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13991 0.1 A1AULTIIVBI9AATIN (Yield Strength, YS) WAZAIAIUATUNIULIINGIER

(%
LY 1

(Ultimate Tensile Strength, UTS) waudnuaamilenfiffaingaus 0 — 0.01%

Sample NO. Yield Strength  Tensile Strength
(MPa) (MPa)
0.000 %Bi 1 460.7 562.3
2 409.7 411.3
3 402.6 402.6
\ade 424.3 458.7
0.003 %Bi 1 436.7 468.6
2 486.7 570.9
3 485.3 534.4
\de 469.6 524.6
0.005 %Bi 1 454.8 584.8
2 470.3 588.9
3 491.0 507.0
\ade 472.0 560.2
0.007 %Bi 1 455.2 538.8
2 4235 579.6
3 456.7 521.3
\ade 445.1 546.6
0.010 %Bi 1 439.8 456.9
2 414.6 537.0
3 404.4 524.5
\dy 419.6 506.1
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I
LY

A15799 9.2 ANPNULTIVBL AN aBTEI NN DA AL 0 — 0.01%

%Bi AUNUN nagauAULT (S8U)
(mm) 1 2 3 il 5 \ade
0.000 %Bi 4 110.8 110.3 109.3 108.9 109.3 109.72
9 98.2 99.9 98.2 98.1 97.0 98.28
16 92.5 95.1 95.3 93.7 92.9 93.90
25 94.0 93.1 93.7 94.7 92.9 93.68
36 88.7 90.0 89.5 90.0 88.1 89.26
0.003 %Bi 4 106.4 105.5 105.8 107.3 110.6 107.12
9 93.2 94.8 94.6 93.6 92.5 93.74
16 92.2 93.2 94.1 92.8 93.3 93.12
25 90.6 90.6 91.0 91.0 90.6 90.76
36 924 89.9 89.8 88.2 89.7 90.00
0.005 %Bi 4 105.5 104.0 104.1 104.9 106.2 104.94
9 96.8 98.9 97.3 96.1 98.1 97.44
16 93.0 937 95.3 94.7 94.5 94.24
25 92.2 94.3 94.0 94.2 914 93.22
36 915 935 92.0 92.9 92.9 92.56
0.007 %Bi 4 105.0 101.3 99.0 97.0 99.1 100.28
9 93.6 93.1 93.7 93.1 91.6 93.02
16 92.7 91.7 92.8 91.0 91.8 92.00
25 89.5 92.0 92.0 93.0 91.6 91.62
36 83.9 85.7 85.4 88.0 88.7 86.34
0.010 %Bi a4 95.1 94.5 94.2 97.0 97.1 95.58
9 93.0 92.6 94.3 95.3 93.2 93.68
16 90.6 93.0 93.0 94.6 90.6 92.36
25 87.3 87.6 90.8 91.3 89.8 89.36

36 86.6 88.7 89.3 88.3 87.1 88.00
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Abstract

This study explores the effect of bismuth on ductile iron to
enhance its mechanical properties and to prevent the for-
mation of chunky graphite. Various heats of ductile iron
were produced with varying bismuth (0.000-0.010 wt%Bi).
Microscopic examinations, Brinell hardness tests, and
tension tests were conducted to characterize the samples.
The results indicate that Bi influences the microstructure,
nodule count, hardness, and tensile strength of the ductile
iron, with optimal amount of Bi (0.005-0.007 wt%Bi)
depending on section thickness. Bi prevented the carbide
Sformation and increased the nodule count, leading to
improved mechanical properties. In addition, the study
demonstrated that Ce/Bi values of 1.29-1.60 were

corresponding levels that showed optimal microstructure
and properties. Thermal analysis demonstrated the inocu-
lation effect of Bi addition by shifting TE,,, and TEjg,
toward the stable eutectic temperature. Electron Probe
Microanalysis (EPMA) results showed that Bi oxide and
sulfide were found at the graphite cores as heterogeneous
nucleation sites during solidification.

