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ABSTRACT

An austenitic ductile iron that does not contain nickel
would be a significant achievement since it would reduce
cost by eliminating the use of an expensive alloying
element. A preliminary evaluation of ductile irons alloyed
with 7.5 or 12 wt% manganese (Mn), 1.8-2.0 wt%
aluminum (Al), 2.7-2.8 wt% silicon (Si), and no nickel
(Ni) has been completed. X-ray diffraction indicated that
the microstructures of these ductile irons were
predominantly austenite with a small amount (<7%) of
martensite/ferrite. The 12 wt% Mn austenitic ductile iron
hardened slightly when heat treated and the 7.5 wt% Mn
austenitic ductile iron softened significantly when heat
treated. The tensile properties for these initial chemistries
indicated that additional work is needed to optimize
chemistry and heat treatment.

Keywords: austenite, ductile iron, computational
materials modeling, stacking fault energy, thermal
analysis, manganese, aluminum, X-ray diffraction

INTRODUCTION

Ductile cast iron (also called nodular iron or spheroidal-
graphite cast iron) is characterized by graphite in a
spheroidal form and free of flake graphite.!”* Graphite
flakes act like pre-existing cracks since their shape is long
with sharp edges. Graphite spheres are compact and have
a minimal stress-raising effect. In general, ductile irons
have excellent castability. During solidification, the
graphite spheroids are the first solid to precipitate (in the
liquid) and the formation of low-density graphite during
solidification reduces volumetric shrinkage, thus, ductile
iron castings generally have small amounts of shrinkage
porosity.

Austenitic ductile irons* are characterized by spheroidal
graphite in a matrix of austenite. Austenite is the non-
magnetic, high-temperature form of iron that has a face-

centered cubic crystal structure. Austenitic ductile iron
castings are often used for their resistance to heat,
corrosion, and/or wear. Since austenitic ductile irons do
not undergo phase transformations upon heating and
cooling and can have high-temperature oxidation
resistance, they can be used for applications such as
automotive exhaust manifolds. Austenitic ductile irons
typically contain 18-37 wt% nickel, which is fairly
expensive. The average cost of nickel in 2022 was 11.74
$/Ib.> The mechanical properties of austenitic ductile
irons are typically 210 MPa (30 ksi) yield strength, 380-
400 MPa (55-58 ksi) ultimate tensile strength, 6-20%
elongation, and 121-202 Brinell hardness.®

Austenitic steels can exhibit transformation-induced
plasticity (TRIP), or twinning-induced plasticity(TWIP),
which can produce a material with the highly desirable
combination of high tensile strength and high ductility.’
The stacking fault energy determines whether TRIP or
TWIP will be the dominant mechanism during plastic
deformation. TWIP steels have been produced using low-
cost manganese, aluminum, and silicon.® In 2023, the cost
01 99.7% pure electrolytic manganese was 1.10 $/1b to
1.40 $/1b.°

The goal of this research was to investigate the potential
of using a chemistry range that has shown promise for
low carbon content steels,'*2! nominally 7.5 or 12 w%
manganese, 1.5-2 wt% aluminum, and 2-3 wt% silicon,
for ductile iron castings. The chemistry (Mn, Al, Si, C in
solution) was chosen to produce a stacking fault energy
(SFE) greater than about 19 mJ/m,? which should produce
a cast iron that exhibits TWIP.?? Anticipated problems
with this chemistry are: 1) manganese is known to
promote carbides when greater than about 0.70 wt% and
2) aluminum is known to promote vermicular graphite
when greater than about 0.06 wt%.%

EXPERIMENTAL METHODS

A commercial computational materials modeling software
package®® was used to characterize potential compositions
for investigation. The predicted phase diagrams were
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examined and specific target chemistry ranges were
chosen. The liquidus and solidus temperatures for the
target chemistries were determined to aid in developing
appropriate pouring temperatures. The software was also
used to predict the appropriate temperature for heat
treatment.

Stacking fault energy (SFE) for the target chemistries was
predicted since TWIP is only expected to occur if the SFE
is greater than about 19 mJ/m.? The equations used to
predict SFE were:

SFE (mJ/m?) = (2000 * molar surface density * AGotar) +
(2 * 0" Eqn. 13

AGtotal (J/mol) = AGchem + AGmag + AGex qu’l 28

AGchem (J/mol) = -422.6Xr. + 3460Xmn +4941.34X A1 —
2960Xs; —24595.1Xc — 7973.89 XpeXwmn+ 3323 XpeXal +
1780XEeXsi + 42500Xr.Xc + 26910XmnXc Eqn. 33

AGex (J/mol) = 170.06 * exp(-d/18.55) Eqn. 48

Where:
molar surface density = 2.929x10"° m*/mol,
o't =10,
AGinag = 0.004 J/mol,
Xre = mole fraction of Fe,
Xmn = mole fraction of Mn,
X1 = mole fraction of Al,
Xsi = mole fraction of Si,
Xc = mole fraction of C, and
d = grain size in microns.

