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Abstract

The ferrous industry keeps evolving, and the demand for
castings with complex geometries is increasing. Due to
this, some foundries are facing several challenges when it
comes to producing highly complex parts with a specific
microstructure. Normally, heat treatment is performed
when a ferritic matrix is desired. However, distortion and
cracking can become a problem too. Because of this, it is
important to explore alternative methods that can poten-
tially help with these problems. In ductile iron, cobalt
additions are known to increase the nodule count, which
favors higher ferrite fractions. Hence, the addition of
cobalt was studied to investigate its effects on the
microstructure and tensile properties of ductile iron. Five
heats were produced and cast into � inch ASTM A536
Y-blocks: 0 wt%, 1 wt%, 2 wt%, 3 wt%, and 4 wt% Co.
Metallography was performed to evaluate the percent

nodularity, nodule count (N/mm2), and ferrite/pearlite
percentages. Tensile testing was executed using sub-size
round samples. Brinell hardness and micro-Vickers were
conducted on each Y-block to assess the macro and
microscopic behavior of the cobalt bearing ductile iron.
The addition of 4 wt% Co was found to decrease the
nodule size and increase the percent nodularity and nodule
count resulting in higher ferrite contents. Cobalt did not
have a statistically significant effect in tensile strength and
percent elongation. However, cobalt was found to increase
the yield strength due to the solid solution strengthening
effect in ferrite.

Keywords: Fully ferritic matrix, Cobalt, Microstructure,
Mechanical properties

Introduction

The 60-40-18 grade per ASTM A536 usually requires an

annealing heat treatment to obtain a mostly ferritic matrix.

Therefore, when producing a casting with complex

geometry, one of the main priorities is to prevent shape

distortion in the heat treatment cycle. For this reason, it

becomes of interest to study an alloying element that could

potentially help in the production of an as-cast ferritic

grade. High nodule counts are needed to generate a matrix

with high ferrite content. Nevertheless, high ferrite con-

tents have an impact on mechanical properties, resulting in

lower tensile and yield strengths.

The effect of the final microstructure on the mechanical

properties of ductile iron is well documented. The as-cast

microstructure is governed by the solidification process and

the eutectoid reaction. Salazar et al. highlighted the

importance of nodule count and cooling rate on eutectic

graphite formation and growth as well as austenite to fer-

rite/pearlite transformations. At a constant cooling rate and

using two different FeSi additions of 0.32 and 0.64%, it

was found that pearlite percentage is reduced when nodule

count is increased.1 However, the paper does not contain an

experimental methods section, so the melting procedure

used to achieve different nodule counts is unknown.

Askeland and Gupta calculated the distances required for

carbon atoms to diffuse to the graphite nodules at various

nodule counts. He showed that high nodule counts cause

smaller interparticle spacing, resulting in higher ferrite

contents because there is no carbon available to participate

in the eutectoid reaction to form pearlite.2 Nevertheless, no

attempt was made to correlate these interparticle spacing

calculations with his experimental results. Loper investi-

gated factors that impact the nodule count such as carbon

equivalent, section size, Mg-treatment, and post-inocula-

tion practices. One of the findings stated that as the nodule

count increases, tensile strength and yield strength

International Journal of Metalcasting/Volume 15, Issue 2, 2021 433

http://orcid.org/0000-0002-6408-2821
http://orcid.org/0000-0003-3529-9615
http://orcid.org/0000-0003-0334-1540
http://crossmark.crossref.org/dialog/?doi=10.1007/s40962-020-00521-3&amp;domain=pdf


decreases while elongation increases in both as-cast and

annealed 1-inch keel blocks.3 Nonetheless, the mechanical

properties reported that exceeded the 60-40-18 grade were

obtained by an annealing heat treatment. Loper’s research

has emphasized the relationship between the final as-cast

microstructure and the mechanical properties of ductile

iron. Ruff and Doshi studied the effect of the number and

size of nodules on ferritic and pearlitic ductile irons. They

noticed that the tensile strength in ferritic ductile iron is not

influenced by the size of the graphite nodules. Also, an

increase in the nodule size resulted in a decrease in the

tensile strength of a pearlitic ductile iron. Besides, they

observed that the nodule count’s effect on the yield

strength was dependent upon the graphite particle width. A

decrease in yield strength was found as the nodule count

increased for a ductile iron with a small particle width.4

Despite this, the authors do not point out for which type of

ductile iron this behavior is observed. Gonzaga studied

ferrite and pearlite ratios and their influence on mechanical

properties of ductile irons with a carbon equivalent (CE)

