Journal of Thermal Analysis and Calorimetry (2019) 138:2131-2143
https://doi.org/10.1007/s10973-019-08808-2

=

Check for
updates

Solidification influence in the control of inoculation effects in ductile
cast irons by thermal analysis

Ana Maria Cojocaru’ - lulian Riposan’ - Stelian Stan’

Received: 12 June 2019/ Accepted: 4 September 2019/ Published online: 16 September 2019
© Akadémiai Kiado, Budapest, Hungary 2019

Abstract

Slightly hypoeutectic ductile irons (4.10-4.2%CE) have a specific response to inoculation, which slightly decreased the
temperature of the start of austenite formation (TAL), quickened up the start of eutectic freezing (nucleation) and increased
the lowest and the highest (recalescence) eutectic temperatures. Temperature of the end of solidification increasing, with
more negative level of the minimum value of the first derivative of cooling curve on the end of solidification, illustrates the
efficiency of the applied inoculation to control the latter part of solidification. Increased graphitization factor, illustrating
the graphite formation in the second part of eutectic reaction, sustains also the positive effect of inoculation. Inoculated
irons show lower cooling rate for all of specific intervals than un-inoculated irons, with increasing tendency from beginning
to the end of solidification, as specific values and also as difference between un- and inoculated irons. Inoculation potential,
as ratio between the level of one specific parameter in inoculated and un-inoculated irons, has specific position, for each
thermal analysis parameter, increasing from the beginning to the end of solidification. This treatment is useful not only to
improve some metallurgical events at the beginning of solidification (carbide to graphite transition, graphite morphology
control, eutectic cells count) but also it must be capitalized to control the last part of solidification, when the integrity of
castings is decided.

Keywords Ductile cast iron - Solidification - Thermal analysis - Cooling curve analysis - Inoculation - Eutectic under-
cooling - Graphitization factor - Inoculation potential

Introduction

Ductile [nodular graphite] iron castings production repre-
sents more than 30 million metric tons each year world-
wide. (Cast iron is more than 70% of the total casting
production.) Some critical production conditions must be
considered, such as thin-wall castings [< 5 mm], electric
coreless induction furnace melting at high overheating and
less rare earth elements available due to their world crisis.
So, high-efficiency metallurgical methods need to be
investigated, to control solidification pattern of iron cast-
ings, such as inoculation, when special alloys (inoculants)
added to the molten cast iron immediately prior to casting,
with direct effects on the primary structure. Generally,
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inoculation is applied to promote solidification without
excessive eutectic under-cooling, which favours carbides
formation usually with undesirable graphite morphology.

The routine measurements of metallurgical treatments
effects in a foundry are in many ways empirical and have
to be calibrated as well as interpreted to have any value in
managing the process. It is well known that chemical
analysis results from a spectrometer sometimes do not
reflect the truth or match other benchmark test values.
With the more widespread adoption of thermal [cooling
curves] analysis, its data have become an indicator of iron
quality [1-5].

The solidification cooling curve itself as well as its first
derivative (a cooling curve is often easier to interpret if the
first derivative is plotted) and related temperatures can be
used to predict the characteristics of the cast iron. The
optimal cooling curve varies for different castings (due to
their configuration) and various types of mould material
(due to mould stability). When d7/dt = 0, it means that
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heat generated inside the sample just balances the heat
losses [6].

Application of thermal [cooling curve] analysis to
solidification control of grey cast irons, referring to the
stable eutectic temperature (T) and to the metastable eu-
tectic temperature (7},s), mainly evaluated the car-
bides/graphite ratio, chill tendency, graphite morphology
[under-cooled to lamellar type A ratio], eutectic cells
characteristics, tensile strength and hardness level [7-10].

In ductile cast iron, chill width (carbides) tendency
correlates well with the cooling curves’ parameters, refer-
ring to eutectic under-cooling (ATy,, AT;), which compares
the stable equilibrium temperature Ty, (AT, = T, — TEU)
to the metastable (carbidic) equilibrium temperature 7,
(AT, = TEU — T,). TEU describes the lowest eutectic
temperature on the cooling curve, corresponding to a zero
point on its first derivative. Lower AT, and higher AT}
parameters recorded in standard conditions (ceramic cup,
Quick-Cup™ system) showed lower chill width levels in
the experimental irons [9, 10]. Inoculation moved these
thermal analysis parameters to improved values (lower
AT, higher AT}), and consequently, the chill width ten-
dency to lower levels. In this way, an alloy selection pro-
cedure for in-mould inoculation has been possible [11].

Modelling of stable and metastable eutectic transfor-
mation of spheroidal graphite iron casting shows the rela-
tionship of morphology of carbides and solidification. It
was indicated that the growth of white eutectic and carbide
morphology could be predicted by solidification simulation
[12]. It was found that as for solidification pattern of
ductile cast iron, the most representative parameters of
thermal analysis had been improved by residual alu-
minium, such as higher eutectic temperatures and lower
under-cooling, higher temperature at the end of solidifica-
tion and larger maximum rate of eutectic freezing at this
temperature [13—15].

Shrinkage prediction is also very important especially
for ductile iron castings, as shrinkage becomes one of the
most important defects that negatively affects the produc-
tion of ductile cast iron parts. Thermal analysis of solidi-
fication process could offer important information in this
respect [16—19].

