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Abstract

High silicon ductile irons are being developed due to their advantages relating to pearlitic-ferritic
grades (high ductility, fully ferritic structures, good machinability, etc.). Recent studies reported
that silicon contents higher than 5.2 wt.% originates drastic embrittlement due to chemical ordering.
For improving the mechanical properties, addition of other alloying elements becomes an
interesting way of work. This study focuses on the cobalt effect on as-cast microstructures and
mechanical properties of ductile irons with silicon contents that maximize ultimate tensile strength.
The results obtained show that addition of 4 wt.% cobalt increases the ultimate tensile strength by
about 10% and decreases the silicon content at the maximum in this property respecting the

unalloyed alloys because cobalt enhances ordering as does silicon.
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1. Introduction

In recent years, the new generation of high silicon ductile iron called solution strengthened ferritic
ductile irons has attracted great attention of researchers and engineers [1, 2, 3, 4]. High silicon
contents improve machinability [5, 6, 7, 8], high-temperature oxidation [9] and corrosion resistance
[10, 11], and prevent eutectic carbides formation [12, 13]. High silicon ductile irons with 3.2-4.3
wt.% Si are now included in the European Standard EN 1563:2012. However, it has been
previously reported [14] that higher additions of silicon could be also considered, with a maximum
ultimate tensile strength value at about 5.2 wt.% Si. At higher silicon contents, the materials
become drastically brittle due to chemical ordering of the ferritic matrix. This occurs as in the
binary Fe-Si system where the disordered bcc A2 phase (ferrite) becomes B2 (FeSi) and DOj3
(FesSi) ordered at increasing contents of silicon [14]. An additional problem when using high
silicon contents is the formation of chunky graphite which has a detrimental effect on mechanical

properties [14, 15].

The present study was undertaken with the aim of further improving the mechanical properties of
high silicon ductile irons by alloying. Contrary to the so called SiMo ductile iron in which addition
of molybdenum leads to precipitation of carbides, the basic idea for high silicon ductile irons is to
keep a fully ferritic matrix free of other minor phases. Amongst ferrite promoter elements,
aluminium and cobalt have kept relevant interest by researchers. By alloying with 1.21 wt.% Al, a
ductile iron with 3.81 wt.% Si, Franzen et al [16] reported an increase of 50 MPa in ultimate tensile
stress (UTS) and 80 MPa in yield strength (YS) but with a decrease in elongation at rupture (A)
from about 22% to 9%. Cobalt appears of interest as it is a high-melting element and has been
reported to increase the nodule count and the ferrite content in ductile irons [17, 18, 19]. In the case
of high silicon ductile irons, Weiss et al. [20] also reported a nodularity increase with addition of

this element.

Very few reports are available on the effect of cobalt on mechanical properties of ductile irons.
Thury et al. [17] made tensile tests on as-cast fully ferritic ductile irons with 2.06-2.24 wt.% Si
alloyed with either 0.5 or 1.93 wt.% Co. They reported a small increase in the mechanical properties
for the case 1.93 wt.% Co. Mold [18] similarly studied ductile iron alloys with low silicon content
(1.5-2.5 wt.%), adding up to 15 wt.% Co. In this case, tensile testing was performed on alloys
ferritized by heat-treatment and showed maximum mechanical properties at 6 wt.% Co. Recently,
Duwe and Tonn did not find any positive effect of up to 3 wt.% cobalt addition on low temperature
toughness of ductile cast iron with 1.6-2.0 wt.% Si [21]. Finally, Fischer et al. [22] studied high



silicon ductile irons with 3.8 and 4.3 wt.% Si and additions of 2 and 4 wt.% Co. They found an

increase of UTS and a slight decrease of A with addition of Co.

The aim of the present work is to investigate the effect of cobalt on as-cast microstructures and
mechanical properties of alloys with silicon content up to 6 wt.% and to compare the results with

those for the corresponding unalloyed alloys [15, 14].