below 3.9%. He concluded that the tensile and yield

strengths are increased, while elongation decreases with

increasing the pearlite content.5 Although results appear

consistent with prior findings, the author does not provide

information on how the heats were produced to acquire the

microstructures studied.

The effect of alloying elements in ductile iron has been

evaluated by several authors in the literature. Table 1

provides a summary of these effects.

When a fully ferritic matrix is desired, the amounts of

alloying elements that promote pearlite should be limited.

Therefore, it is of interest to investigate elements that could

both promote and strengthen ferrite. A selected number of

studies have examined the role of cobalt as this sought-

after alloying element. They are described as follows:

• Cobalt doubles the diffusion rate of carbon in c-

Fe, while alloying elements like Cr, Mo, W, Ni,

and Mn slow carbon atoms, retarding the austenite

to ferrite transformation.16

• Brown and Hawkes hypothesized that elements

like cobalt and nickel make cementite less

stable compared to chromium. These elements

increase the graphitization rate, decrease the size,

and the number of nodules.17

• Appleton studied the kinetics of first-stage graphi-

tization in Fe–C and Fe-Co–C alloys. He found

that as the cobalt content increases, the growth

rate of graphite increases rapidly.18

• Modl set up a series of experiments that analyzed

the effect of cobalt additions in ductile iron with

compositions ranging from 0 to 15 wt% Co. He

discovered a decrease in nodule size and a

maximum increase in nodule count in up to

6 wt% Co.19 The carbon content ranged from 3.61

to 3.87 wt% C and silicon contents between 2.33

and 2.57 wt% Si.

• Solov’ev and Kuragin discussed the influence of

different elements on the graphitizing effect in Fe-

C-X alloys. They considered cobalt as a graphi-

tizing element in Fe-C-X alloys, because it

increases the diffusion and activity of carbon to

promote graphite growth.20

• The study by Shen et al. investigated the effect of

0.07 and 0.34 wt% Co additions to ductile iron.

He found an improvement in the graphite shape

with cobalt additions and mentions that cobalt

promotes graphitization which results in higher

nodule counts.21

• Yazdani et al. conducted a series of trials to

determine the influence of small cobalt concen-

trations (0.20 and 0.40 wt% Co) in the austem-

pering reaction of 25 mm keel blocks. He reported

that cobalt accelerates the stage I reaction in

austempered ductile iron (ADI) reducing the

austempering time needed, which could poten-

tially allow the heat treatment of thicker

sections.22

• Chen-Hsun Hsu et al. concluded that an as-cast,

fully ferritic matrix could be obtained with the

addition of 4 wt% Co to 30-mm Y-blocks. The

chemical composition of the unalloyed ductile

iron was 3.56 wt% C and 2.83 wt% Si compared

Table 1. Effect of Alloying Elements on the Microstructure and Mechanical Properties of Ductile Iron

Element Microstructure Mechanical properties References

Manganese Pearlite promoter Increase: tensile strength, yield strength

Decrease: elongation

[6–10]

Copper Pearlite promoter Increase: tensile strength, yield strength, hardness

Decrease: elongation

[6–12]

Nickel Promotes pearlite weakly Increase: tensile strength, yield strength

Decrease: slight reduction in elongation

[7–9, 11–14]

Molybdenum Pearlite promoter Increase: tensile strength, yield strength, hardness

Decrease: elongation

[7–9, 11, 12, 15]
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to the 4 wt% Co that contained 3.57 wt% C and

2.63 wt% Si. The heat alloyed with 4 wt% Co

resulted in tensile strengths of 772 MPa, yield

strengths of 540 MPa, and elongations of 17%.