High Si ductile iron is characterized by lower values of
under-cooling at the beginning of eutectic reaction and at
the end of solidification [AT; less negative], for both un-
and inoculated irons, compared to conventional material.
The combination of Si alloying with efficient inoculation
led to positive values of the AT; parameter. Mo additions at
higher level in 4%Si ductile iron decreased the eutectic
interval and led to increased under-cooling over the entire
solidification period, in un-inoculated irons. Inoculation
compensates for the negative effect of Mo. It appears that
Mo, at high levels, compromised the beneficial effect of Si
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alloying, while an efficient inoculation became mandatory
to improve the solidification pattern up to the end of
solidification [20, 21].

Chemistry results provide only limited information
about the expected solidification of the cast iron. Thermal
analysis allows the foundry to see how the graphite is
growing—similar to a microstructure analysis but faster,
with a larger sample size [22].

In ductile iron production, a base iron melt, controlled as
chemical composition [C, Si, Mn, P, S, minor elements], is
subjected to a nodularization treatment [usually as Mg
treatment, with or without rare earth elements contribu-
tion]. The result mainly consists in nodular graphite for-
mation, more or less similarly with a spherical form.
Usually, the structure after Mg treatment includes nodular
graphite, at lower quality referring to spherical form and at
lower count, while free carbides are usually present
(Fig. 1b). Inoculation, as graphitizing treatment [FeSi-
based alloys, including Ca, Ba, Sr, Zr, Ce, La, etc., as
inoculating elements) applied to iron melt after Mg treat-
ment favours better structure characteristics (Fig. 1c): free
carbides formation avoiding, graphite particles closer to
spherical form and at higher count and lower size, ferrite
formation, etc. High-quality ductile iron casting production
means an efficient double treatment [nodulariza-
tion + inoculation], with strong control on inoculation
effects. Thermal analysis, as solidification cooling curves
application, could be a good solution in this respect.

The main objective of the present work was solidifica-
tion control of slightly hypoeutectic ductile [nodular gra-
phite] cast iron [4.10-4.24% carbon equivalent] by thermal
[cooling curve] analysis, with the representative tempera-
tures on the cooling curve measured and reported to the
calculated equilibrium temperatures by different ways, in
stable and metastable solidification systems. It focused on
the effect of inoculation and repeatedly occurrence on the
representative events on the cooling curve and its first
derivative, known as influencing the final castings’ quality.

Experimental procedure

In the first stage of experiments, a primary iron was
obtained in an acid lining, 150 kg capacity, 1000 Hz and
155 KW, crucible electric induction furnace and cast in
metal mould. This iron was used as charge material, for
experimental tests, by re-melting in a smaller crucible
electric furnace (graphite crucible induction furnace,
10 kg, 8000 Hz), in the same conditions, as chemistry and
thermal regime, for all of the recorded five experimental
heats.

Tundish cover ladle [10 kg] technique was used for Mg
treatment [1530 °C], involving 2 mass% Fesi CaMgRE
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Fig. 1 Typical ductile (nodular graphite) cast iron production procedure: a base iron; b Mg treatment of the base iron; ¢ inoculation of the Mg-

treated iron [Nital etching] [LG lamellar graphite; NG nodular graphite]

alloy [43.03%Si, 10.35%Mg, 1.01% total rare earth ele-
ments, 1.87%Ca, 1.35%Al, Fe-bal). 0.5 mass% Ca, Ce, S,
O FeSi alloy [70-76%Si, 0.75-1.25%Ca, 0.75-1.25%Al,
1.5-2.0%Ce, S- and O-bearing compounds totalling less
than 1%; Fe-bal] was added in the pouring ladle, during the
transfer of iron melt from Mg treatment ladle, for inocu-
lation. The same Mg treatment and inoculation procedures
were applied for all of the five experimental heats.

Standard Quick-Cup™ thermal analysis system [ce-
ramic cup, 0.75 cm cooling modulus] was used, to compare
the solidification pattern of un-inoculated and inoculated
Mg-treated cast irons, resulted from the five experimental
heats, with two samples for each inoculated ductile cast
irons [total 10 thermal analysis series for inoculated ductile
cast irons, obtained in similarly conditions].

Results and discussion

The cast iron chemistries for the as-melted base iron (be-
fore metallurgical treatments application) and after a
specific double treatment (Mg treatment + inoculation)
application were evaluated by the use of a performance
spectrometer (SPECTROLAB M 10, Hybrid Optic) cap-
able of determining a high number of chemical elements,
including very low levels of minor active elements.

Table 1 includes the chemical compositions of the tested
ductile cast irons, as the base iron [furnace tapping] and
final iron, after Mg treatment and inoculation, respectively.
Applied double treatment with specific FeSi-based alloys,
including active elements, led to important changes in the
chemical composition of the final irons, comparing to base
(furnace) iron melt: (a) the presence of nodularizing ele-
ments, such as Mg (increased from < 0.0001% up to
0.05%) and Ce (increased from 0.0003 to 0.0004% up to
0.01%), at typical level for ductile iron production;

(b) increased content of residual Al, from 0.001% up to
0.015%, important to sustain graphite nucleation; (c) Si
increased from 1.3-1.5% up to 2.5-2.6%, and, conse-
quently also carbon equivalent (from 3.9-4.0% up to
4.10-4.24%); (d) S decreased.

