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Abstract

Because of its low cost, steel scrap is one of the most
important raw materials for the production of ductile iron
(DI). The amount of carbide-promoting elements in steel
scrap, such as chromium, manganese, molybdenum, nio-
bium and vanadium, is expected to increase in the future.
Most of these elements have a negative impact on the
microstructure and mechanical properties of DI. The sol-
ubility of carbide-promoting elements in solid solution-
strengthened DI materials, standardized in DIN EN
1563:2011, is modified by the high silicon content. For
these new materials, the tolerance limits for carbide-pro-
moting elements and their mutual influence must be known
to ensure a sustainable production process. To investigate
the individual and combined impact of carbide-promoting
elements on the carbide content in high-silicon ductile iron
EN-GJS-500-14,  experimental  investigations  and

thermodynamic—kinetic microstructure simulations were
carried out. Microstructure was characterized using met-
allographic analysis, and quantitative relations between
chemical composition and microstructure were developed
by means of regression analysis. Besides this quantitative
analysis, it was found that the formation of grain boundary
carbides can be detected via thermal analysis. Further-
more, experiments and simulations showed that vanadium
promotes the formation of chunky graphite in high-silicon
DI castings.

Keywords: high-silicon ductile iron, carbide-promoting
elements, pearlite, carbides, graphite morphology,
microsegregation, microstructure simulation

Introduction

Steel scrap is an essential raw material for the production
of ductile iron. Modern steels contain an increasing degree
of alloying elements to achieve higher strengths. Most of
these elements promote the formation of carbides in DI.
The trend toward the use of high-strength steels affects the
long-term composition of steel scrap available for ductile
iron foundries. The increasing concentrations of carbide-
promoting elements in steel scrap are a metallurgical
challenge for the production of DI. Foundries require
detailed knowledge about the individual and combined
impact of carbide-promoting elements to decide whether or
not a steel scrap is applicable for DI production. Carbides

This paper is an invited submission to IJMC selected from presen-
tations at the 6th Keith Millis on Ductile Iron held October 23-26,
2018, at the Sonesta Resort, Hilton Head Island, SC. It is published in
the IIMC by permission of the DIS (Ductile Iron Society).
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in DI decrease the materials’ ductility and machinability.
During the solidification of DI, carbide-promoting ele-
ments tend to segregate toward the remaining melt, which
leads to carbide precipitation at the grain boundaries. On
the contrary, silicon has a strong graphitizing potential and,
as shown by Campomanes and Goller,' thus counteracts
the carbide-promoting impact of other elements. The new
solid solution-strengthened ductile iron grades (SSDI)
having silicon contents between 3.2 and 4.3 wt%, accord-
ing to DIN EN 1563, exhibit a unique combination of
strength and ductility. The increased Si content leads to a
modified solubility of carbide-promoting elements in
austenite. Some carbide-promoting elements can be toler-
ated in higher amounts compared to conventional DI’
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Literature Review