Unalloyed ductile iron showed tensile strengths of

463 MPa, yield strengths of 310 MPa, and elon-

gations of 21%. Cobalt has been shown to increase

ferrite content by increasing nodule count and

carbon mobility.23 From the literature, it is well

known that silicon is a ferrite promoter in ductile

iron, which increases the ferrite content. Com-

pared to the unalloyed ductile iron (2.83 wt% Si),

the 4 wt% Co heat (2.63 wt% Si) showed a lower

pearlite content (4% versus 21%).

To date, only a limited number of researchers have studied

the effects of cobalt in as-cast ductile iron. These studies

support the idea that cobalt could be a highly effective

alloying element in the production of a ferritic matrix. The

purpose of this investigation is to explore the impact of

cobalt on the microstructure and mechanical properties of

� inch ductile iron Y-blocks without heat treatment.

Methods

Material and Samples

For this exploration, 135-kg melts were fabricated in a

coreless induction furnace using a constant metallic charge

of 25 wt% pig iron, 55 wt% ductile iron returns, and

20 wt% steel punchings to limit variation in chemistry.

Once the metallic charge had melted, 25 9 25 mm cobalt

chunks (98.98 wt% Co) at a temperature around 1450 �C
were added. The base iron composition was examined

utilizing thermal analysis (MeltLab) and an optical emis-

sion spectrometer (OES).

The melts were brought to a temperature of 1510 �C. Five

minutes before tapping, preconditioning of the iron was

conducted with 0.05% FeSi. Metal stream inoculation was

executed while tapping the molten metal into the preheated

tundish ladle. The magnesium treatment was performed in

the tundish ladle with an alloy pocket that contained a 6%

MgFeSi alloy and the cover materials (cover steel and FeSi

conditioner). Table 2 contains the chemical compositions

of the pig iron and FeSi preconditioner used and the

additions made to the ladle.

The metal was poured into � inch ASTM A536 Y-blocks

chemically bonded sand molds (Figure 1). The molds were

made with a Tinker Omega NexGen2TM mixer system.

Chemical Analysis

Samples for chemical analysis were taken after the Mg

treatment and evaluated using a Bruker Q4 Tasman

Advanced CCD based OES. Neenah Foundry performed

combustion analysis (Leco) and confirmed the composi-

tion. A total of five melts were produced with the target

compositions as shown in Table 3. This base composition

was chosen based on a survey conducted by the Ductile

Iron Society.

Microstructure Evaluation

The microstructure of the first and last Y-blocks poured

was evaluated to determine the nodule count (N/mm2) and

percent nodularity (Eq. 1). A macro file created at

Table 2. Chemical Composition of the Materials Used to Produce the Heats (wt%)

Materials C Si Mg Al Ca aRE Bi Ba P S Mn Cu Ni

Pig Iron 4.38 0.62 – – – – – – 0.04 0.027 0.03 0.0005 0.003

FeSi preconditioner 0.005 76.55 – 0.38 0.06 0.007 0.13

6% MgFeSi – 45.66 6.06 0.93 0.98 1.00 – – – – – – –

FeSi conditioner 0.09 49.04 – 1.04 0.99 – – 1.03 – – – – –

Cover Steel 0.18 0.15 – – – – – – 0.008 0.013 0.47 0.024 0.013

Inoculant – 72.54 – 0.06 1.24 0.60 0.98 – – – – – –

aRE: rare earths

Figure 1. Illustration of the � inch ASTM A536 Y-block
mold used.
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Michigan Tech was used to perform the analysis in ImageJ

with a minimum shape factor of 0.6 per ASTM E2567.

Then the samples were etched with 2% Nital to analyze the

ferrite and pearlite percentages. A total of ten images were

taken from each sample and averaged as follows:

Tensile Behavior

An Instron 4206 machine with an axial extensometer was

used to conduct tensile testing per ASTM E8. Figure 2

depicts the location of the sub-size round samples that were

machined out of the � inch Y-blocks. The dimensions of

the round samples used are shown in Figure 3. A total of 12

tensile bars per heat were tested resulting in a total of 60

samples.