Keywords: bismuth, Electron Probe Microanalysis, EPMA,
chunky graphite, ductile iron, nodule count, graphite
fineness, thermal analysis

Introduction

Ductile iron has been known as one of the most used
engineering materials across various industrial applications
due to its low production cost, favorable mechanical
properties at normal and elevated temperatures. Ductile
iron is superior to gray iron in terms of strength and duc-
tility, primarily due to differences in graphite morphology.

of Bi on the as-cast microstructure of ductile iron. Takeda
et al' found that incorporating 0.005-0.010 wi%Bi
increased graphite nodule count (nodules/mm?). This effect
was more pronounced at 2.0 wt%Si compared to higher Si
percentages (2.4 and 2.8 wt%Si). The study concluded that
Bi reduced chilling tendencies and raised the ferrite ratio in
the matrix. Takeda et al.” extended their investigations using
thermal analysis, showing that the addition of Bi increased

The nodular graphite present in ductile iron offers reduced

the Temp of Eutectic Start (TES) and Temperature of

stress  concentration pared to the lamellar graphi

found in gray iron. The typical tensile strength of ductile
iron ranges from 400 to 700 MPa, depending on factors
such as graphite morphology and matrix structure. Fur-
thermore, the presence of finer graphite contributes to

improved mechanical properties. Therefore, the hani-

Eutectic End (TEE). The EPMA findings suggested that
metallic Bi, Bi oxide and Bi sulfide particles acted as
h nuclei, Iting in finer hi

gap

&

In thicker sections, there is a greater tendency for chunky
hite formation. Baer' summarized the formation of the

cal properties of the ductile iron can be improved by
i i hil dularity and nodule count.

& stdp

The graphite fineness in ductile iron is influenced by various
factors, including the cooling rate (e.g. section thickness) and
inoculation. Several investigators have explored the impact

Received: 28 May 2024 / Accepted: 20 July 2024
Published online: 31 July 2024
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chunky graphite that the influencing parameters are
hemical position, melt section thickness,
etc. Chunky graphite is commonly found at the thermal
center of the casting section. Although there is no con-
firmed theory for the formation of the chunky graphite, it is
promoted with (i) the presence of excessive rare earth
elements; (ii) the higher casting modulus and (iii) the
insufficient inoculation. Itofuji et al.** proposed a theory of
the chunky graphite formation through magnesium fading
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and eutectic expansion. Later, Sertucha et al.® used the
thermal analysis system to explore the growth sequence of
the chunky graphite. The sequence involves: (i) nucleation
of primary graphite in the liquid; (ii) initial eutectic reac-
tion with growth of austenite dendrites around primary
nodules; (iii) bulk eutectic reaction leading to growth of
chunky graphite cells and secondary nodules, formin;

spheroidal graphite cutectic cells. Overall, Stefanescu

suggested that the combination of the level of solute and
solidification rate is the major factors in graphite nucleation
and growth resulting in different graphite morphologies.

The formation of the chunky graphite is detrimental to the
mechanical properties of ductile irons. In fact, the chunky
graphite is considered as a casting defect that significantly
affects the ductility and toughness of ductile iron.
Nakayama et al.” reported the reduction of tensile strength
approximately ~ 50 MPa for samples with more than 20%
chunky graphite. Moreover, the elongation reduced to only
1/5 of the samples without chunky graphite.

Numerous studies”* have investigated the role of Bi in
pr ing chunky graphite and refining graphite particles.
Liang et al.” illustrated that adding metallic Bi to the iron
melt counteracted the formation of chunky graphite,
thereby improving mechanical properties. Additionally, it
was concluded that Bi greater than 0.011 wt% did not
further enh hanical properties, as the ive Bi

addition led to chunky graphite aggregation.