2. Experimental details

A series of 12 ductile irons with silicon content in the range 4-6 wt.% and cobalt content of either
1.4 or 4.0 wt.% were prepared in a medium frequency furnace (250 Hz, 100 kW) 100 kg in
capacity. The metallic charges consisted of 20% low alloyed steel scrap and 80% low alloyed pig
iron and they were introduced in the furnace crucible together with high purity graphite (>99.0
wt.% carbon) and a FeSi75 alloy (Si = 74.8, Ca = 0.30, Al = 0.76, C = 0.10 and Fe balance, wt.%).
Once melting was completed, the composition was adjusted according to the required carbon and
silicon contents by adding extra amounts of graphite and of the FeSi75 alloy. At this moment, a new
check of the melt composition was made, and the melt temperature was then increased to
1510-1520°C. Nodularisation treatment was performed following the so-called sandwich method
by transferring 50 kg of the prepared alloy to a ladle in which chamber a FeSiMg alloy (grain size
5-25 mm, Si = 46.60, Mg = 6.00, Ca = 0.96, Al = 0.71 and rare earth RE = 0.92, Fe balance, wt.%)
were positioned in an amount of 0.6 kg (1.2 wt.% of the batch weight) and then covered with steel
scrap (grain size 5-15 mm). After completion of the reaction, the alloy was skimmed and then cast
in the moulds. Additions of 2.0-2.5 g Sb was made in the melting furnace to some of the batches
(0.004—0.005 wt.% of the batch weight) in order to limit spheroidal graphite degeneracy associated

with high silicon contents.

The castings produced were standard Y2 keel-blocks (EN 1563) which were manufactured with
chemical bonded sand moulds. Inoculation process was performed by adding 14 g (0.20 wt.% of the
total weight of the alloy poured in the mould) of a commercial inoculant (grain size 0.2-0.5 mm, Si
=69.9, Al =0.93, Ca=1.38, Bi = 0.49, RE = 0.37 and Fe balance, wt.%) in the mould cavity before

pouring it.

After removing the keel-blocks from the moulds, they were cleaned, and several test samples were
machined out from their bottom area to avoid the presence of shrinkage porosities and/or inclusions.
Both a cylindrical specimen with 10 mm gauge diameter for tensile testing and a parallelepiped

sample for hardness measurements were obtained from this area. The tensile parameters, ultimate
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tensile strength (UTS), yield strength (YS) and elongation (A), were measured using a Zwick Z250
tensile testing equipment at a controlled strain rate of 0.90 mm/min in the range where YS was
determined. This rate was then increased to 24.12 mm/min to determine UTS and A, according to
the standard ISO 6892-1, method A224. Brinell hardness (HBW) was measured with an Instron
Wolpert apparatus with a 10 mm diameter sphere, a load of 3000 kg and a dwell time of 10 s.

Once tensile testing was completed, one piece of the tensile specimens was used for chemical
analysis and to perform the metallographic characterizations. Carbon and sulphur contents were
measured by combustion analysis (LECO CS300) while the rest of analysed elements were
determined by the ICP-MS technique (Agilent 7500ce) after dissolving a metallic sample in a
mixture of acids. The results obtained from these analyses are shown in table 1 where two different

carbon equivalent values are included according to Castro et al. [23] and the ASM handbook [24].

Table 1 — Chemical composition (wt.%) of the alloys prepared in this work.

Alloyl] C | Si |[Co |Mn| P S Cu Cr | Ni Ti | Mg | Ce La Sb |CE |CE”
1 [3.17(3.99|1.31|0.14 |<0.015| 0.008 | <0.02 |0.030 |0.030 | <0.005 |0.030 | 0.0053 | 0.0028 | <0.0005 | 4.29 | 4.41
2 [3.08]4.47|1.31|0.14 |<0.015| 0.007 | <0.02 [0.040|0.030 | 0.005 |0.031 |0.0026 | 0.0029 | <0.0005 | 4.34 | 4.47
3 [2.87|4.74|1.42|0.16 | 0.014 |<0.005| 0.022 |0.024|0.033| 0.012 |{0.038|0.0063 | 0.0032 | <0.0005 | 4.20 | 4.34
4 |259|554|1.44/0.19| 0.014 | 0.006 | 0.023 |0.030|0.038| 0.012 |0.035|0.0062 | 0.0032 | <0.0005 | 4.15 | 4.31
5 [252(5.95(1.43|0.20| 0.010 | 0.006 | 0.022 |0.034|0.038| 0.010 |0.036|0.0065 | 0.0033 | <0.0005 | 4.19 | 4.37
6 [3.09]4.39(3.94|0.19| <0.01 | 0.010 | 0.020 [0.033|0.038 | 0.007 |0.037 [0.0064 |0.0031 | <0.0007 | 4.33 | 4.49
7 [3.07]4.20(3.90|0.20 | <0.01 | 0.010 | 0.020 |0.037|0.040| 0.007 |{0.031|0.0053 |0.0027 | 0.0049 |4.25| 4.41
8 [3.05]4.36[4.20|0.20| 0.011 | 0.005 |<0.020{0.034|0.046 | 0.010 |0.040|0.0070 | 0.0036 | 0.0053 |4.28 | 4.40
9 [2.94|4.83[4.13|0.22| 0.011 | 0.005 | 0.021 |0.042|0.048| 0.011 |0.032|0.0058 | 0.0028 | 0.0059 |4.30 | 4.44
10 |2.87|5.10|4.22|0.23 | 0.010 | 0.006 | 0.021 |0.048|0.052 | 0.011 |0.041|0.0068|0.0034 | 0.0056 | 4.30 | 4.45
11 |2.65|5.89 |4.40|0.23 |<0.010|<0.005| 0.020 |0.051|0.053| 0.012 |0.044|0.0072|0.0035| 0.0064 | 4.31| 4.48
12 |3.14(3.89(4.38|0.20 | 0.011 | 0.005 |<0.020|0.041|0.048| 0.010 |0.041 |0.0065 | 0.0033 | 0.0050 | 4.24 | 4.35