Hardness Behavior

A total of six indentations per heat were performed to

measure the Brinell hardness on the cross section of the �
inch Y-blocks. A 750 kg load and a 5 mm diameter tung-

sten carbide ball were used. Microhardness tests were

performed in the ferrite matrix using a LECO Vickers

tester with a 100-gram load and a dwell time of 10 s. Ten

indentations per heat were analyzed.

Results

Chemical Analysis

The chemical analysis results of the heats are shown in

Table 4.

Microstructure Evaluation

Figure 4 presents the unetched micrographs at 50 9 cor-

responding to the first and last Y-blocks poured from each

heat. A decrease in nodule size and an increase in nodule

count are observed with the addition of cobalt.

The etched micrographs are shown in Figure 5. Compared

to the 0 wt% Co heat, the 4 wt% Co heat had an increase in

Figure 2. Location of the sub-size round tensile
samples.

Figure 3. Drawing of the dimensions of the sub-size
round samples (mm).

%Nodularity areað Þ ¼ Area of all particles above acceptance criteria

Area of all graphite particles which meet the minimum size requirement
� 100 Eqn: 1

Table 3. Targeted Chemistry (wt %)

Heats C Si CE Mg Mn Cu P S Co

0 wt% Co 3.73 2.5 4.56 0.04 0.25 0.08 0.025 0.01 –

1 wt% Co �� �� �� �� �� �� �� �� 1.0

2 wt% Co �� �� �� �� �� �� �� �� 2.0

3 wt% Co �� �� �� �� �� �� �� �� 3.0

4 wt% Co �� �� �� �� �� �� �� �� 4.0
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the ferrite percentage for both; first and last Y-blocks

poured. Over time, the perlite content is expected to

increase, and this was confirmed by the present experi-

ments. However, the last Y-blocks poured with 2 wt%, and

4 wt% Co showed a lower pearlite percentage in contrast to

the other heats.

The percent nodularity, nodule count, and average nodule

diameter are compared in Figure 6. For the first Y-block

poured, the percent nodularity enhanced only with 4 wt%

Co when compared to the 0 wt% Co heat. The increase in

nodule count is more substantial in the 4 wt% Co heat. In

general, as the percent nodularity increases, the nodule

count increases too.24 The average nodule diameter was

reduced considerably with 4 wt% Co and the nodules do

not increase significantly over time.

An increase in the ferrite percentage with cobalt additions

is observed for the first Y-blocks poured. In contrast, the

last Y-blocks poured from the 0 wt% and 1 wt% Co heats

changed more drastically over time both with a major

reduction in ferrite percentage (Figure 7). As more time

passed, nodule count decreased. This increases the diffu-

sion path of carbon, resulting in more pearlite.25 Even

though the 3 wt% Co heat had a lower nodule count, the

first Y-block poured resulted in a ferrite percentage com-

parable to the other cobalt heats. On the contrary, the last

Y-block poured had a considerable reduction in the ferrite

percentage.

Tensile Behavior

As shown in Figure 8, there is a slight increase in tensile

strength with 3 wt% Co. That is mainly due to a lower

nodule count, which increases the pearlite percentage. This

finding is consistent with that of Doubrava, who observed

that high pouring temperatures result in higher pearlite

percentages due to a reduction in the nodule count.24 The

addition of cobalt increments the yield strength, although

not by much (Figure 9). This result is in agreement with

Modl findings, which showed a steady increase in yield

strength with increasing cobalt content.19

CE plays an important role in nodule count. As CE

increases, nodule count increases too, but the growth rate is

much larger at low CE values.3 As mentioned before, high

nodule counts result in higher ferrite percentages, which

increase the elongation. Nevertheless, no significant

change in the percentage of elongation was found with the

addition of cobalt (Figure 10).

Hardness Behavior

With the addition of 4 wt% Co, a reduction in the scatter of

the data is observed (Figure 11). A possible explanation for

this might be due to a more homogeneous matrix, which

results in a uniform hardness value. The 3 wt% Co heat had

a wide range of hardness that could be attributed to a more

heterogeneous matrix (pearlite, ferrite, and graphite).