Impact of Carbide-Promoting Elements
in Ductile Iron

The impact of carbide-promoting elements on the
microstructure in ductile iron has been investigated over
several decades. Most published experimental work focu-
ses on the individual impact of one or several elements.
Rivera et al. analyzed the impact of niobium additions of
up to 0.366 wt% on the microstructure and mechanical
properties of DI.* The amount of pearlite increases slightly
with increasing Nb content. Furthermore, the addition of
Nb leads to the formation of polygonal carbides which can
be found in both ferrite and pearlite. The effect of Nb on
graphite morphology in DI has been analyzed by Yan et al.
for Nb concentrations of up to 0.69 wt%.’ The negative
impact of Nb on graphite morphology leads to a decrease in
nodularity and an increase in average nodule diameter.
Vanadium also has a negative impact on graphite mor-
phology as investigated by Nechtelberger for Yy wedges
with section size 25 mm.® An addition of up to 0.5 wt%
vanadium in DI having 2.1 wt% silicon increases pearlite
by about 30% and leads to cementite formation when 0.3
wt% vanadium is exceeded. The effect of similar vanadium
additions in DI possessing 2.6-2.8 wt% silicon was ana-
lyzed by Rezvani et al. in 12-mm-diameter bars.” Here, no
cementite formation occurred for vanadium additions of up
to 0.54 wt%, while pearlite increases by about 30% in
accordance with the results of Nechtelberger. Also, the area
fraction of vanadium carbides at the grain boundaries did
not exceed 1%. The effect of chromium, molybdenum and
other elements on the microstructure and mechanical
properties of heavy-section DI castings was studied by Cho
et al.® Cr is a strong pearlite promoter in DI, which
increases tensile strength and decreases elongation. On the
contrary, Mo has almost no impact on pearlite percentage.
Both elements segregate toward the remaining melt and
lead to the formation of grain boundary carbides. The
tendency of manganese to promote the formation of
intercellular carbides was studied by Ahmadabadi et al. in
DI possessing 1 wt% manganese.” An overview of the
individual impact of different alloying elements in DI is
given by Hasse.'” Extensive experimental investigations
are necessary to analyze the cumulative impact of carbide-
promoting elements on the microstructure of DI. Campo-
manes and Goller studied the impact of Si, Mn, Cr, Ti and
V by means of a factorial design experiment using a total of
32 alloys. The regression formulas derived from the results
indicate that Si counteracts the impact of the other ele-
ments on the pearlite and carbide percentages. Other
studies, where regression formulas are generated from
experimental results, are reported by various authors.''"?
However, a comparable study on the impact of carbide-
promoting elements in SSDI is currently lacking. Experi-
ments by Loblich et al. indicate that SSDI tolerates
increased amounts of carbide-promoting elements like Cr,
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Mn and V."* In the present study, the cumulative impact of
Cr, Mn, Mo, Nb and V on the microstructure of SSDI with
3.8 wt% silicon is investigated. The aim is to enable a
quantitative prediction of pearlite and carbides subject to
different cooling conditions.

Solidification Modeling of Ductile Iron

The volume fraction of carbides formed during the solidi-
fication of DI depends on chemical composition and nodule
density. The nodule density determines the diffusion dis-
tance for carbon and other elements, which, in conjunction
with the cooling conditions, significantly influences the
number/size of carbides. The diffusion of carbon from the
liquid to the graphite nodule through the austenite shell
plays an important role during eutectic solidification. A
microsegregation model for the solidification of DI was
presented by Pustal.'” Figure 1 shows the eutectic grain in
DI in relation to the representative volume element (RVE)
according to the microsegregation model. The magnitude
of the RVE adapts to the size of the eutectic grain.

From Figure 1 (right), it can be seen that Si concentration
decreases with increasing distance from the graphite nod-
ule, while the concentration of Mo increases. The diffusion
of C through the austenite shell can be impeded by other
elements, which can then lead to the formation of chunky
graphite (CHG) as shown for nickel in austenitic DI by
Pustal et al.'® Carbide-promoting elements like Mo and Nb
tend to accumulate in the remaining liquid which, when a
critical content of these elements is reached, then leads to
carbide formation. Thermodynamic data and transport
coefficients are required to simulate the segregation of
elements and the kinetic effect of diffusion in the RVE.
These data can be obtained from commercial thermody-
namic databases, such as “TCFE”.!”

Experimental Procedure
Design of Experiments

Near-eutectic solid solution-strengthened ductile iron EN-
GJS-500-14 possessing an intended silicon content of 3.8
wt% was alloyed with Cr, Mn, Mo, Nb and V according to
a factorial design of the experiment. The content of each
element was varied in two stages, which led to a total of
2° = 32 experiments. The desired element contents are
listed in Table 1. Minimum element contents refer to the
chemical composition of the base material without alloyed
elements except silicon.

A casting geometry having three different cast parts was
used to study the impact of different cooling conditions on
graphite morphology, pearlite and carbide area percentage.
The casting geometry includes two standardized Y-shaped
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Figure 1. Eutectic grain in ductile iron (left) and representative volume element of the microsegregation model

(right).