"CE = C +0.28-Si + 0.007-Mn + 0.092-Cu + 0.303-P [23].
"CE = C +0.31-Si — 0.027-Mn + 0.076-Cu + 0.33-P + 0.40-S [24].

The surfaces where metallographic studies were performed were selected close to the rupture
surface of the tensile specimens. After polishing these surfaces, three representative pictures at 100x
magnification (0.757 mm? each) were obtained per sample without etching so as to determine the
fractions of the different graphite shapes using an image analysis software. For this analysis, only
graphite particles with an area equal to or higher than 15 um?® were considered. Classification of
graphite particles was carried out taking into account circularity and the ratio of the minimum to the
maximum Feret diameters [25]. The circularity was defined here as the area of a given graphite
particle divided by the area of the circle whose diameter is the maximum Feret diameter of the

particle. Finally, the particles were sorted in three classes using the criteria shown in table 2. Those




particles that could not be assigned to one of these classes by means of image analysis were then

visually classified. As previously [15], chunky graphite (CHG) particles were assigned to class I11.

count

The number and area of particles in each class were used for determining the count fractions (f¢.gs ,

A

£SO and &™) and area fractions (f&,c, fv and ) respectively. The results listed in table 3

correspond to the average of the values determined from the three metallographic fields. The nodule
count values were thus determined from both the count of particles belonging to classes V and VI,

Nyv.+vi, or only to class VI, Ny;.

Table 2 — Criteria used for the classification of graphite particles.

Class | Circularity | Height-width Feret ratio
i 0.00-0.60 2.0-1000
\ 0.50-0.77 1.0-15
VI | 0.77-1.00 1.0-15

The morphology of fracture surfaces was analysed on the remaining piece of the tensile specimens
by field-emission scanning electron microscopy (FE-SEM) using a Zeiss Ultra Plus microscope in
backscattered electron (BSE) and secondary electron (SE) imaging modes operated at 20 kV.

3. Results

Examples of the graphite particles obtained in the alloys without and with Sb additions are
illustrated in figures 1 and 2 respectively. Figure 1a shows the microstructure of alloy #1 with 3.99
wt.% Si and 1.31 wt.% Co while figure 1b shows the microstructure of alloy #5 with an increased
silicon content (5.95 wt.%) and a comparable cobalt content (1.43 wt.%). The comparison of these
two images confirms that CHG formation increases with the silicon content as already reported [15,
26, 27].

As it is shown in table 1, antimony was added to alloys from #7 to #12 to counteract the formation
of CHG. Figures 2a and 2b show the graphite particles distribution in, respectively, alloy #12 (3.89
wt.% Si, 4.38 wt.% Co and 0.0050 wt.% Sb) and alloy #11 (5.89 wt.% Si, 4.40 wt.% Co and 0.0064
wt.% Sb). As for figure 1, these two alloys contain similar cobalt contents with an increased silicon
content in the latter one. When comparing the two micrographs of figure 2, it is observed that CHG
is almost inexistent due to the beneficial effect of antimony and only a small number of worm-like

graphite particles is present in alloy #11 (figure 2b) with the highest silicon content.
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Figure 1 — Graphite morphology of a) alloy #1 (3.99 wt.% Si and 1.31wt.% Co) and b) alloy #5
(5.95 wt.% Si and 1.43 wt.% Co).