Minor elements, typically present in ductile cast irons, were
kept at low levels: 0.047-0.049%Cr, 0.043-0.045%Ni, 0.051—
0.056%Cu, 0.012-0.015%Ti, 0.004-0.005%Sn, 0.003—
0.004%As, 0.0020-0.0025%Bi, 0.0004-0.0013%Sb, 0.0055—
0.0083%N, < 0.0002%Pb,  0.004-0.012%Mo,  0.0040—
0.0045%Co, 0.0055-0.0060%Nb,  0.0033-0.0045%V, <
0.0002%W, 0.00045-0.00065%Zr, < 0.0008%Te, 0.0009—
0.010%B, 0.0007-0.0009%Zn, < 0.0001%La. All of these
elements influence the position of tested cast irons in the
equilibrium iron—carbon phase diagram, through the carbon
equivalent (CE, Eq. 1) level.

CE(%) = C(%) + 0.31(%Si) — 0.027(%Mn) + 0.33(%P)
+0.40(%S) — 0.063(%Cr)—0.015(%Mo)
+0.053(%Ni) + 0.22(%Al) + 0.026(%Co)
+0.074(%Cu) — 0.135(%V) + 0.11(%Sn)
+0.115(%Sb)

(1)

Cooling curves [T = f(7)] and their first derivatives [d7/
dt = f(t)] were recorded, for both un-inoculated [only Mg-
treated] ductile cast irons and inoculation applied after Mg
treatment. Figure 2 shows typical solidification thermal
analysis, expressed by cooling curves and their first
derivatives.

Eutectic temperatures in the stable (graphitic) system
(Ts) and metastable (carbidic) system (Ty) are usually
calculated as silicon effect, the major influencing factor in
this respect in cast irons. Equations 2 and 3, usually used in
this field [6], illustrate the capacity of this element to
enlarge eutectic interval [ATy = Ty — Ty by increasing
T, and decreasing Ty, values, respectively.
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Table 1 The base chemical

.. . Iron 7, Heat Chemical composition/mass% Carbon equivalent CE/%
composition of tested ductile
cast irons C Si Mn S Mg Ce Al
D1 B DI1.1 351 133 052 0.013 <0.0001 0.0003 0.001 3.95
7. D12 319 264 053 0.011 0.0236  0.0096 0.014 4.24
D2 B D21 349 131 051 0.013 <0.0001 0.0004 0.001 3.92
T, D22 332 248 0.50 0.012 0.0449 0.0094 0.014 4.11
D3 B D31 348 132 051 0013 <0.0001 0.0004 0.001 391
T, D32 334 251 051 0.012 0.0403  0.0099 0.015 4.13
D4 B D41 354 132 052 0.015 <0.0001 0.0003 0.001 3.98
T, D42 335 252 052 0.013 0.0412 0.0083 0.013 4.15
D5 B D51 354 151 050 0.013 <0.0001 0.0004 0.001 397
T, D52 330 251 049 0.013 0.0492  0.0094 0.014 4.10
B melted; 7, nodularization [Mg treatment] + inoculation
Fig. 2 Typical cooling curve e k-
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Ty = 1153 + 6.7(%Si) (2)  Tmg[TEC] = 1142.6(°C) — 11.6(%Si)
Tingt = 1147—12(%Si) (3) —0.75[%Sol. Mn]|—46.2(%P)—1.4(%Cu)—1.1(%Ni)
—0.7(%C0)—1.8(%Al)—14.5(%Mo) + 5.9%Cr)

Recently, experimental evaluation allowed to establish
more complex equations, which consider the effects of the
most present elements in chemical compositions of com-
mercial ductile cast irons (Egs. 4, 5) [16, 23].
T4[TEG] = 1149.1(°C) + 4.7(%Si)

— 4.0[%Sol. Mn]—44(%P) + 2.7(%Cu)

+ 1.0(%Ni) 4 1.8(%Co) + 13.9(%Al)

— 17.7(%Mo)—10.5(%Cr)—9.3(%Sn)

—5.2(%Sb)—6.1(%W)—3.7(%Nb)

—14.8(%V)—80.3(%B)
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—6.0(%Sn)—5.1(%Sb)—2.8(%W) + 0(%Nb)
+3.3(%V)—26.0(%B)

(5)

Table 2 and Fig. 3 illustrate the values of calculated
eutectic temperatures in stable (Ty) and metastable (7i,g)
systems, considering only silicon [S-series] [6] or total
chemical composition [K-series] [16], for the tested five

heats of inoculated ductile cast irons. The two considered
possibilities to calculate the reference eutectic temperatures

led to different values for these parameters, with T, the
most affected [18 °C as average difference], comparing to
metastable eutectic temperature T [only 10.5 °C as
average difference] levels by considering the effects of

total elements found in the chemistry of tested cast irons.