Table 1. Minimum and Maximum Element Contents for
the Factorial Design Experiment

Element Min content (wt%) Max content (Wt%)
Cr 0.040 0.600
Mn 0.170 0.500
Mo 0.004 0.500
Nb 0.003 0.200
\% 0.005 0.200

wedges: one of type II and one of type IV, having wall
thicknesses 25 and 75 mm, respectively, and a 140-mm-
diameter cylindrical cast part. To increase solidification
time, an insulating riser sleeve was used to cast the
cylindrical part. Cooling curves in the three cast parts were
measured via K-type thermocouples, as reported by Rie-
bisch et al.> The solidification time in the three cast parts
was approximately 4, 15 and 45 min, respectively. Sand
molds were produced with furan resin-bonded silica sand.

Casting Procedure

Recycled cast iron scrap, high-purity iron and ferroalloys
were melted in a 50-kg crucible via a medium-frequency
induction furnace. Melt was superheated to 1500 °C
(2732 °F) for 10 min, and slag was removed after holding.
Magnesium treatment was performed in the crucible using
a cerium-free FeSiMg master alloy in a plunging bell. A
cerium-free nodularizer was used to avoid the formation of
chunky graphite. After nodularization treatment, slag was
removed, and the melt was inoculated with 0.2 wt% of a
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ferrosilicon-based inoculant (65% Si, 2% Ca, 1% RE and
1% Bi) by stirring into the crucible. The Bi-containing
inoculant was used to improve nodularity and prevent the
formation of chunky graphite.'® A small amount of the
inoculated melt was removed for thermal analysis in a
35 x 35 x 40 mm sand cup and to produce a chilled
sample for spectrometer analysis. The melt was poured into
the sand mold at a casting temperature of approximately
1350 °C (2462 °F). Castings were removed from the sand
molds after cooling for 24 h.

Sample Preparation and Analysis

The three cast parts were cut from the gating system using
an angle grinder. Samples for metallographic analysis were
taken from the center of each cast part using a water-cooled
hollow drill. The embedded samples were progressively
ground using silicon carbide paper of different grades (180,
320, 500 and 1000) and then polished with diamond polish
(9, 3 and 0.25 pm, respectively) in an automatic buffing
machine. Five images of the polished surface of each
sample were recorded for graphite shape analysis. The
specimen was then etched using 2% nitric acid in alcohol
(Nital) to observe the amount of pearlite in the matrix.
After recording five images for pearlite analysis, the
specimens were polished again and then etched with
Klemm’s reagent to observe the grain boundary carbides.
Again, five images were recorded. A digital optical
microscope having a resolution of 2600 x 2060 pixels was
used. Magnifications for graphite and pearlite analysis were
100 x for the Yy and Yy wedges and 50 x for the
cylinder. However, magnification is 200 x for all speci-
mens for the carbide analyses.
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For quantitative image analysis, the image processing
software AxioVision KS 400 was used. To determine the
nodule count and nodularity, the dimensionless shape
factors of roundness and compactness were used for gra-
phite particle classification (class I-VI) according to
Velichko and Miicklich.'® Classification limits for each
class thus depend on the size of the particle according to
Velichko.?® Nodularity N is calculated by using the fol-
lowing formula:

v
— ZVI Ai + %ZIV Ai

N
A

Eqgn. 1

According to Eqn. 1, the area A of all particles of class VI
and half of the area of particles of class IV-V are summed
together, and the result is divided by the total area of all
particles. The total area fraction of graphite %G was also
determined from the polished samples. The total area
fraction of graphite and pearlite was determined from the
images recorded from the specimens etched with Nital
since both phases appear as dark regions and can thus be
easily distinguished from ferrite. The area fraction of
pearlite %P was calculated according to Eqn. 2:

%P = (%G + %P>etched_%GP01iShed' Eqgn. 2

The area fraction of carbides was determined manually
using a digital grid that is laid over the images recorded
from the samples etched with Klemm’s reagent. The
number of grid points located over the carbides was
counted to calculate the carbide area fraction.