The microstructure of all the alloys included in table 1 was ferritic with the presence of a very low

amount of small silicon-bearing carbides that were already reported in previous work [14].
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Figure 2 — Optical micrograph of a) alloy #12 (3.89 wt.% Si, 4.38 wt.% Co and 0.0050 wt.%) and
b) alloy #11 (5.89 wt.% Si, 4.40 wt.% Co and 0.0064 wt.%).

Nodule count values and the count and area fractions of each graphite class are reported in table 3.
Owing to the varying amount of CHG, any effect of the cobalt content on the nodule count was

looked for by considering the change of the nodule count over an unit area devoid of chunky

graphite. An estimate of this normalized nodule count is given by NV+V./(1-f£HG) and has been

plotted in figure 3a. It may be seen that the normalized nodule count shows a very slight increase

with cobalt content in agreement with previous reports [17, 18, 19].



Table 3 — Microstructure data obtained from the ductile irons prepared in the present work.

AISY | (o) | () | oy | oy | e | TR | fe | 1| R
1 35 98 278 376 0.09 | 0.24 | 0.68 | 0.13 | 0.24 | 0.63
2 134 87 210 296 0.29 | 0.20 050 | 028 | 0.21 | 0.51
3 12 80 305 385 0.03 | 0.20 0.77 | 0.04 | 0.18 | 0.78
4 69 81 258 340 0.16 | 0.20 | 0.64 | 0.19 | 0.19 | 0.62
3) 809 9 87 95 0.88 | 0.01 0.10 | 0.79 | 0.02 | 0.19
6 287 68 217 285 0.48 | 0.12 0.39 | 0.35 | 0.16 | 0.49
7 26 77 309 386 0.06 | 0.19 0.75 | 0.09 | 0.23 | 0.68
8 5 62 345 406 0.01 | 0.15 084 | 0.02 | 0.16 | 0.82
9 10 81 358 439 0.02 | 0.18 0.79 | 0.04 | 0.21 | 0.76
10 26 87 337 424 0.06 | 0.19 0.75 | 0.06 | 0.20 | 0.75
11 90 69 401 470 0.16 | 0.12 0.71 | 0.16 | 0.12 | 0.72
12 36 59 390 449 0.07 | 0.12 0.81 | 0.10 | 0.14 | 0.76

As it has been reported previously [14, 15, 28], the amount of CHG increases with silicon content,
but other elements like cerium also increase this graphite degeneration which effect can be
counteracted by adding controlled amounts of antimony. It was also found that high magnesium
contents promote the formation of CHG. For rationalizing the interactions between these three

elements, the index Qs; [28] was developed as follows:

55 55 j 55
+

Qg =Wg; +800 - | Wy - ————2-Wg, - ——— Wy - ——
St st ( € 1401 1218 M3 243

in which w; is the content in element i (wt.%).

The measured area fraction of CHG is reported as function of Qsg; in figure 3b with solid or open
circles depending on whether Sb addition was made or not to the alloy. These data are also
compared to values previously reported for alloys with silicon content varying between 3 and 6
wt.% [15]. It is seen that the amount of CHG increases dramatically when Qsg; is over a critical
value that was set to Qg=7 wt.% for Y2 blocks in the previous works [15, 28]. The addition of
cobalt appears to decrease this critical value to about Qs;=5 wt.%, i.e. to increase the risk of CHG
formation. It is interesting that cobalt thus have an effect that appears similar to the known effect of
silicon [15, 26, 27, 28] and nickel [29, 30].

Table 4 lists the results of the tensile tests and Brinell hardness measurements together with the
relevant amounts of significant elements (Si, Co and Sb) and the CHG area fraction for all the

alloys investigated in the present work. It is seen that the four alloys with silicon content higher than
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4.83 wt.% were so brittle that UTS could be recorded but was obtained at a strain below 0.2%.

Accordingly, no YS and A values are reported for these alloys. The brittle behaviour thus occurs at

lower Si content than the 5.2 wt.% reported for alloys without cobalt [14], this will be further

detailed below.
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Figure 3 — a) Evolution of the normalized nodule count with cobalt content; b) change in CHG area

fraction with Qg; for Y2 blocks.