Consequently, the eutectic interval [AT, = Ty — Tig is
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Table 2 Calculated equilibrium temperatures of inoculated ductile cast irons

Heat Equilibrium temperatures/°C
Calculus T Tonst AT, = Ty — Tt
1 S 1170.7 1115.3 55.4
K 11524 1104.8 47.6
2 S 1169.6 1117.2 524
K 1151.8 1106.6 452
3 S 1169.8 1116.9 529
K 1152.0 1106.4 45.6
4 S 1169.9 1116.8 53.1
K 1152.0 1106.3 457
5 S 1169.8 1116.9 52.9
K 1151.8 1106.2 45.6
Range [difference/average] S 1169.6-1170.7 [1.1/1170.0] 1115.3-1117.2 [1.9/1116.6] 52.4-55.4 [3.0/53.3]

>~

1151.8-1152.4 [0.6/1152.0]

1104.8-1106.6 [1.8/1106.1] 45.2-47.6 [2.4/46.0]

N EqS 2 (Tst) and 3 (Tmst); K Eqs 4 (Tst) and 5 (Tmst)
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Fig. 3 Calculated Ty and T, depending on Si content [S] [6] and
total chemical composition [K] [16] of inoculated ductile cast irons
[a T and T,,s; b eutectic interval AT, = Ty — Trnetl

also lower [46.6 °C vs. 53.3 °C, respectively] if all of the
identified chemical elements are considered. Relatively
lower differences in chemical composition of the compared
five inoculated ductile iron heats (see Table 1) led to

limited differences between their eutectic temperatures
(Table 2): 0.6 °C [K-series] versus 1.1 °C [S-series] for T
and 1.8 °C [K-series] versus 1.9 °C for T, [S-series],
respectively. It was confirmed that silicon is the most
important influencing factor on the level of eutectic tem-
peratures, but, on the other hand, it was found that also
other elements must be considered for a correct evaluation
of these two parameters, important for solidification control
of cast irons.

The measured representative temperatures on the cool-
ing curves, as effect of inoculation, and the stability (re-
peatability) of the obtained values, for the two samples for
each of the five tested heats, in a restricted range of
chemical compositions variation, are illustrated in Table 3
and Fig. 4. The high precision of representative tempera-
tures measurement is an objective in iron casting solidifi-
cation control by cooling curves analysis. For this reason,
also at least the first derivative of the cooling curve is
considered. In industrial applications a very low difference
between thermal parameters obtained in this way could be
vital for iron castings quality evaluation. For this reason, an
important objective of the present work was a precise
measurement of the defined representative temperatures,
able to illustrate the specific of solidification pattern of iron
castings.

It was considered the entire solidification process,
including the identified important points, as simultaneously
consideration of the cooling curve and its first derivative
(Fig. 2):

e TAL—temperature of austenitic liquidus, as the start of
solid phase formation in hypoeutectic cast irons;
e TSEF—the start of eutectic freezing (nucleation);
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Table 3 Representative temperatures on the cooling curve/°C

Heat Inoc TAL TSEF TEU TER TES AT, = TER — TEU
1 Ul 12235 1195.2 1119.9 1120.7 1044.3 0.8
Inoc 1213.1 1193.9 1146.1 1147.5 1096.5 1.4
12132 1189.0 1147.8 1148.4 1098.3 0.6
2 UL 1209.1 1174.5 1128.4 1129.9 1050.9 1.5
Inoc 1203.0 1182.6 1142.4 1145.1 1087.5 2.7
1203.7 1178.5 1142.7 1145.6 1094.1 2.9
3 UL 12085 11732 1126.8 1128.6 1048.5 1.6
Inoc 11987 11772 1145.0 1147.2 1096.1 2.2
1199.7 1178.4 1146.0 11489 1096.2 2.9
4 Ul 1204.1 1168.7 1130.6 1132.6 1057.9 2.0
Inoc 1196.6 1177.5 1147.1 1149.4 1098.7 23
11973 1176.6 11475 1149.9 1100.9 2.4
5 UL 1209.9 1176.4 1132.8 1133.3 1055.4 0.5
Tnoc 1202.6 1180.7 1146.8 1148.8 1098.6 2.0
1203.7 1183.2 1148.1 1150.0 1101.2 1.9
Range Ul 1204.0-12235  1169.0-1195.0  1120.0-1133.0  1120.7-1133.0  1044.3-1058.0  0.5-2.0 [1.5/1.3]
[difference/ [19.5/1211.1] [26/1177.6] [13/1127.9] [12.3/1129.0] [13.7/1051.4]
average] Inoc 1196.6-1213.2  1176.6-1193.9  1142.4-1148.1  1145.1-1150.0  1087.5-1101.2  0.6-3.9 [3.3/2.13]
[16.6/1203.2] [17.3/1181.8] [5.7/1146.0] [4.9/1148.1] [13.7/1096.8]

UI un-inoculated; Inoc. inoculated

e TEU and TER—the lowest and the highest (recales-
cence) eutectic temperatures, respectively;
e TES—temperature of the end of solidification.