Modeling and Simulation

The three cast parts used for experimental carbide analysis
show significant differences in the solidification time and
cooling rate in the sand mold. The microsegregation model
was modified by means of varying the heat extraction rate
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to reproduce the experimental cooling curves. Figure 2
shows the experimental cooling curves (left), measured via
K-type thermocouples placed along the space diagonal in
the Yy wedge, and simulated cooling curves (right). Very
good agreement was obtained between measured and
simulated cooling curves. The adopted heat extraction rate
and the resulting size of the RVE are listed for every
simulated curve. The metallurgical process and the inocu-
lation of the melt determine the nucleus density. The local
graphite nodule density develops from a combination of
nucleus density and undercooling during eutectic solidifi-
cation. A statistical nucleation model was implemented in
the microsegregation model to calculate nodule density
from eutectic undercooling. Experimental data from
Petersen and Tiedje®' were used to validate the nucleation
model. Using the modified microsegregation model, the
resulting grain size, and therefore the amount of carbides,
can be calculated for a user-defined cooling condition as
shown for the cast parts analyzed. Carbide percentages
were calculated for all 32 chemical compositions analyzed
in the experiments with the Yy; wedge casting.

Results and Discussion
Graphite Morphology

The three different cooling conditions in the analyzed cast
parts lead to different graphite size distributions. Figure 3
shows the metallographic images of graphite in the three
cast parts. The solidification time has a strong impact on
graphite morphology. The nodule count decreases while
the size of graphite nodules increases with increasing
solidification time. The nodule count is 526, 344 and 136
nodules/mm? for the microstructures shown in Figure 3,
respectively.

Graphite size and shape are influenced by both the solidi-
fication time in the casting and the chemical composition
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Figure 2. Comparison of measured cooling curves in the Y;,, wedge (left) and simulated cooling curves (right). The
heat extraction rates (W/kg) applied in the simulations and the resulting RVE size (um) are depicted.
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Figure 3. Graphite morphology in the three cast parts.

content in the melt was between 0.027 and 0.043 wt% and
the S content was below 0.01 wt% for all casting trials

of the melt. The residual magnesium content following the
melt’s treatment is responsible for the formation of

spheroidal graphite. A minimum residual Mg content is
necessary for an adequate nodularity, as indicated by Shen
et al.”> However, besides magnesium, many alloying ele-
ments influence graphite morphology as shown, for
example, by Yan et al. for niobium in ductile iron.” In the

performed. Regression analysis includes the main impact
of each variable and first-order interaction terms. The
regression formula for nodularity (%) is

Nodularity = 88.3—6.9 * Mn—13.9 * Cr—8.2 * Mo

present study, it is found that the addition of the analyzed

—13.1 * Nb—40.9 x V + 130 * Mg—0.43 x 1.
carbide-promoting elements leads to a decrease in nodu- * VT *Ve ¥

larity. Figure 4 shows the graphite in the Yy wedge of the R* =74.2%.
base material (a) compared to the alloy possessing Eqn. 3
molybdenum, niobium and vanadium (b). Nodularity . . . o .

Solidification time ¢ 1is in minutes, and element

decreases from 82 to 70% due to the addition of the car-

bide-promoting elements concentrations are in wt%. Equation 4 indicates that all

carbide-promoting elements, in particular vanadium, have
a negative impact on nodularity. A comparison of the
calculated and measured nodularity is shown in Figure 5.
The dotted line indicates an ideal correlation between
calculation and measurement. The mean variation of data is
due to other parameters affecting nodularity, such as
casting temperature and superheating, which are not
included in the regression analysis.

Influence of Carbide-Promoting Elements
on Nodularity

The impact of solidification time and chemical composition
on nodularity is quantified by means of a multiple linear
regression analysis. Solidification time t, residual Mg
content and the concentration of the five analyzed carbide-
promoting elements are considered as independent vari-
ables. According to spectrometer analysis, the residual Mg
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Figure 4. Comparison of graphite morphology in the Y,, wedge for (a) Mg = 0.027 wt% and no
additional elements, to (b) Mg = 0.031 wt% and addition of Mo = 0.474 wt%, Nb = 0.196 wt% and
V =0.175 wt%.
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Impact of Vanadium on Graphite Morphology