Table 4 — Tensile test results (UTS, YS and A), hardness values (HBW), and silicon, antimony and

chunky graphite contents in the 12 investigated alloys.

uts | Ys | A Si | Co | sb
Alloy 1 \ipay | vpa) | ©06) | TBWY | wioe) | wtoe) | wt.o) fere
1 | 560 | 439 | 155| 205 | 399 | 131 |<0.0005| 0.3
2 | 619 | 483 | 96 | 224 | 447 | 131 |<0.0005| 0.28
3 | 651 | 535 | 3.0 | 244 | 474 | 142 |<0.0005| 0.04
4 | 433 | — | — | 280 | 554 | 144 |<0.0005| 0.19
5 | 184 | — | — | 306 | 595 | 143 |<0.0005| 0.79
6 | 622 | 499 | 29 | 228 | 439 | 3.94 |<0.0007| 0.35
7 | 653 | 486 |16.4| 225 | 420 | 3.90 | 0.0049 | 0.09
8 | 638 | 510 | 30 | 234 | 436 | 420 | 0.0053 | 0.02
o | 618 | 558 | 0.7 | 260 | 483 | 413 | 0.0059 | 0.04
10 | 537 | — | 273 | 510 | 422 | 0.0056 | 0.06
1 | 61 | — | 310 | 589 | 440 | 0.0064 | 0.16
12 | 610 | 465 | 184 | 214 | 3.89 | 438 | 0.0050 | 0.10




Before going into the detail of the effect of cobalt on the mechanical properties, it is worth plotting
UTS as function of the area of chunky graphite as done in figure 4. It is seen that the three lowest
UTS values appear essentially related to high silicon contents, i.e. when the matrix is so brittle that
rupture occurs at elongation less than 0.2%. Focusing on the results at UTS values higher than 450
MPa, it is seen that the amount of chunky graphite may have only a marginal effect, if any. This is
in line with previous conclusion that chunky graphite negatively affects the tensile properties of
low-silicon (2-3 wt%) ductile irons and not that of high silicon (>3.5 wt.%) ductile irons [14].
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Figure 4 — Area fraction of chunky graphite versus UTS for alloys with and without Sb added. The

four alloys with the highest silicon contents are indicated.

In the high silicon ductile irons domain and in agreement with previous reports, a prominent feature
of the present study is the high sensitivity of the elongation at rupture with the silicon content. This
is illustrated in figure 5 with the strain-stress curves of the four alloys with about 4 wt.% Co added.
It is seen that the decrease of the silicon content from 4.83 to 3.89 wt.% leads to a dramatic increase
of the elongation at rupture. When the silicon content decreases from 4.83 to 4.36 wt.%, the UTS
value increases because the elongation at rupture does so. Further decrease of the silicon content
leads to a marked increase in elongation at rupture which is associated to a continuous softening of
the matrix. Accordingly, the UTS values passes through a maximum at a silicon content in between
4.20 and 4.36 wt.%. This maximum is thus located at much lower silicon content than the 5.2 wt.%

value previously reported for alloys without cobalt added [14].
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Figure 5 — Stress-strain curves of the high silicon alloys with about 4 wt.% Co and SEM
micrograph of the rupture surface of alloys #7 (a) and #8 (b).

SEM characterizations on the rupture surfaces of all samples were carried out. The micrographs
inserted in figure 5 illustrate that alloy #7 (micrograph a) showed a ductile rupture with some
cleavage facets indicated with the two white arrows while alloy #8 showed essentially a brittle-like
fracture with some intergranular cracks (micrograph b).

4. Discussion

This discussion is dedicated at describing the effect of cobalt addition on the relation between
silicon content and room temperature mechanical properties of ductile cast irons. In the present
work, focus was put on the high silicon range (> 4 wt.%) where a maximum in UTS and YS values
was observed [14]. In this domain, no effect of chunky graphite was observed in agreement with

figure 4 above.