Ferro et al.'” experimented with the effect of rare earth and

Bi in heavy casting section of ductile iron. It was found that
chunky graphite formation could be prevented by both rare
earth and Bi. In fact, a higher nodule count was observed
when Bi was added.

According to Glavas et al.", the impact of Bi on ductile
iron can be both advantageous and detrimental, depending
on the section thickness. In cases of heavier section
thickness, Bi was proved beneficial by preventing chunky
graphite formation and enhancing nodularity. The study
extended to 0.0042 wt%Bi, r ling a consi pward
trend in nodule count for medium and heavy section
thickness. However, Bi also increased the chilling ten-
dencies in small section thickness. The results contradicted

the findings of an earlier study by Takeda et al." and Horie
et al."?, which suggested that Bi d chilling ten-
dencies. Furthermore, they demonstrated that the nodule
count increased with Bi up to 0.005 wt% and then gradu-
ally decreased. Similarly, Yicheng et al."* conclude that the
optimal range of Bi in ductile iron is between 0.004-0.016
wt%Bi for 10 mm and 30-70 mm thickness, respectively.
Song et al' reported that Bi improved mechanical prop-
erties up to 0.011 wt%Bi. Similarly, Gao et al.'* performed
mechanical testing at — 40 °C and found that the optimal
Bi was in the range of 0.010-0.012 wt%Bi for 180 x 180
x 200 mm specimen.

Bauer et al.'®"” illustrated how Bi prevented the formation
of chunky graphite. They d 1 that the combined
influence of the cooling rate and the quantity of cerium
determined the optimal amount of Bi. The Ce/Bi ratio was
important as higher amounts were associated with adverse
effects on mechanical properties. In their experiments, Ce/
Bi of 0.6 yielded the best results.

Pan and Chen'® found that the Ce/Bi ratio of 0.8-1.1 were
able to prevent the formation of the chunky graphite in
heavy section. They further reported that the Ce/Bi exceeds
1.1 was required for the lighter section.

Stieler et al." further explored the combined effect of Bi
and cerium in relation to graphite morphology. Generally,
the suitabl of Bi depends on Ce content and
section thickness. The thicker sections requiring higher Bi
concentrations than smaller sections.

There have been studies'*2%?! that experimented with the
idea of introducing Bi in inc (e.g. Bi-bearing inoc-
ulants). Margaria et al.'” filed a patent for an inoculant
product comprising Bi and rare earth. The inoculant con-
tained rare carth, Bi, Sb, and Pb with the ratio (Bi+Pb+Sb/
Total RE) between 0.9 and 2.2. Although, there are limi-
tations for comparing between studies. A conclusion can be
made that heavier section thickness require more Bi (or
lower value of Ce/Bi). Table 1 summarizes the optimal
range of Ce/Bi from studies mentioned above.

This study aims to investigate the potential use of Bi as an
additive in traditional ductile iron and determine the

Table 1. S 'y of the Optimal Ce/Bi from I igators
Reference Ce/Bi Remark
Glavas et al.[11] 0.67 50-100 mm thickness
Bauer et al.[17] 0.60 Up to 300 mm thickness
Pan and Chen[18] 0.80-1.10 Solidification time up to 3200 s
Stieler et al.[19] 1.56-5.30 75 mm thickness
Margaria et al.[20] 0.45-1.11 converted from (Bi+Pb+Sb)/RE

I jonal Journal of Metale
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36 mm

Figure 1. Dimensions of the step casting.

optimal amounts of Bi and Ce/Bi ratio that yield a high
nodule count and desirable properties.