The distinct negative impact of V on graphite nodularity,
according to Eqn. 4, indicates that vanadium influences
solidification kinetics in SSDI, in particular the growth of
graphite nodules. During the solidification of DI, graphite
nodules are surrounded by austenitic shells, and further
growth of graphite occurs by diffusion of C through the
austenite shell. When the diffusive flux of carbon toward
the graphite nodules is impeded by the presence of certain
alloying elements, the competing kinetics of chunky gra-
phite (CHG) growth exceeds the spheroidal graphite
growth, as shown for austenitic DI by Pustal et al.'® Further
experimental investigations with vanadium additions of up
to 0.5 wt% confirm that V promotes the formation of CHG
in large SSDI castings. Figure 6 (right) shows a significant

amount of CHG morphology in the cylindrical casting
containing 0.5 wt% vanadium. According to the
microsegregation model, the presence of vanadium in
austenite reduces the diffusive flux of C and thus increases
the carbon concentration gradient which is necessary for
the further growth of spheroidal graphite, as depicted in
Figure 6 (left).

The kinetic disadvantage for spheroidal graphite growth
and the thermodynamic conditions for nucleation of gra-
phite at the austenite-liquid interface are decisive factors
for developing a CHG morphology. The addition of 0.5
wt% vanadium increases solidification time by about 5 min
and decreases solidification temperature by about 15 K
compared to pure SSDI. These conditions lead to the
kinetic preference for CHG growth.

Pearlite Area Percentage

Most carbide-promoting elements in ductile iron tend to
increase the amount of pearlite in the as-cast microstruc-
ture. According to Lacaze et al.,”> chromium and man-
ganese decrease the eutectoid equilibrium temperature 7,
at which austenite decomposes into ferrite and graphite.
This leads to a decrease in the carbon diffusion coefficient
during the ferritic reaction and thus promotes the formation
of pearlite. In the present study, it is found that Cr and Mn
have the highest impact on pearlite area fraction in SSDI.
The impact of manganese on the pearlite area fraction is
shown in Figure 7. Pearlite appears as dark regions when
the microstructure is etched using Nital.

The impact of carbide-promoting elements on pearlite area
fraction is quantified via linear regression analysis. It is
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Figure 6. Increase in C concentration gradient in austenite possessing addition of V (leff) and CHG in the

cylindrical cast part having addition of 0.5 wt% V (right).
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Figure 7. A metallographic image of 5 area% pearlite in
the Y,, wedge, alloyed with 0.5 wt% manganese.

found that the different cooling conditions analyzed have
no significant impact on pearlite area fraction. The
regression formula for pearlite area fraction in SSDI is

Pearlite = 73.6 x Cr + 27.8 * Mn + 5.8 * Mo
+ 82%xNb+ 17.0 %« V—8.8.
R* =91.9%.

Eqgn. 4

A very good correlation is found for the experimental
pearlite area fraction as a function of chemical
composition. In Figure 8, the calculated and experimental
pearlite fractions are compared. At first sight, the
nonexistent impact of the cooling conditions on the
amount of pearlite is surprising since the cooling
conditions analyzed have a significant impact on nodule
count and thus on the diffusion distance for carbon during
eutectoid transformation. However, the lower nodule count
is combined with a lower cooling rate during eutectoid
transformation and the associated increased time for
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Figure 8. Correlation between calculated and measured
pearlite area fraction.
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diffusive transport of carbon from austenite to graphite
through the ferritic shell that forms around the graphite
nodules. It is supposed that these two effects counteract
each other subject to the cooling conditions analyzed.

Carbide Area Percentage

The area fraction of carbides in the microstructure depends
on chemical composition and the segregation of carbide-
promoting elements toward the remaining liquid during
eutectic solidification. The cooling conditions analyzed
have a strong impact on nodule density and thus on the
diffusion distance for carbon and other elements during
solidification and cooling in the solid state. A lower nodule
count leads to more pronounced segregation of elements
and increases the area fraction of carbides which form at
the end of solidification. In the present study, the carbide
area percentage found in the cast parts’ microstructure
increases with increasing solidification time for almost all
chemical compositions analyzed. Figure 9 shows carbides
in the cylindrical cast part alloyed with manganese, chro-
mium and vanadium. The carbides are found at grain
boundaries, which appear bright in contrast to the matrix
due to the applied etching method. Figure 9 indicates that
different types of carbides form in the microstructure when
several elements are added to the melt. The formation of
mixed carbide structures plays an important role with
regard to the total carbide area percentage.