According to the total chemical composition, expressed by
carbon equivalent [CE—Eq. 1], the tested ductile cast irons
occupy a hypoeutectic position, as final CE = 4.1-4.24%),
but close to the eutectic range [CE = 4.26% in the graphitic
system]. For this reason, TAL values are generally less
than 1225 °C and closer to eutectic temperature in the
stable system. Silicon contribution of the inoculation
treatment led to increasing of the carbon equivalent, and,
consequently, the slightly decreasing of the austenite for-
mation temperature (7.9 °C as average), respectively.
Despite the lower level of the austenitic liquidus for
inoculated ductile cast irons, the eutectic freezing (nucle-
ation) started early in these irons comparing to un-inocu-
lated materials, as TSEF parameter is higher under
inoculation effect [1181.8 °C vs. 1177.6 °C as average]. At
the same time, inoculation led to the decreasing range of
the scattering measured values for the five tested ductile
cast irons, obtained in the same conditions, as the differ-
ence between the maximum and minimum values
decreased from 26 to 17.3 °C. But, it must be noted that the
measured values for TSEF are more scattered comparing to
TAL values, especially for un-inoculated ductile cast irons.
Active elements presented in the inoculation alloy (Ca, Ce,
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S, O, Al, Si) contributed to earlier activation of the
nucleation sites for eutectic formation. It appears that
TSEF parameter, marked by the lowest position (the
highest negative value) on the first derivative of the cooling
curve, is an important tool to evaluate the role of inocu-
lation treatment.

The eutectic reaction is marked by the eutectic under-
cooling TEU (the lowest temperature at the beginning), and
the temperature of the eutectic recalescence TER, visible
especially at a zero point level on the first derivative, also
illustrates the effects of inoculation, as a graphitizing
metallurgical treatment, applied to Mg-treated iron, before
its solidification. Inoculation contribution in graphite
nucleation sites activation led to earlier start of eutectic
reaction, as TEU (the lowest temperature in eutectic reac-
tion) is higher for inoculated iron compared to un-inocu-
lated iron [1146.0 vs. 1127.9 °C as average]. The heat
delivered by eutectic (austenite plus graphite) formation
contributes to temperature increasing, so the TER param-
eter (the maximum temperature in eutectic reaction) is
visible higher compared to TEU, for both un- and inocu-
lated ductile cast irons. Inoculation visible acted also in this
stage, as TER is higher for inoculated irons [1148.1 vs.
1129.0 °C as average], its increasing being more accentu-
ated comparing to TEU, so their difference, called as
eutectic recalescence [AT, = TER — TEU], is also higher
[2.13 vs. 1.30 °C as average], but for more scattered values
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Fig. 4 Temperature of the austenitic liquidus [TAL] and of the start
of eutectic freezing [TSEF] (a), the lowest eutectic temperature
[TEU] and of the end of solidification [TES] (b) and their range and
average values (c¢) of un- and inoculated ductile irons

[3.3 vs. 1.5 °C]. Generally, inoculation led to increasing of
both representative eutectic temperatures (TEU and more
accentuated TER), contributed to eutectic recalescence
increasing and the reduced scattering of the obtained values
for appropriate ductile cast irons production conditions.
The lowest eutectic temperature TEU is one of the most
important parameters resulted in thermal (cooling curve)
analysis and present in all of programs of solidification
simulation [2, 3, 6, 7, 12]. This parameter summarizes a lot
of influencing factors effects, such as charge materials
quality, graphite nodularization agent efficiency, applied
inoculation procedure results, pouring parameters or mould
media influence. For industrial application control of iron
castings quality by thermal analysis, in many cases TEU is
a single evaluated parameter. The recalescence temperature

TER is important mainly comparing to TEU value, as
difference between them, expressed by eutectic recales-
cence AT;. Generally, an influencing factor has a positive
effect if it has will significant increase TEU and only at a
limit manner TER, respectively, resulting a lower level of
AT, = TER — TEU parameter. One of the most used
solidification simulation programs in the cast iron foun-
dries worldwide, for industrial application, mentions the
lowest eutectic temperature (TEU) and the eutectic
recalescence AT, parameters, both of them measured on the
cooling curve [6].

The temperature of the end of solidification, TES, usu-
ally obtained by the help of the first derivative of the
cooling curve, was found to be the most affected by
inoculation: it was increased, as average level, from 1051.4
to 1096.8 °C. Higher temperature of the end of solidifica-
tion generally means the decreasing sensitiveness to micro-
shrinkage and micro-carbides formation as intereutectic
cells distribution.

It appears that inoculation positive affected the more
important steps in solidification process, by increasing of
the correspondent representative temperatures, but at dif-
ferent power: the start of eutectic freezing (nucleation), at
the lowest effect, eutectic reaction display (medium power)
and the end of solidification, at the highest power.

Measured representative temperatures on the cooling
curve, directly or by the use of its first derivative, offer
important information on the solidification pattern of iron
casting, inclusively as a tool of evaluation of the effects of
different metallurgical treatments applied to molten iron.
An improved possibility to evaluate this process required to
report them to the eutectic temperatures in both stable
(graphitic) system (T) and metastable (carbidic) system
(Tinst), respectively. The resulted “under-cooling degrees”
could offer more information on the solidification beha-
viour of the iron castings, in defined production conditions.