Experimental Procedure
Design of Test Castings

There were two types of test castings. The first design was
the cylindrical castings for tension test as per ASTM ES.
The as-cast diameter was 25.4 mm. The second type of test
casting was the step casting. It was designed to accom-
modate the study of the effect of cooling rates. Figure 1
depicts the basic dimensions of the step casting, featuring
various thicknesses from 4 to 36 mm. A commercial
casting simulation software was used to estimate the cor-
responding cooling rates of section thicknesses. Further-
more, the cooling curves were retrieved from virtual
thermocouples inserted at the geometrical center of each
section. Figure 2 shows the simulated cooling rates and
cooling curves. Overall, the simulated cooling rates were
approximately in the range of 1.0-18.0 °C/sec. These
cooling rates were taken at 5 °C above eutectic tempera-
ture. Noted that the latent heat release was dictated by the
heat of formation and enthalpy provided by the software

Cooling rate, “Clsec

BCUSCCELEEEEEIEY

a)

1400

&

Temperature, °C
=] b}
8

g

S
8

Figure 2. Result of casting simulation; (a) cooling rate;
(b) cooling curves.

Table 2. Experimental Parameters for the EPMA

database. The enthalpy was a function of The
local solidification times ranged from a few seconds to
several minutes representing typical section thicknesses in
the industrial applications.

Production of the Test Castings

Experiment
Parameter
o Acceleration voltage 15 KV
Beam size 1um
Current 75nA
Measuring time 10 msec
Step size 0.4 um
Total area size 410 x 307 pm

Five batches of ductile iron were produced using a 100-kg
induction furnace, each with different Bi levels (ranging
from 0 to 0.01 wt% Bi). Throughout the experiment, car-
bon, Si, and g ined cons After cleani

the melt was superheated to eliminated existing nuclei at
1500 °C and tapped at approximately at 1450 °C, respec-
tively. Metallic Bi was added to the melt before tapping.
Spheroidization was done using rare earth-containing
FeSiMg (Fe-45Si-5.2Mg-2.0Ca-0.4A1-2.23RE). The base
melt for the spheroidization was 100 kg of iron melt.
Inoculation (Fe-75Si, 0.2% by weight of the melt) took

International Journal of Metalcasting

place before pouring at around 1380 °C. Green sand molds
were used for casting, with two types of test casting: step
casting and cylindrical casting. Silica sand with the Grain
Fineness Number (GFN) was between 55 and 60. The
chemical compositions were taken from the Optical
Emission Spectrometry (OES) and amount of Bi and Ce
were determined by Inductively Coupled Plasma Optical
Emission Spectrometry (ICP-OES).
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Table 3. The Chemical Composition of the Ductile Irons in This Study

Heat Composition, wt%

Bi (o Si Mn P S Mg CE Ce Ce/Bi
1 0.0001 341 259 0.064 0.037 0.01 0.078 427 0.007 70.0
2 0.003 342 245 0.061 0.041 0.01 0.088 424 0.008 267
3 0.005 340 257 0.064 0.040 0.01 0.079 426 0.008 1.60
4 0.007 341 246 0.055 0.046 0.03 0.077 423 0.009 129
5 0.010 347 247 0.058 0.044 0.01 0.078 429 0.010 1.00
0.0001
wt%Bi
0.003
wt%Bi
0.005
wt%Bi
0.007
wt%Bi
0.010
wt%Bi

Figure 3. Microstructure of ductile irons with

Characterization

Microscopic ex
rical centers of each step, and Brinell hardness tests were

q

10n:

were

d at the g

performed at corresponding locations. The cylindrical
castings had a diameter of 25.4 mm, which were later

d to 20 mm diameter and tested according to
ASTM ES8 standards. Cooling curves were obtained for all

4

1 Journal of M

4
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9 10 . 2 30 1 0000 0002 0004 0006 0008 0010
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a) b)
Figure 4. Effect of Bi and ion thick on nodule count; (a) ion thick ; (b) Bi.

400 pm

Figure 5. Carbide found in sample with 4-mm section thickness; (left) 0.000 wt%Bi (right) 0.003

wt%Bi.

batches through thermal analysis cups with a diameter of
31 mm and a height of 53 mm.