Impact of Chemical Composition
and Solidification Time on Carbide Area
Percentage

The impact of factors affecting the formation of carbides is
multiple

quantified via regression  analysis. The

Figure 9. A metallographic image of carbides in the
cylindrical casting alloyed with Cr, Mn and V.

International Journal of Metalcasting/Volume 14, Issue 4, 2020



solidification time t and the concentration of Cr, Mn, Mo,
Nb and V are considered as independent variables. The
interaction between several carbide-forming elements, as
indicated in the previous section, is considered by adding
interaction terms into the regression formula with the
intention of improving the degree of correlation. Interac-
tion terms, in the form of products of two independent
variables, are added stepwise until the correlation coeffi-
cient reaches its maximum. The resulting regression for-
mula for carbide area percentage is thus

Carbide=—0.0654+0.79xMo+1.21xNb
+5.41xlog(t) *Nb*V+2.44xlog(t) «CrxMo
+8.06x1log(#) «CrxV+2.35xlog(7) *CrxMn
—3.85xlog(7) *CrxMn*Mo
—16,76xlog(t) *Cr«Mnx* V.
R*=73.3%.
Eqn.5

Only Mo and Nb appear as main effect terms in the
equation, while all other variables only appear in multiple
interaction terms. The solidification time appears in the
logarithmic form since this leads to a better correlation
factor. However, the resulting R is considerably lower
compared to pearlite regression analysis. The interaction
terms in Eqn. 5 represent the existence of mixed carbides
and their impact on the total carbide area percentage.
Chromium forms mixed carbides with all other elements
analyzed, except niobium. The formation of mixed
carbides leads to a disproportionately high increase in
carbide percentage. According to Eqn. 5, all mixed carbide
structures are detected via EDX measurements on samples
having the respective chemical composition. Calculated
and measured carbide percentages are shown in Figure 10
for all 32 casting trials analyzed.

9]
@

Carbides measured [%]
f—
1y

1.5 2 2.5 3
Carbides calculated [%]

Figure 10. Correlation between calculated and mea-
sured carbide area percentage.
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Detection of Carbide Formation via Thermal
Analysis

The presence of carbide-promoting elements in the melt
influences solidification and thus leads to changes in the
cooling curves recorded during thermal analysis. According to
Doepp and Schwenkel,”* most alloying elements like chro-
mium or molybdenum cause a shift of the eutectic equilibrium
temperatures of the iron—graphite and iron—cementite system.
The eutectic temperature TEC of the metastable system
determined via thermal analysis can be expressed as a function
of chemical composition by means of regression analysis.
This leads to the following regression formula:

TEC [°C] = 1083 + 10.5 * Mn + 8.1 x Cr
—84+Mo—82xNb+7.0x%V.
R* = 88%.

Eqn. 6

The metastable eutectic equilibrium temperature thus
increases with increasing concentration of Cr, Mn and V
and decreases when Mo and Nb are added. Si is not included
in Eqn. 6 because it was at a constant level of approximately
3.8 wt% in all experiments. According to Eqn. 6, the
quantitative results for Cr, Mn and Mo are in good
agreement with the scientific literature.>* Nevertheless, the
calculation of TEC from the chemical composition is not
suitable to predict the percentage of carbides in the
microstructure since the analyzed cast parts predominantly
solidify according to the stable iron—graphite system. With
the exception of niobium carbides, the carbides analyzed in
the present study form at the end of eutectic solidification.
The Nb carbides are precipitated from the melt at an early
stage of solidification. The end of solidification (EOS),
detected via thermal analysis, can thus be used as an
indicator of the formation of grain boundary carbides when
niobium is not present in the melt. The EOS is indicated by
an inflection point in the cooling curve. At that point, the
precipitation of carbides from the remaining melt at the end
of solidification changes the cooling rate since austenite and
carbides differ in latent heat and growth velocity. By
comparing the cooling rate (°C/s) at the end of solidification
with the carbide percentage in the Yj; wedge, the following
regression formula is determined:

