of primary austenite (L - y.), at
942 °C the peak of formation of hypoeutectoid ferrite
from austenite (yr. = ar.) and at 769 °C a smaller peak
of eutectoid transformation (yr. = ar. + FesC) were de-
tected. The melting enthalpy was 19.68 J/g, and of
eutectoid transformation 7.771 J/g.

The solidification of the basic specimen started at
1290 °C with the precipitation of the primary austenite
(L = yre) and it was completed at 1140 °C with eutectic
reaction or the solidification of the eutectic (L = Vg +
Fe;C), respectively. At 723 °C a big exothermic peak of
eutectoid transformation (yr. = ar. + Fe;C) appeared.
The enthalpy of solidification was 125.9 J/g, and of
eutectoid transformation was 76.09 J/g.

Figure 7 shows the results of measurements of the
electrical resistivity and of the dimensional changes dur-
ing decarburization of specimen No. 8. The decarburi-
zation proceeded at 1100 °C for 12 hours in the N,+H,O
atmosphere. The obtained value of the electrical resistiv-
ity after heating to the decarburization temperature of
1100 °C was 0.2725 Q and it was constantly dropping as
the decarburization continued. After 40 000 s of decar-
burization, the electrical resistivity dropped to 0.2525 Q.

Materiali in tehnologije / Materials and technology 45 (2011) 6, 529-535



M. PIRNAT et al.: A THERMODYNAMIC AND KINETIC STUDY OF THE SOLIDIFICATION AND DECARBURIZATION ...

Table 3: Characteristic temperatures obtained with simple thermal analysis (TA) and differential scanning calorimetry (DSC) in °C

Tabela 3: Znacilne temperature TA in DSC v stopinjah Celzija

Temperatures of solidification and phase transformations in solid state
TA DSC
Decarburized speci-
e men in industrial con-
Solidification and phase . o C .
. . . Specimen ditions, containing As-cast specimen
transformations in solid state .
mass fraction of C
0.18 %
1 2 3 4
L - Jpe 1 500
Ope+ L =y 1467
L = vk 1280 1280 1281 1 366 1290
L = (yre + Fe;C) 1158 1154 1154 1154 1 140
YFe = QFe 942
Yre = are + FesC) 740 738 740 733 769 723

With a lowering of the electrical resistivity dimensional
changes occurred. The dimensional changes dropped
from 400 pum at the beginning of the decarburization pro-
cess to 120 um at the end of the process.

Figure 8 presents the changes of the microstructure
and of the fractions of the microstructural constituents as
a function of the distance x from the center of the speci-
men to its edge. The stitched metallographic image pres-
ents the microstructures and the fractions of the
microstructural constituents, i.e., pearlite, ferrite, and
graphite. The fractions of microstructural constituents
are also presented graphically as a function of the dis-
tance x from the specimen center to its edge. The frac-
tion of microstructural constituents changed from the
center to the edge and greater changes of the
microstructural constituents were detected at adistance of
1 000 pm to 1 500 um from the center. The fraction of
graphite was reduced to 1 % and the fraction of pearlite
to 70 %. In contrast, the fraction of ferrite was constantly
increasing and the share of ferrite was 25 % at adistance
of 1 500 um, while its share at the edge of the specimen
reached as high as 90 %.
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Figure 7: Variations of electrical resistivity and dimensional changes
with time during decarburization of the specimen, decarburized in lab-
oratory conditions (73 #1); T =1 100 °C, 12 h, N3 + H,O mixture,