For microstructure analysis, the unetched micrographs were
used for measuring nodule counts with an image analysis
software. Particles smaller than 1 pum® were excluded from
the analyzes as they were likely artifacts from sample
preparation. Circularity was also analyzed for all samples.
The definition of Circularity is given by Eqn. 1.

i jonal Journal of Metali

C =4nA/P* Eqn. |
where A and P are the area and perimeter of graphite
particles, respectively.

The image analysis was conducted for the etched micro-
graphs to quantify the constituents of the graphite, pearlite,
ferrite and carbide. The images used were taken at 100x
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0.005
wt%Bi

0.007 f
Wi%Bi

Figure 6. Microstructure of ductile irons with varic

magnification at the middle of each section thickness. At
least 5 images were used for one condition of the analysis.
The graphite or phases that were cropped by the edge of the
image were excluded from the analysis. The image size
was 2560 x 1920 pixels (~ 4.9 megapixels). The image

lution was kept ¢ h h

= |

Color metallography was applied to selected samples, and
the etchant used was 80 g NaOH, 20 g KOH, 20 g picric
acid in 200 ml distilled water. The samples were i d

and Bi (etched, 3%Nital).

Results and Discussion
Chemical Composition

Table 3 presents the chemical composition of the iron
produced in this study. The levels of C, Si, Mn, P and S
were maintained within a narrow range. The Carbon
Equivalents (CE = %C + 1/3(%Si+%P)) indicated that all
conditions approached eutectic compositions. The Mg level
e ded typical industry values, to assess the impact of

in the etchant at 120 °C for 120 seconds.

The Electron Probe Micro Analysis (EPMA) was con-
ducted on a selected sample to observe the elemental dis-
tribution in the Table 2 shows the criteria
used in the EPMA experiment.

rare earth in thicker sections and its combined influence
with Bi. Higher Mg can lead the carbide formation as

gnesium i the chilling tendency. In addition, the
FeSiMg that was used as the source of Mg also contains
cerium that interplays with Bi. Bi content ranged from 0 to
0.01 wt%Bi, with some losses during addition to the melts.

International Jowrnal of Metalcasting
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Figure 7. Percentage area of ph in mie as a function of tion thick
(a) pearlite; (b) ferrite; (c) carbide; (d) graphite.
Additionally, Al and Sn were present at levels of 0.009  Microstructure

wit%Al and 0.0024 wt%Sn, respectively, their effects were
not observable in the experiment, no spiky graphite was
found throughout the experiment. Other elements were
present in trace amounts (<0.0004 wt%As, <0.0005
wt%Pb, <0.0004 wt%Sb, <0.00001 %wtCd, <0.00003
wt%La). The rare earth element used in this experiment
was primarily Ce. Because La, Pb and Sb were at a very
low levels, therefore; the ratio of Ce/Bi is presented in
Table 1 for further analysis.

International Journal of Metakasting

Figure 3 illustrates the microstructure of unetched samples
with varying thickness and Bi. Overall, the Circularity
exceeded 0.8, indicating acceptable nodularity across all
samples, even in the case of the thickest section. Figure 4a
shows the effect of section thickness on nodule count. It is
seen that the thicker sections resulted in lower nodule
counts due to the slow cooling rate. The measured nodule
count was ble to the findings in Ref 12 and
13. Figure 4b shows the influence of Bi on nodule count.
For 4-mm and 9-mm section thickness, the nodule count
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Figure 8. Per ge area of ph in microstructure as a function of %Bi; (a) pearlite; (b) ferrite;
(c) carbide; (d) graphite.

increased with Bi up to 0.005 wt%Bi. At higher Bi, the
nodule counts decreased. For 16-, 25-, and 36-mm section
thickness, the nodule count peaked at 0.007 wt%Bi and
there was no clear decreasing trend in nodule count at
higher Bi. This suggests that heavier section thickness
requires a higher Bi conc ion for graphite refi

The mechanism behind the effect of Bi on nodule count
will be discussed later. It is worth noting that samples with
4-mm section thickness without Bi displayed carbide for-
mation in the microstructure, due to the high cooling rate

and Mg content. In fact, Mg, known for promoting chill
formation, was relatively high in this study. Figure 5
ill s carbide f¢ ion in ples with 4-mm section
thickness. The carbide formation reduced the amount of
graphite, a very low nodule count was observed at 4-mm
section thickness. However, this effect gradually disap-
peared at thicker section and higher Bi. In this study, the
effect of Bi in decreasing the chilling tendency was
observed similarly to previously reported in Reference 12,
13 and 17.