Carbide (YII) — 45.377 % ¢—2004+Cooling rate

Egn. 7
R? = 75.3%. d

According to Eqn. 7, an exponential dependence exists
between the cooling rate at the end of solidification and the
resulting carbide percentage. Figure 11 graphically depicts
the dependency of carbide area percentage on the cooling
rate at EOS. The exponential regression curve is indicated
by a dotted line.

For the ductile iron alloy without additional carbide-promot-
ing elements, dT/dt at EOS is below — 4 °C/s which indicates
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Figure 11. Exponential dependency between cooling
rate at EOS in the TA sample and carbides in the Y,
wedge casting.

an abrupt end of eutectic solidification. No carbides are found
in the Y wedge of this alloy. Cooling decelerates when more
carbides are formed at the end of solidification. Compared to
the prediction of carbides from the chemical composition
(Eqn. 5), the correlation factor is slightly improved.

Comparison of Experimental and Simulated
Carbide Area Percentages

The resulting carbide percentage according to the
microsegregation model depends on chemical composition,
cooling conditions and the thermodynamic data used for
simulation. In the present study, the thermodynamic data-
base “TCFE6” is used'’ to predict carbide fraction in the
Yy wedge casting. In Figure 12, the simulated carbide
percentages for 15 selected alloys in the Yy wedge are
compared with the experimental results.

By comparing experimental and simulated carbide area
percentages, it is noticeable that the individual impact of
the five alloying elements is either under- or overestimated
by the microsegregation model. The simulated carbide area
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percentage for Mo, Nb and V is nearly twice that of the
experimental result. On the contrary, according to the
simulation Cr and Mn do not lead to the precipitation of
any carbides, although carbides were experimentally found
for these alloys. Cr promotes carbide formation by segre-
gating toward the final areas to solidify, which increases
the Fe—Fe;C eutectic temperature in the remaining melt.'®
According to the simulation, the solidification is completed
prior to the temperature falling below the Fe—-Fe;C eutectic
temperature. The simulation results are very sensitive to
the solubility of the carbide-promoting elements in
austenite. It is possible that the solubilities of Mo, Nb and
V are underestimated by the thermodynamic database used
which increases the resulting carbide percentage. However,
experimental and simulated results are in good agreement
for some of the alloys with two or three added elements.

Conclusions

The influence of carbide-promoting elements on graphite
morphology, fraction of pearlite and fraction of carbides in
high-silicon ductile iron with 3.8 wt% Si was studied by
means of experimental analysis and microstructure simula-
tions. It was shown that the elements analyzed have a neg-
ative impact on spheroidal graphite growth and promote
both the formation of carbides during eutectic solidification
and pearlite during eutectoid transformation. Vanadium has
a significant, negative impact on graphite morphology and
promotes the formation of chunky graphite in castings with
long solidification times. It was shown by means of
microsegregation simulations that vanadium decelerates the
diffusion of carbon in austenite. This leads to the kinetic
preference of chunky graphite growth. Thus, the impact of
vanadium on graphite morphology is similar to the influence
on nickel in austenitic DI.'® Pearlite area fraction can be
described as a linear function of chemical composition by
means of multiple linear regression. In the present study, the
correlation factor R* = 91.1% indicates a very good agree-
ment between measured data and regression. The different
cooling conditions analyzed do not have a significant
influence on pearlite fraction. The interaction between sev-
eral carbide-promoting elements and the solidification time
have a significant impact on the amount of carbides in the
microstructure. This is described by the regression formula
Eqn. 5. Furthermore, the formation of grain boundary car-
bides can be detected via thermal analysis. Experimental and
simulated carbide area percentages often differ consider-
ably. The results of microsegregation simulation suggest
that carbide formation is very sensitive to the solubility of
the elements in austenite.
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