Figure 12 presents the microhardness results. From the

graph below, the increase in hardness of the cobalt heats is

due to the solid solution strengthening effect of cobalt in

ferrite. This agrees with what Modl found in his research.19

Discussion

A two-way analysis of variance (ANOVA) was performed

using Minitab� statistical software to determine whether

the means of two or more groups significantly differ. Set-

ting the cobalt level and pouring position (first and last) as

factors and the microstructure features as a response.

Table 4. Final Composition (wt %)

Element 0 wt%
Co

1 wt%
Co

2 wt%
Co

3 wt%
Co

4 wt%
Co

C 3.72 3.64 3.71 3.74 3.79

Leco C 3.76 3.74 3.73 3.68 3.75

Si 2.58 2.45 2.40 2.57 2.41

CE 4.61 4.55 4.52 4.53 4.55

Mg 0.032 0.035 0.039 0.037 0.038

Mn 0.21 0.20 0.22 0.25 0.24

Cu 0.08 0.06 0.07 0.08 0.07

P 0.02 0.02 0.02 0.02 0.02

S 0.02 0.02 0.02 0.02 0.02

Leco S 0.01 0.01 0.01 0.01 0.01

Co – 1.03 2.06 3.00 4.08

Ce 0.005 0.006 0.008 0.011 0.012

Cr 0.03 0.03 0.03 0.03 0.03

Mo 0.004 0.004 0.004 0.005 0.004

Ni 0.02 0.02 0.02 0.03 0.03

V 0.01 0.01 0.01 0.01 0.01

Al 0.012 0.012 0.012 0.014 0.011

Sn 0.006 0.006 0.007 0.006 0.006

Sb 0.002 0.001 0.002 0.002 0.001

B 0.0001 0.0001 0.0001 0.0001 0.0001

Ti 0.01 0.01 0.009 0.01 0.01

Pb 0.0013 0.0002 0.0011 0.0014 0.0007

Nb 0.002 0.001 0.001 0.001 0.001

La 0.003 0.002 0.003 0.003 0.003
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Figure 4. Unetched micrographs at 50x. (a) 0 wt% Co, (b) 1 wt% Co,
(c) 2 wt% Co, (d) 3 wt% Co, and (e) 4 wt% Co. The addition of cobalt
reduces the nodule size and increases the nodule count.
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Figure 5. Etched micrographs at 50x. (a) 0 wt% Co, (b) 1 wt% Co, (c) 2 wt%
Co, (d) 3 wt% Co, and (e) 4 wt% Co. The addition of 4 wt% Co results in a
higher ferrite percentage due to the increase in nodule count.

International Journal of Metalcasting/Volume 15, Issue 2, 2021 439



Table 6 shows the p-values from the two-way ANOVA

test. The interaction between the cobalt level and the

pouring position is not relevant to the graphite features.

Except for the 2 wt% and 3 wt% Co heats that correspond

to nodularity and nodule diameter, respectively. However,

this interaction is meaningful for the ferrite and pearlite

percentages of all heats except for the 1 wt% Co. This is

related to the fact that over time, the nodule count

decreases resulting in more perlite and less ferrite.

After performing a two-way ANOVA, it was beneficial to

look at the main effects and interaction plots. The dashed

line in the main effects plot is the overall mean. The steeper

the slope of the line, the greater the magnitude of the main

effect. The addition of 4 wt% Co has a significant effect on

the percent nodularity, nodule count, and nodule diameter

(Figure 13).

The 3 wt% Co heat had the lowest nodule count when

compared to the rest of the heats, and this was due to an

unplanned long holding time of the melt in the induction

furnace. This decreases the carbon content of the melt,
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Figure 8. There is a slight increase in the tensile
strength with 3 wt% Co.