International Jonrnal of Metalcasting
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Figure 9. Cooling curves; (a) definitions of symbol;
(b) from ductile iron samples with 0-0.010 wt%Bi.

Figure 6 shows the microstructure of etched samples.
Figure 7 displays the image analysis results of the etched
samples showing the percentage of phases in the
microstructure. Overall, pearlite was the dominant phase in
the matrix structure (Figure 7a). The percentage of ferrite
i d with i ing thick due to the slower
cooling rate (Figure 7b). The carbide appeared in all 4 and
9-mm les and letely di d at 16 mm and

P Y app

Table 4. Si y of Ch: ristic Temp
Retrieved From Cooling Curves

Heat Bi CE CeBi Ty, TEow TEngn
1 0.0001 427 180 1175 1133 1140
2 0.003 424 733 171 1139 1148
3 0.005 426 320 1176 1140 1149
4 0.007 423 257 1173 1134 1148
5 0.010 429 160 1159 1143 1149

graphite in 4-mm and 9-mm were lower than the rest due to
the carbide formation (Figure 7d).

The effect of Bi on the microstructure is shown in Figure 8.
There was no clear trend on the percentage pearlite and
ferrite (Figure 8a and b). Similar results were reported by
Yicheng et al.'*. The effect of Bi was more pronounced in
Figure 8c. The percentage carbide clearly decreased with
the increasing Bi. This confirms the effect of Bi on carbide
suppression at thinner sections reported by Takeda et al.'
and Horie et al."?

Figure 9 displays the cooling curves during the eutectic
reaction for samples containing 0.00 to 0.01 wt%Bi. It is
important to note that these curves were obtained from
thermal analysis cups, not directly from the step castings.
The thermal analysis cups have a casting modulus of
approximately 0.98 ¢cm. Table 4 summarizes the Temper-
ature of Liquidus Arrest (7_4), The Lower Temperature of
Eutectic (TEy,) and the Higher Temperature of Eutectic
(TEpign). It is clearly seen that the presence of Bi increased
TEjow and TEp;g, shifting TE;,,, from 1133 to 1143 °C and
TEpigh from 1140 to 1149 °C for 0 and 0.01 wt%Bi,
respectively. The increased TEo, and TEy g, were caused
by the inoculation effect of Bi addition. It should be noted
that this effect can be observed by the analysis of the
cooling curves.

Figure 10 illustrates the effect of Bi and section thickness
on hardness. The hardness of the fully ferritic (ASTM
A536 Grade 60-40-18) and fully pearlitic (ASTM A536
Grade 100-70-03) ductile irons are 143-187 and 240-300
BHN, mspcclively.z' Overall, the hardness values in this
experiment were in the typical range for the pearlito-ferrite
ductile iron. A noticeable trend is observed where hardness
decreased with increasing section thickness due to the
slower cooling rate resulting in lower nodule count and
greater ferrite in the matrix. It is worth noting that carbide

fc ion, observed in all 4-mm section thickness samples,

thicker (Figure 7¢). C ly, the p ge of
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Figure 10. Effect of Bi and section thick on
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Figure 11. Mechanical properties of ductile iron with
0-0.01 wt%Bi; Yield strength (YS), Ultimate Tensile
Strength (UTS) and Percent Elongation (%EL).

contributes to increased hardness, the effect reflected in
Figure 10b. As seen, the initial hardness of 4-mm ﬁecuon
thickness without Bi was significantly high, and ir

dness; (a) thick (b) Bi.

higher ferrite/pearlite ratio at the same level of Bi shown in
Figure 7.