Table 4 and Fig. 5 illustrate the obtained values for the
most representative under-cooling degrees, for the specific
tested conditions:

o AT, =T, — TEU, as the maximum eutectic under-
cooling, reported to the stable eutectic system (T, at
the beginning of eutectic reaction (TEU), traditionally
used in thermal (cooling curve) analysis of cast iron
(all-time positive values);

e AT, = TEU — Ty, as under-cooling at the beginning
of eutectic reaction (TEU), reported to metastable eu-
tectic system (7T,s), With positive or negative values;

o AT, = TER — T, as under-cooling at the maximum
eutectic temperature (recalescence) (TER), reported to
metastable eutectic system (Ty,), with positive or
negative values;
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Table 4 Representative under-cooling of inoculated ductile irons/°C

Heat Calculus AT AT, AT, AT, AT, AT, /AT,
1 S 554 24.6 30.8 322 — 188 0.56
22.9 32.5 33.1 - 17.0 0.59
K 47.6 6.3 41.3 42.7 — 83 0.87
4.6 43.0 43.6 - 6.5 0.90
2 S 524 27.2 25.2 27.9 —29.7 0.48
26.9 25.5 28.4 —23.1 0.49
K 45.2 94 35.8 38.5 — 19.1 0.79
9.1 36.1 39.0 - 12.6 0.76
3 S 52.9 24.8 28.1 30.3 —20.8 0.53
23.8 29.1 33.0 —20.7 0.55
K 45.6 7.0 38.6 40.8 —10.3 0.85
6.0 39.6 43.5 —10.2 0.87
4 S 53.1 22.8 30.3 32.5 — 18.1 0.57
224 30.7 33.1 — 159 0.58
K 45.7 4.9 40.8 432 -175 0.89
4.5 41.3 43.7 —-53 0.90
5 S 52.9 23.0 29.9 31.9 — 183 0.57
21.7 31.2 33.1 — 157 0.59
K 45.6 5.0 40.6 42.6 —-17.6 0.89
3.7 41.9 43.8 - 5.0 0.92
Range [difference/ S 52.4-55.4 21.7-27.2 [5.5/ 25.2-31.2 27.9-33.1 — 15.7 -29.7 0.48-0.59
average] [3.0/53.3] 24.13] [6.0/29.0] [5.2/31.4] [— 14/— 20.1] [0.11/0.55]
K 45.2-47.6 3.7-9.4 [5.7/ 35.8-43.0 38.5-43.9 — 5.0-19.1 0.76-0.92
[2.4/46.0] 6.0] [7.2/39.9] [5.4/42.2] [— 14.1/—9.2] [0.16/0.86]

S Eqs. 2 (Ty) and 3 (Tins)); K Egs. 4 (Ty) and 5 (Tne)

e AT; =TES — T, as under-cooling at the end of
solidification (TES), reported to metastable eutectic
system (Ty,s), generally with negative values (limited
positive values for a very high graphitization potential
of cast irons).

Lower ATy, and, consequently, higher AT, value are the
first information on the sensitiveness of cast iron to carbide
or graphite formation during the beginning of solidification
process. AT,, is useful only by comparing to eutectic
interval in the two solidification systems [AT; = Ty —
Tmsl: AT, < ATy means graphite, while AT, > AT,
means carbide formation, respectively. AT} is easier to be
used, by its comparison with zero value: AT; > 0 means
graphite, while AT} < 0 means carbide. AT, illustrates the
carbon separation at the maximum eutectic recalescence, as
graphite [AT, > 0] or carbide [AT, < 0]. In hypoeutectic
and eutectic cast irons, carbide/graphite transition is
defined by conditions of eutectic reaction: only graphite
[AT, > 0, AT, > 0], only carbide [AT, <0, AT, < 0] or
graphite and carbide [AT; < 0, AT, > 0].

@ Springer

As eutectic temperatures Ty, and/or Ty, are generally
calculated depending on the chemical composition of the
tested cast irons, the results could be different and must be
reported to a defined recorded calculus. As Table 2 and
Fig. 3 show, different values were obtained by considering
only silicon as defining influencing factor (Egs. 2, 3) or by
considered of a proposed complex calculus [Egs. 4, 5],
including the generally present elements in cast iron
chemistry. As Table 4 and Fig. 5a show, there is a clear
difference between the two applied calculus variants for T
and T, evaluation of inoculated ductile cast irons. In both
of cases, AT, > 0 and AT, > 0, while AT,/AT, ratio is
more than 0.5, which illustrates the efficiency of the
applied inoculation to avoid free carbide formation during
eutectic solidification. Less negative values for AT;
parameter also illustrates the limited sensitiveness of
obtained inoculated ductile irons to form defects at the end
of solidification.

Figure 6 shows a good relationship between the under-
cooling at the beginning of eutectic reaction [AT;] and at
the end of solidification [AT3], both of them reported to
metastable eutectic temperature [T,,y], calculated by the
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applied calculus Egs. (3, 5), respectively. As the experi-
mental procedure pointed out, the experiments were repe-
ated 5 times [5 melted heats], with double thermal analysis
applied for each heat, resulting 10 measurements for each
type of cast iron, in order to have more data for each status
of iron. A statistical approach with a very high number of
experimental data will offer a more accurate characteriza-
tion of solidification pattern. The obtained results in the

present paper recommend this activity in a plant production
with a statistical approach for a long-time production.

Table 5 and Fig. 7 offer information on the representa-
tive parameters typically determined by the use of the first
derivative of the cooling curve (Fig. 2): TEM—maximum
recalescence rate, and FDES—the minimum level of the
first derivative of the end of solidification, as effect of
inoculation and as the scattering range of obtained values
of the five tested ductile cast irons. It was found that TEM
values are more scattered comparing to FDES values.
Inoculation led to increasing TEM values while FDES
becomes more negative, illustrating the efficiency of this
treatment in improving the quality of ductile iron castings.