In figure 6, UTS, YS and HB values are plotted as a function of the silicon content. In this figure,
open symbols have been used for the previous results without cobalt addition [14, 15, 31, 32] while
solid symbols denote the results from the present work. Among this last group, alloys with about
1.4 wt.% Co are represented with grey symbols while those with 4 wt.% Co are represented with

black symbols. It is seen that addition of about 4 wt.% Co slightly increases the HBW values with
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respect to the series without cobalt while an addition of 1.4 wt.% does not affect it. However,
whatever the addition of cobalt, the YS values seem unchanged with respect to the alloys without
cobalt. Looking at the UTS values, it appears that the maximum at 5.2 wt.% Si in the Co-free series
(vertical interrupted line) seems to be shifted to about 4.2-4.3 wt.% Si with addition of 4 wt.%
cobalt as noticed above in the discussion of figure 5. Considering only the alloys close to this
maximum, it is worth mentioning that the addition of 4wt. % Co leads to an increase of 5-10% of

the UTS. In contrast, addition of only 1.4 wt.% Co has no effect on UTS.
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Figure 6 — Comparison of UTS, YS and HBW values from the present work with previous results
[14]. The grey symbols are for the alloys with 1.31-1.43 wt.% Co and the black solid symbols
correspond to the alloys with 3.94-4.38 wt.% Co content, while open symbols are from previous
work [14].

In figure 7, the values of A for the present results (grey solid symbols for alloys with about 1.4
wt.% Co and black ones for those with about 4 wt.% Co) and previous results with no cobalt [14]
(open symbols) are plotted against the silicon content. It is seen that A starts decreasing at about 2.5
wt.% Si and is zero 5.3 wt.% Si. This drop has been shown to be due to progressive ordering of the
ferritic matrix [14, 33]. The transition between ductile and brittle behaviour may be set at A =
12.5% which corresponds to about 3.85-4.50 wt.% Si whatever the cobalt content is. It is
interesting to note that the values for the Co-bearing alloys are above those for the Co-free alloys
below this critical limit, while the reverse is true above this limit, which means the drop becomes

sharper when increasing the cobalt content.
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Figure 7 — Evolution of the elongation at rupture A with silicon content. The greyed solid circles are
for the alloys with about 1.4 wt.% Co and the black solid circles correspond to the alloys with about

4 wt.% Co, while open symbols correspond to results from a previous work without cobalt [14].

To get some support to the present results, literature data was collected concerning the UTS values.
Works by Thury et al. [17], Mold [18] and Fischer et al. [22] could be found which are shortly
presented in annex A. Relevant values from these works have then been added to the present and
previous results [14] in figure 8 which shows the change of UTS with silicon content. The values
obtained from Mold for low silicon alloys with 2-6 wt.% Co are 5-10% higher than the values for
alloys without cobalt while the results from Thury et al. do not show any effect of the addition of 2
wt.% of cobalt. Results for high silicon ductile irons from Fischer et al. are in excellent agreement
with the present results and show that 4 wt.% Co increase UTS by up to 10% for silicon content in
the range of 4.0 to 4.5 wt.%.

The results by Mold and those for high silicon ductile irons thus suggest that addition of 4 wt.% Co
leads to an increase by about 10% of the UTS whatever the silicon content. The drop of the UTS
value for Co-bearing alloys above 4.4-4.5 wt.% Si in figure 8 may thus be seen as indicating a
maximum has been reached at 4.3-4.4 wt.% Si. Such a maximum should be similar to the maximum
seen at 5.2 wt.% Si for alloys without cobalt which was indicated with a vertical interrupted line in
figure 6. In the previous work on alloys without cobalt [14], this maximum has been associated with
the decrease of the elongation at rupture due to the embrittlement effect of silicon addition. Figures
7 and 8 show the same phenomenon occurs here in Co-bearing alloys but at much lower silicon
contents.
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Figure 8 — Comparison of the evolution of UTS values with silicon content from the present work
with previous results [14], Thury et al. [17], Mold [18] and Fischer et al. [22]. The vertical
interrupted lines indicate the locus of the UTS maximum without (line to the right) or with (line to
the left) addition of 4 wt.% Co.

As a matter of fact, works on Fe-Co-Si alloys [34] have shown that cobalt moves the transition
between disordered A2 to ordered B2 bcc-ferrite to lower silicon contents. According to the review
by Raghavan [35], this decrease amounts to about 0.2 wt.% Si by percent of cobalt added. For a
cobalt addition of 4 wt.%, the transition should be shifted by 0.8 wt.% which is exactly the
difference seen in figure 8 between the two maxima which are located with the interrupted vertical

lines.