In Figure 11, the influence of Bi on ulumale lenslle
h, yield th and p 1 isp
The lmnd indicates lhal Iowcr Bi conccnnamns resulted in
lower strength and elongation, due to the lower nodule
count and carbide formation. Elongation improved signif-
icantly beyond 0.005 wt%Bi due to the suppression of
carbide formation. In fact, 0.005 wt%Bi samples demon-
strated the highest strength in this study. It is important to
note that the tensile samples have a casting modulus of
6.35 mm close to a 16-mm section thickness, aligning the
observed behavior with the hardness trends depicted in

Figure 10.

In summary, the optimal Bi content was contingent on the
section thickness. For sections with thicknesses of 4, 9, and
16 mm, 0.005 wt%Bi (Ce/Bi = 1.60) exhibited the best
outcomes in terms of nodule count, hardness, and tensile

h. H , for sections with thicknesses of 25 and

of Bito 0.003 wt% d sed hard The hard ofthc
samples with 4-mm section thickness was high due to the
carbide formation. A similar effect of carbide formation on
hardness is seen in 9- and 16-mm section thickness but in
lesser degree. At thicker section, hardness increases with
Bi, peaking at 0.005-0.007 wt%Bi. Higher Bi concentra-
tions are more favorable for achieving increased hardness
in thicker section. In addition, hardness decreased with the
increasing section thickness due to slower cooling and

36 mm 0.007 wl%Bl (Ce/Bi = 1.29) demonstrated better
results. It is worth noting that if there were variations in
cerium (Ce), the determination of the optimal Bi content
needs to be guided by the Ce/Bi ratio. The findings suggest
that Bi is more advantageous as section thickness increases
by preventing the formation of chunky graphite and refin-
ing graphite particles. When comparing the optimal Ce/Bi
ratio to Table 1, itis seen that the optimal Ce/Si ratio in this
study is higher than the table suggests. This is due to the
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d) 0.007 wt%Bi

small section thickness in this study. Pan and Chen'® also
mentioned that the optimal Ce/Bi ratio for lighter sections
would have been more than 1.1.

Figure 12 shows color-etched micrographs of ductile irons
with 0-0.01 wt%Bi at a section thickness of 36 mm. The
color llography led the microsegreg: of ele-
ments, primarily Si and Mn, within the microstructure. This
enables the observation of the dendritic structure and the
impact of Bi on dendrite arm spacing. However, no sig-
nificant difference in dendrite arm spacing was observed
with varying Bi.

Figure 13 shows the EPMA results of a sample with 0.010
wt%Bi and 36-mm section thickness. The testing field was
selected to have several graphite particles along with
interparticle area to observe the microsegregation of ele-
ments. The microstructure showed low nodularity due to
the slower cooling rate and higher Bi. Figure 13a and b
shows the femite, pearlite pattern and location of graphite
particles in the microstructure which aligns with the carbon
mapping (Figure 13c). The Si mapping in Figure 13d
shows that Si tended to be more in the matrix around
graphite and less in the interparticle arca. Mg, S, O and Bi
were found in the same area indicating the formation of
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Figure 12. Color-etch micrographs of ductile irons with 0-0.010 wt%Bi at 36-mm section thickness.

llic ¢ db them. Ce showed a sim-

Ly

ilar pattern with weaker signal.

To di the greg of Bi, the superimposed
image between the carbon and Bi is created (Figure 14). As
seen, Bi tends to reside at the center of graphite particles.
This indicates that Bi is involved with the nucleation of
graphite. Moreover, O and S are also found in the graphite
cores where Bi is presented.