Figure 9. There is a very small increase in the yield
strength with the addition of 3 wt% and 4 wt% Co.
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which reduces the nuclei sites available for graphite pre-

cipitation. Hence, decreasing the nodule count. Increasing

the holding time of the melt in the furnace also has an

impact on the effectiveness of the spheroidizing treatment

resulting in lower nodularity. The above is in agreement

with what has been found by several researchers.26–28

The addition of cobalt results in a higher nodule count. Due

to this, the percentage of ferrite increases because there is a

reduction in the path that carbon needs to diffuse to the

graphite nodules resulting in higher amounts of ferrite

(Figure 14). For the 2 wt% and 4 wt% Co heats, the

change in microstructure is less sensitive over time. As a

result of the lower nodule count mentioned before in the

3 wt% Co heat, a higher pearlite percentage was present

but was not as high as the 0% Co heat.

Askeland’s2 equation was used to calculate the interparticle

spacing (k) between the graphite nodules of the 0 wt% and

4 wt% Co heats (Table 7). As nodule count is increased the

interparticle spacing is reduced, meaning that the diffusion

path of carbon decreases resulting in more ferrite.29

One-Way ANOVA was performed to understand if cobalt

has a statistically significant impact on the measured

mechanical properties. The cobalt level was set as a factor

and the mechanical properties as responses. The addition of

cobalt has no statistically significant effect in tensile

strength and percent elongation (Table 8).

Figure 10. Elongation values have not changed by much
with the addition of cobalt.

Figure 11. There is a reduction in the data spread for the
2 wt% and 4 wt% Co heats due to a more homogenous
matrix.
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error of the mean.

Table 6. p–Values for the Effect of Cobalt in the
Microstructure Features

Term Nodularity Nodule
count

Nodule
diameter

Ferrite Pearlite

Co Level

0 0.441 0.004 0.000 0.000 0.000

1 0.096 0.040 0.827 0.007 0.007

2 0.351 0.490 0.422 0.000 0.000

3 0.000 0.000 0.865 0.201 0.201

4 0.030 0.000 0.000 0.000 0.000

Position

First 0.030 0.000 0.000 0.000 0.000

Last 0.030 0.000 0.000 0.000 0.000

Co Level 9 Position

0 First 0.699 0.187 0.596 0.002 0.002

0 Last 0.699 0.187 0.596 0.002 0.002

1 First 0.563 0.811 0.654 0.300 0.300

1 Last 0.563 0.811 0.654 0.300 0.300

2 First 0.041 0.387 0.858 0.000 0.000

2 Last 0.041 0.387 0.858 0.000 0.000

3 First 0.064 0.101 0.037 0.005 0.005

3 Last 0.064 0.101 0.037 0.005 0.005

4 First 0.699 0.154 0.192 0.002 0.002

4 Last 0.699 0.154 0.192 0.002 0.002

If the P value is B 0.05 the difference between some of the
means are statistically significant, and if the P-value is C 0.05
the difference between the means are not statistically significant
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Since cobalt has a meaningful effect on the yield strength,

the means at each cobalt level should be analyzed. To

assess the differences in the means, the Tukey method was

used. This method determines whether the mean difference

between two different cobalt levels is statistically relevant.

From Table 9, the means from 0 wt%, 1 wt%, 3 wt%, and

4 wt% Co are significant.

A Tukey simultaneous test was performed to know where

the significance between two cobalt levels is. The confi-

dence interval of those pairs of cobalt levels that do not

contain zero are statistically significant (Table 10).

Tartaglia found that as the ferrite content increases, the

tensile and yield strength decrease, while the percent

elongation increases.30 From the present investigation, it

was discovered that the addition of cobalt resulted in a

higher nodule count that increased the ferrite percentage.

Despite this, the yield strength did not decrease mainly

because of the solid solution strengthening effect of cobalt

in ferrite. The results confirm this with the increase in the

ferrite hardness with the cobalt additions.

Two-way ANOVA was performed setting the cobalt level

and pouring position (first and last) as a factor and the

microhardness as a response. 0 wt%, 3 wt%, and 4 wt% Co

heats are statistically different based on the p-values

obtained (Table 11). This might explain why in Figure 11

an increase in Brinell hardness starts above 3 wt% Co.

Figure 13. The addition of cobalt increases the nodularity and nodule count, and there is a decrease
in the nodule size.
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Figure 14. The addition of Co increases the ferrite percentage.