5. Conclusion

The strengthening effect of cobalt which was expected from the few literature data available could
effectively be observed in the present investigation. The main conclusions obtained are the
following:

1. It has been observed that cobalt addition to ductile cast irons with silicon contents in the range
3.89-5.95 wt.% preserved fully ferritic structures in all alloys and slightly increased nodule
count only at the highest cobalt addition of about 4 wt.%. Cobalt increases the risk of chunky
graphite formation, but this has no effect on the mechanical properties at the high silicon

contents considered.
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2. An increase by about 10% of the UTS value for a 4 wt.% addition of cobalt has been observed
for silicon contents from 3.89 wt.% to about 4.4 wt.%.

3. However, the optimum value of silicon - i.e. the one leading to the maximum UTS value - is
strongly decreased with cobalt addition. This is due to the fact that cobalt and silicon both lead
to chemical ordering of the ferritic matrix, and their effect is additive when present together.

4. Consequently, addition of cobalt does not appear of interest as the 10% increase of UTS may
be achieved with silicon. This negative conclusion applies to room temperature properties
while addition of cobalt has been proposed for high temperature applications [36]. This

suggests extending the work done so far to high temperature.
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Annex A

Literature data on the effect of cobalt on room temperature mechanical properties of ductile irons.

As mentioned in the introduction, four reports are available in the literature on the effect of cobalt
on the room temperature mechanical properties of ferritic spheroidal graphite ductile irons. The
papers by Thury et al. [17] and Mold [18] are old and deal with low silicon ductile irons, while
more recent work at RWTH-Aachen [20, 22] deals with high silicon ductile irons. The two old

papers were published in German, hence this annex which gives a short glance at the four of them.

Thury et al. [17] prepared near-eutectic ductile irons containing 2.06-2.24 wt.% Si and two others
alloyed with 0.50 or 1.93 wt.% Co. The melts were cast in Y2 keel-blocks and were fully ferritic in
the as-cast state. The relevant UTS, Y, A and HBW data are shown in table Al.

Table Al1. UTS, YS, A and HBW values and C, Si and Co contents of the alloys investigated
by Thury et al. [17].

Alloy |UTS (MPa) | YS (MPa)| A (%) | HBW |C (wt.%) |Si (wt.%) | Co (wt.%)
1 385 240 26.0 141 |3.45-3.60 | 2.06-2.24| 0.00
2 386 238 24.7 143 | 3.45-3.60 | 2.06-2.24| 0.50
3 401 252 24.0 151 |3.45-3.60 |2.06-2.24| 1.93

The work by Mold was much more extensive with additions of cobalt up to 15 wt.% with three
ranges of silicon 1.6, 1.9 and 2.3 wt.%. The alloys were prepared in a high frequency induction
furnace with 100 kg in capacity. Their cobalt content was adjusted by adding high purity element
and the produced alloys were cast in Y keel-blocks though the authors did not give geometrical
information. Some of the alloys were ferritised by heat-treating at 780°C for 5 h. For comparison

purposes only data of fully ferritic structure in the as-cast state are showed in table A2.

Table A2. UTS, YS and A values and C, Si and Co contents of the fully ferritic alloys
investigated by Mold [18].

Alloy |UTS (MPa)|YS (MPa)| A (%) | HBW |C (wt.%) |Si (wt.%) | Co (wt.%)
1 461 304 23.0 165 3.65 2.55 4.57
2 471 314 23.0 170 3.71 2.35 6.03

The works by Fischer et al. [22] and Weiss et al. [20] were carried out at RWTH-Aachen using the
same procedures and indeed report the same results, Weiss et al. [20] published the microstructure

results and Fischer et al. [22] the mechanical properties. The alloys contained 3.8-4.3 wt.% Si and
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were alloyed with up to 4 wt.% Co. They were cast Y2 keel-blocks and showed a fully ferritic

structure in the as-cast state.

Table A3. UTS, YS and A values, and Si and Co contents of the alloys investigated by

Fischer et al. and Weiss et al. [22, 20].

Alloy | UTS (MPa) | YS (MPa) | A (%) | Si (wt.%) | Co (wt.%)
1 545 438 | 195 | 38 0
2 577 455 | 180 | 38 2
3 585 465 | 170 | 38 4
4 612 507 | 128 | 43 0
5 648 517 | 105 | 43 2
6 658 522 6.5 43 4
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