Figure 15 shows the EPMA mapping of Bi, oxygen and
sulfur at the graphite cores which suggests that the nucle-
ation sites are made up of these elements in form of
compounds such as Bi oxide and sulfide. This finding is in-
line with the results by Takeda et al.” and Horie et al."’.
The hanism for graphi fining by Bi addition is
proposed as follows:

e Bi presents itself as a small droplet in iron melt.
This is because Fe and Bi form a monotectic
reaction. According the Bi-Fe phase diagram
(Figure 16), it is seen that the monotectic reaction
is Ly =L, + & femite. The two types of liquid have
very limited solubility. Therefore, it is possible to
have Bi-rich droplets dispersed in iron melt. The
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Bi-rich droplets presumably exist in the melt
down to the monotectic temperature.

During solidification, Bi-rich droplets precipitate
and become oxide and sulfide by combining with
O and S available in the melt. Table 5 shows the
physical properties of Bi and related compounds.
It is seen that Bi oxide (BiyO;) and Bi sulfide

i) Ce

Figure 13. Microstructure and EPMA mappings of the sample with 0.010 wt%Bi and 36-mm section thickness.

(Bi>S3) have negative standard free energy of
formation at 1500 °C, indicating spontancous
formation of these compounds. These compounds
later become heterogencous nucleation sites for
graphite.

During the spheriodization, Mg is introduced to
the melts and can then react with the existing
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Bi>0; and Bi,S; forming more stable compounds  ductile iron leads to improvements in microstructure and
such as magnesium oxide (MgO) and sulfide properties.
(MgS). This is supported by the presence of

magnesium in the same area to Bi, oxygen and e The addition of 0.005-0.007 wt%Bi resulted in a
sulfur in the EPMA mappings. Si can also be refined microstructure, with a higher nodule count.
involved by forming magnesium silicide. The The further addition of Bi reduced the nodule
result of this process is the reduction of Bi count and had adverse effects on mechanical
compounds to metallic Bi at the graphite cores. properties.

Therefore, it is possible to find the coexistence of e The refined microstructure increased the strength
Bi,0s, Bi;S3, MgO, MgS, and Mg,Si. and hardness of the ductile iron with casting

section thickness 9-36 mm. The improvement of
the tensile strength and yield strength was approx-
imately 20% at 0.005 wt%Bi addition. At smaller
section thicknesses (for example, 4 mm), chill was
observed in all samples. Moreover, the results
showed that the addition of Bi suppressed the
formation of carbides.

e The ratio of Ce/Bi can be used as a guide for the
required Bi addition depending on the section
thickness. The lighter section thickness requires a
higher Ce/Bi ratio. In this study. the optimal Ce/Bi

Conclusions

This work investigates the influence of Bi on microstruc-
ture and mechanical properties of ductile iron. The results
showed that the presence of appropriate levels of Bi in
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)
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Figure 14. Combined image of carbon and Bi EPMA

mapping. Figure 16. Bi-Fe phase diagram™.

Bi (0}
Figure 15. EPMA mapping of Bi, O and S at the graphite cores.
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Table 5. Physical Properties and Standard Free Energy of F tion of Related Comp d:

Compound  Melting point, Bailing point, Density, Standard free energy of formation at 1500 °C, References
°c °C glem® kJ/mol?

Bi 271 1564 9.79 - 23

Bi,03 817 1890 8.90 - 136.5* 24

Bi;S; 850 - 6.78 —64.35 25

MgO 2852 3600 3.60 - 7337 26

MgS 2000 - 284 —395.2 27

*AGy, Bi;O3 = — 584235 + 289.28(TK) **

ratios were 1.60 for 4-16 mm section thickness
and 1.29 for 25-36 mm section thicknesses.

e The introduction of Bi shifted the cooling curves
toward stable eutectic solidification resulting in
reduction of chilling tendency and higher nodule
count. This can be observed by the increase in
TEjo and TEyg, using thermal analysis.

e The EPMA results suggested that Bi form oxide
and sulfide that act as heterogeneous nucleation
sites during solidification.
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