Table 7. Graphite Interparticle Spacing for 0 wt% and 4 wt% Co Heats

Heat Nodule Count (N/mm2) Average radius of graphite (mm) Interparticle Spacing k (mm)

0 wt% Co 187 0.014 0.046

4 wt% Co 240 0.0125 0.038

Table 8. One-Way ANOVA Results for the Mechanical Properties

DF Adj SS Adj MS F-Value P-Value

Tensile Strength (MPa) 4 1695 423.8 1.25 0.304

Yield Strength (MPa) 4 2995 748.8 4.46 0.004

Elongation (%) 4 18.86 4.716 1.67 0.172

Table 9. Grouping Information using the Tukey Method (95% Confidence)

Co Level N Mean Grouping*

4 12 304.91 A

3 9 303.85 A B

2 12 297.24 A B C

1 11 288.50 B C

0 11 287.19 C

*Groups that do not share a letter are significantly different
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Main effects and interaction plots are depicted in

Figure 15.

If the 3 wt% Co heat is removed from the One-Way

ANOVA analysis due to the unplanned long holding time,

a small increase in the tensile strength is observed but is not

statistically significant. Even though the 3 wt% Co heat

resulted in similar microstructures to the other cobalt heats,

the difference in mechanical properties might be due the

amount and distribution of ferrite and pearlite. Tartaglia

mentions that high nodule counts produce a greater conti-

nuity in the ferrite phase due to the shorter path between

nodules.30 Higher tensile strength of the 3 wt% Co heat

might be due to a more discontinuous matrix when com-

pared to the 4 wt% Co heat. The continuity of the ferrite

matrix with 4 wt% Co can be observed compared to the

3 wt% Co heat that has more pearlite colonies in Figure 16.

Conclusions

In this investigation, the aim was to assess the effect of

cobalt as an alloying element in the microstructure and

tensile properties of � inch Y-blocks without heat treat-

ment. The key findings that emerged from this study are

outlined below:

• The addition of 4 wt% Co increases the percent

nodularity and nodule count resulting in shorter

diffusion paths and more ferrite.

• A reduction in the nodule size was observed with

the addition of 4 wt% Co.

• It was determined that even though the 4 wt% Co

heat has more ferrite percentage, there is not a

drastic reduction in tensile and yield strength due

to the solid solution strengthening effect of cobalt

in ferrite.

• The addition of cobalt increases the hardness of

ferrite because cobalt strengthens ferrite.

The results of this study open a new path for future

investigations in the potential effects that cobalt has as an

alloying element in ductile iron. Further research could

explore if copper or manganese additions to a Co-alloyed

ductile iron provide higher strength while keeping a mostly

ferritic matrix. Moreover, a greater focus on the effects of

cobalt in ADI thick castings (above 1-inch) could produce

interesting findings in the production of the higher ductility

grades from ASTM A897.

Table 10. Tukey Simultaneous Test for Differences of Means

Difference of Co levels Difference of Means SE of Difference 95% CI Adjusted P-Value

1–0 1.30 5.53 (-14.33, 16.93) 0.999

2–0 10.04 5.41 (-5.26, 25.35) 0.354

3–0 16.65 5.82 (0.18, 33.13) 0.047

4–0 17.72 5.41 (2.42, 33.02) 0.016

2–1 8.74 5.41 (-6.56, 24.04) 0.495

3–1 15.35 5.82 (-1.13, 31.82) 0.079

4–1 16.42 5.41 (1.12, 31.72) 0.030

3–2 6.61 5.71 (-9.55, 22.77) 0.776

4–2 7.68 5.29 (-7.29, 22.64) 0.598

4–3 1.07 5.71 (-15.10, 17.23) 1.000

Table 11. Two-Way ANOVA Results of the Microhard-
ness Test

Term P-Value

Co Level

0 0.000

1 0.106

2 0.896

3 0.001

4 0.000

Position

First 0.000

Last 0.000

Co Level 9 Position

0 First 0.005

0 Last 0.005

1 First 0.551

1 Last 0.551

2 First 0.148

2 Last 0.148

3 First 0.174

3 Last 0.174

4 First 0.031

4 Last 0.031
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