Another important qualitative parameter which charac-
terizes the graphitization [graphite formation during
solidification], obtained by thermal (cooling curve) analy-
sis, is so-called graphitic factor [GRF;]. GRF; illustrates
graphite formation in the second part of eutectic reaction,
expressed by registered time for 15 °C temperature
decreasing after TER point [higher GRF;, higher graphite
amount formation]. According to Table 5 and Fig. 7c, d,
inoculation led to increasing of this parameter for all of the
five tested heats [25% increasing as average].

According to the obtained results in the present exper-
iments, the thermal parameters illustrated by the first
derivative of the cooling curve appear to be very sensitive
and influenced by a lot of factors. Consequently, a higher
number of experimental data are recommended in indus-
trial applications to offer a better approach of these
parameters.

If the lowest eutectic temperature TEU is important
mainly to characterize the transition from graphite to car-
bides formation, other parameters are important to illus-
trate the sensitivity of iron castings for shrinkage/micro-
shrinkage formation. The minimum level of the first
derivative at the end of solidification (FDES) and graphitic
factor GRF; are the most important factors to illustrate the
quality of iron castings as their soundness (less or not
contraction defects). More negative value of FDES and
higher value for GRF; mean higher amount of graphite
formation at the second part of solidification. It was found
that the increased volume by graphite formation in this
solidification stage forces the last un-solidified liquid metal
to fill the previously formed contraction cavities, resulting
a decreasing up to elimination of shrinkage/micro-shrink-
ages occurrence.

Special metallurgical treatments can favour a strong
graphitization process at the end of solidification, with
beneficial effects on the castings soundness [24, 25].

Figure 8 summarizes the evaluated beneficial effects of
inoculation, expressed by Inoculation Potential parameter
[IP = Pnocy/Pcun], referring to the directly measured rep-
resentative parameters on the cooling curve [TAL, TSEF,
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Table 5 Representative events on the first derivative [TEM, FDES] and GRF, of ductile irons

Heat Inoc First derivative GRF,/s
TEM/°C 5! FDES/°C s~'
1 Ul 0.065 — 1.28 35.2
Inoc 0.139 — 1.68 48.5
0.060 — 1.68 47.8
2 Ul 0.127 — 141 40.7
Inoc 0.206 — 1.59 47.5
0.319 - 1.70 49.1
3 Ul 0.105 —1.35 46.7
Inoc 0.138 — 1.51 54.0
0.177 — 149 62.1
4 Ul 0.209 —1.34 49.2
Inoc 0.074 — 1.69 53.9
0.049 — 1.68 51.9
5 Ul 0.061 — 1.38 35.7
Inoc 0.143 — 1.64 45.9
0.159 — 1.56 55.0
Range [difference/average] Ul 0.061-0.209 [0.148/0.113] — 1.28...— 1.41 [— 0.13/— 1.35] 35.2 — 49.2 [1.4/41.5]
Inoc 0.049-0.319 [0.27/0.146] —1.49...— 1.70 [— 0.21/— 1.62] 45.9-62.1 [16.2/51.6]
UI un-inoculation; Inoc inoculation
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Fig. 7 Maximum recalescence rate [TEM] (a), Minimum level of the first derivative at the end of solidification [FDES] (b), graphitic factor
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TEU, TER, TES], on the first derivative of the cooling
curve [TEM, FDES] and on the graphitic factor [GRF,]. It
was found that the considered inoculation potential [IP], as
ratio between the level of one specific parameter in inoc-
ulated iron [Pgnoc)] and un-inoculated [Py ductile iron,
has specific position, for the studied thermal analysis
parameters. Generally, this qualitative parameter increased
from the beginning [0.995-1.017] to the end [1.04—1.3] of
solidification.

Table 6 Representative cooling rates/°C s~

The obtained solidification cooling curve, as tempera-
ture variation in measured time intervals, allowed to also
evaluate the cooling rate, in specific moments of solidifi-
cation process. Table 6 and Fig. 9 include resulted data,
from austenitic dendrite formation (TAL), through the start
of eutectic freezing (TSEF), eutectic reaction stage (TEU
and TER) up to the end of solidification (TES), as influence
of inoculation. It appears a low effect in specific intervals
at the beginning of solidification [TAL-TSEF, TSEF-TEU,
TAL-TEU], but inoculation visible reduced cooling rate in
the interval of the second part of solidification [TER-TES],
and as general result, also as general solidification interval,
such as TAL-TES.

The present experiments pointed out not only the major
role of inoculation (metallurgical graphitizing treatment
applied to the liquid iron before solidification) on the
quality of ductile iron castings, but also the efficiency of
thermal (cooling curve) analysis, as a rapid solution to
predict the characteristics of ductile cast iron before its
pouring. Some other results are reported, to sustain the
application of this technique, in this field. Using the cool-
ing curve obtained in standard conditions [ceramic cup],
paper [16] calculated the eutectic graphitization ability, in
good relationship with nodule count and shrinkage sensi-
tiveness. It was also found that both inoculation and high
carbon equivalent have a relevant effect on increasing the