Slika 7: Elektri¢na upornost in dimenzijske spremembe v odvisnosti
od Casa razogljicenja za vzorec (T3 t1); T =1 100 °C;12 h; N, + H,O
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Based on measurements of the electrical resistivity
and the changed lengths of specimens during the
decarburization of white-heart cast iron and applying a
physico-mathematical model of white-heart cast iron
decarburization, variations of the carbon concentrations
and the specific electrical resistivity during the decarbu-
rization process were evaluated as a function of the
decarburization time. The variations of the carbon con-
centrations were calculated for (12, 24, 36, 48 and 60) h
of decarburization at a temperature 7 = 1 000 °C for
specimens that were decarburized in various atmo-
spheres. These relations are presented in Figure 9. The
relations between the decarburization time and the
depths of the decarburized zone are shown in Figure 10.
It is evident from the plot in Figure 9 that the greatest
variations of the specific electrical resistivity and of the
carbon concentration occurred between 12 h and 24 h of
decarburization. A similar behavior was also found with
measurements of the electrical resistivity of laboratory
specimens, where the corresponding time interval was
between 11.1 h and 22.2 h. The course of the decarbu-
rization process in Figure 9, i.e., the relation between
the carbon concentrations and the time of decarburi-

1007 - 100
3.0 —— - 4
= e
™~ LR I T
“ P ]
25 ] Ny \ 4
~ "
g N\ e 2 g
= \ S 5 = .
£ 2.0 X //’ = 2
s \ d 8
£ N a 50 §
< \ A Tt w iR Y]
N p X a
\, % N
1.5 N P
N & 20
TN ™\ T - 20
1.0 0
-1 0

i T T T T
500 1000 1500 2000 2500

Figure 8: Micrograph with microstructural constituents in the speci-
men (T3 t1);T =1 100 °C; 12 h; N, + H,O mixture

Slika 8: Posnetek mikrostrukture in delezi mikrostrukturnih sestavin
vzorca (T3 t;) ; T=1 100 °C; 12 h; Np + H,O
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Figure 9: Variation of the carbon concentration and of the specific
electrical resistivity during the decarburization process at 7= 1 100 °C
Slika 9: Sprememba koncentracije ogljika in specificne elektricne
upornosti v odvisnosti od ¢asa razoglji¢enja pri temperaturi 7 =1 100
°C

zation, was similar to that described where the
decarburization of the electrical sheet was investigated's.
Furthermore, Figure 10 shows that an increased
decarburization rate in the time interval between 12 h
and 24 h of decarburization resulted in greater depths of
the decarburized zone that varied between 1 mm and 6
mm, depending on the decarburization time and the
decarburization conditions. The relationships between
the wall thickness of the casting and the decarburization
time at T = 1 000 °C are presented, showing that a depth
of the decarburization zone of 5 mm was reached after
50 h of decarburization.'

The temperature of the solidification and of the phase
transformations were determined by analyzing the course
of the MCI solidification and decarburization by phy-
sico-metallurgical means. Among those temperatures,
the essential in the MCI decarburization process is the
temperature of eutectoid transformation (Yg. = ape +
Fe;C) at 752 °C.

The mechanism of the MCI decarburization process
was determined. This process started at 7 = 752 °C by
carbon loss in the austenite, [C],.r., and was continued by
Chrnalleablized graphite 1088, described with the reactions:

[Cl,re + H,O () = CO, + Hyy), and

C + H,0, = CO, + Hy

malleablized graphite

4 CONCLUSIONS

In the first part of the research, the MCI decarburi-
zation was investigated with the thermal analyses, chem-
ical analyses, and differential scanning calorimetric anal-
yses of as-cast malleable samples. The thermal analyses
revealed the entire course of the solidification process,
the course of the cooling, and reactions relating to how
the austenite, cementite eutectic and pearlite were
formed. Differential scanning calorimetry of the as-cast
specimens confirmed the course of the reactions that
were determined by the thermal analysis.
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Figure 10: Variation of the depth of the decarburization zone during
the decarburization process at 7= 1 100 °C

Slika 10: Sprememba globine razogljicenja v odvisnosti od casa
razoglji¢enja pri temperaturi 7 =1 100 °C

Further examinations were focused on a laboratory
examination of the malleablizing process from the ther-
modynamic and kinetic points of view and the dilato-
metric analyses of specimens during the malleablizing
process were performed. The measurements of the elec-
trical resistivity were added to follow the decarburization
process more precisely. Electrical resistivity changes
during the decarburization process of the specimens
decarburized in laboratory conditions were confirmed by
an assessment of the changes in the microstructures.
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