Heat Inoc CR, CR, CR; CR, CRs CR CR;,
TAL-TSEF TSEE-TEU TEU-TER TER-TES  TAL-TES  TSEF-TES TAL-TEU

1 Ul 117 1.13 —0.04 0.88 0.90 0.86 1.14

Inoc  0.95 0.96 - 0.05 0.68 0.68 0.65 0.95

1.06 0.96 - 0.03 0.69 0.72 0.67 0.99

2 Ul 1.00 0.66 —0.06 0.85 0.72 0.67 0.78

Inoc 1.02 0.87 - 0.10 0.72 0.67 0.62 0.91

1.13 1.07 - 0.16 0.68 0.73 0.66 1.09

3 Ul 084 0.76 - 0.05 0.79 0.67 0.63 0.80

Inoc  0.82 0.84 ~0.06 0.62 0.56 0.52 0.83

0.82 0.90 —0.14 0.58 0.56 0.52 0.86

4 UL 0.90 0.89 ~0.05 0.74 0.65 0.60 0.90

Inoc  0.86 0.84 - 0.06 0.63 0.56 0.52 0.85

0.94 0.90 - 0.08 0.64 0.60 0.54 0.92

5 Ul 096 0.91 - 0.05 0.60 0.70 0.65 0.93

Inoc 1.04 0.96 - 0.08 0.70 0.67 0.62 0.99

0.98 0.82 ~0.10 0.60 0.63 0.58 0.87
Range Ul 0.84-1.17 0.66-1.13 — 0.04...— 0.06 0.60-0.88 0.65-0.90 0.60-0.86 0.78-1.14

[difference/ [0.33/0.98]  [0.47/0.87]  [— 0.02/— 0.05] [0.28/0.77]  [0.25/0.73]  [0.26/0.68]  [0.36/0.91]
average] Inoc 0.82-1.13 0.82-1.07 —0.03...— 0.14 0.58-0.72 0.56-0.73 0.52-0.67 0.83-1.09
[0.31/0.96]  [0.25/091]  [— 0.11/— 0.09] [0.14/0.65]  [0.17/0.64]  [0.15/0.59]  [0.26/0.93]

UI un-inoculation; Inoc inoculation
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Fig. 9 Average cooling rate [CR = AT/A1] in specific intervals on the
cooling curves defined by representative temperatures of un- and
inoculated ductile cast irons

lowest eutectic temperature on the cooling curve which has
been satisfactorily correlated with nodule count, with vis-
ible effect in shrinkage formation [17]. Thermal analysis
pointed out different inoculation effects obtained in ductile
cast irons, solidified in different mould media, such as
green sand mould, dry sand mould and resin sand mould
[18, 19].

Conclusions

e It was found that slightly hypoeutectic ductile [nodular
graphite] cast irons at 4.10-4.24%CE [carbon equiva-
lent] have a specific response to inoculation [graphiti-
zation treatment applied to molten iron after Mg
treatment], pointed out by thermal [cooling curve]
analysis.

e For this specific chemistry, inoculation appears to
slightly decrease the temperature of the start of
austenite dendrites formation (TAL), from 1211.1 to
1203.2 °C as average, but this treatment quickened up
the start of eutectic freezing, as TSEF increased from
1177.6 to 1181.8 °C as average values.

e The lowest (TEU) temperature, at the beginning of
eutectic reaction, and the highest (TER) temperature, at
the eutectic recalescence, increased by inoculation with
significant values, from 1127.9 to 1146.0 °C for TEU
and from 1129.0 to 1148.1 °C for TER, respectively, as
average level.

e Inoculation increased not only both TEU and TER
temperatures for all of tested ductile cast irons, but also
the difference between them, defined as eutectic
recalescence [AT, = TER — TEU]J; as average level,
eutectic recalescence increased from 1.3 to 2.1 °C, as
inoculation effect.
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e The end of the eutectic solidification is very important,
especially because the micro-shrinkage occurs at the
latter part of solidification, usually at hot spots or parts
with a large cooling modulus. White iron solidification
as intercellular carbides and/or inverse chill formation
is also dependent on the position of the temperature of
the end of solidification (TES), compared to the
metastable (white) eutectic temperature  (Tpg)-
Increased TES level, from 1051.4 to 1096.8 °C [aver-
age], and more negative value of FDES—minimum
value of the first derivative of cooling curve on the end
of eutectic solidification [from — 1.35 to — 1.62 °C/s
as average] illustrate the efficiency of the applied
treatment.

e Graphitization factor [GRF,], illustrating the graphite
formation in the second part of eutectic reaction [higher
GRF, higher graphite amount formation], sustains the
positive effect of inoculation, as it increased from 41.5
to 51.6 s, as average value, but with results in a
scattered range; the difference between inoculated and
un-inoculated irons varied from 2 to 15 s.

e It was found that the considered inoculation potential
[IP], as ratio between the level of one specific parameter
in inoculated iron [Pnoc)] and un-inoculated [Pyp]
ductile iron, has specific position, for the studied
thermal analysis parameters. Generally, this qualitative
parameter increased from the beginning [0.995-1.017]
to the end [1.04—1.3] of solidification.

e Inoculated irons show lower cooling rate for all of
specific intervals than un-inoculated irons, with increas-
ing tendency from beginning to the end of solidifica-
tion, as specific values and also as difference between
un- and inoculated irons.

e As the general conclusion, inoculation, a graphitization
treatment before solidification, is useful not only to
improve some metallurgical events at the beginning of
solidification [carbide to graphite transition, graphite
morphology control, eutectic cells count increasing] but
also it must be capitalized to control the last part of
solidification, when the integrity of castings is decided.
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