Manganese, carbon, and silicon decrease the martensite
start temperature while aluminum increases the martensite
start temperature. The equation used to determine the
martensite start temperature, Ms, was Eqn. 5.2

Ms (°C) =539 - 426 x wt% C - 30.4 x wt% Mn - 7.5 x
wit% Si + 30 x wt% Al Eqn. 5%

Two 47 kg heats were prepared in a 150 kg capacity
induction furnace lined with a high alumina crucible. The
charge materials for the base iron were pig iron, ductile
iron scrap, plain carbon steel, carbon raiser, electrolytic
manganese, commercially pure aluminum, and scrap
Fe30Mn4Al1Si0.9C0.5Mo. Ultra-high purity argon
(spectrometer grade) at a flow rate of 0.28 m>/hour was
used as a cover gas to reduce the amount of oxidation and
nitrogen pick-up during melting. The sandwich treatment
method was used to produce ductile iron. Treatment was
performed in an 80 kg, pre-heated crucible that had a
pocket to improve recovery. The treatment charge
materials were foundry grade 75%FeSi, Ba-containing
50%FeSi, and 4.5%MgFeSi. A small amount (0.15 wt%)
Bi-containing 75%FeSi was added to each mold.

Treatment temperature was between 1515C (2760F) and
1550C (2820F).

Rectangular plates, 12.7 mm x 150 mm x 230 mm (0.5 x
6” x 9”) and Y-blocks for castings of thickness 13 mm
(0.5”) to 38 mm (1.5”) per ASTM A439, were cast in
silica sand molds bonded with phenolic urethane resin.
Chemistry samples and thermal analysis samples were
taken during pouring. The liquidus and solidus of the 7.5
wt% Mn austenitic ductile iron were measured using a
type K thermocouple. The thermocouple tip was located
in the middle of a shell sand mold that produced a 35 mm
x 35 mm x 40 mm tall rectangular prism. The
thermocouple was connected to an analog-to-digital
converter connected to a laptop computer. Measurements
were taken every one second and the data was analyzed
using Excel.

Inductively coupled plasma-mass spectrometry (ICP-MS)
was used to determine the manganese, aluminum, silicon,
magnesium, and molybdenum contents, and combustion
analysis was used to determine the carbon and sulfur
contents.

Brinell hardness was determined following ASTM E10-
18.26 Samples were ground to an 80 grit surface finish and
hardness was determined using a 10 mm diameter
tungsten carbide ball, 3000 kg load, and a load time of 12
seconds. The diameter of the impression was measured in
at least two directions and the impression diameters
converted to HBW.

Microstructure was determined using standard
metallographic techniques. Samples were ground on
successively finer grit SiC paper (240, 320, 400, 600,
1200) followed by polishing with 1-micron diamond
paste. Metallography samples were examined in the as-
polished and etched condition. A solution of 3% Nital was
used to etch the samples.

Phases present were determined using X-ray diffraction
(XRD) with Cu-Ko radiation. Rietveld refinement, phase
identification, phase quantification, and the export of
graphical results were performed using an open-source
software package.?’

To determine if any phase transformations occurred
during heating and cooling, a 2 mm (5/64”") diameter hole
was drilled into samples, and 1.5 mm (1/16”") diameter,
type K thermocouples were inserted into the holes. Solid
carbide and straight flute drills were used to make the
holes. Thermocouples were connected to an analog-to-
digital converter connected to a laptop. Measurements
were taken every one second and the data was analyzed
using Excel.

Tensile properties were determined per ASTM E82 by an
outside lab. Blanks with approximate dimensions of 19
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mm x 19 mm x 165 mm (0.75” x 0.75” x 6.5”) were cut elongation at failure, reduction in area, and elastic

from the Y-blocks using a carbide grit band saw blade. modulus were determined.

The blanks from the 12 wt% Mn austenitic ductile iron

were heat treated at 831C (1528F) for two hours followed RESULTS AND DISCUSSION

by air cooling to room temperature and the blanks from

the 7.5 wt% Mn austenitic ductile iron were heat treated The target chemistry for the first heat was

at 877C (1611F) for two hours followed by air cooling to 12Mn2AI2.58i3.5C. The actual chemistry was reasonably
room temperature. Round tensile bars of 12.8 mm close; the aluminum content was slightly low, the silicon
(0.505”) diameter and 50.8 mm (2.0”) gage length were content slightly high, and the Mg content slightly low,
machined from the heat-treated blanks. Room temperature Table 1.

0.2% offset yield strength, ultimate tensile strength,

Table 1. Chemical Composition (wt%) for 12 wt% Mn Austenitic Ductile Iron

Mn Al Si C Mg Mo S Fe
Target 11-13 1.6-2.2 2.0-3.0 3.2-3.6 0.035-0.050 <0.20 <0.015 balance
Actual 12.04 1.79 2.72 3.58 0.032 0.18 0.0065 balance

The as-cast material was only slightly attracted to a
magnet, which indicated that the microstructure was most
likely predominantly austenite. Samples of the 12 wt%
austenitic ductile iron were heated to 831C (1528F) and
held for two or 14 hours to put approximately 1.0 wt%
carbon into the solution, followed by air cooling or water
quenching. When measuring Brinell hardness, some of
the samples cracked adjacent to the hardness impressions,
which indicated that these samples had low ductility. The
hardness of the 12 wt% austenitic ductile iron was
significantly higher compared to the ASTM A439
specification. The hardness of the as-cast and heat-treated
samples are listed in Table 2. Figure 1. Microstructure of the 12 wt% Mn austenitic
ductile iron as-cast (as-polished).
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Table 2. Brinell Hardness of As-cast and Heat Treated
12 wt% Mn Austenitic Ductile Iron

. Brinell

Condition Hardness
As-Cast 298 +/-17
Heat treated 831C (1528F)/2 hrs 296 +/- 7
Heat treated 831C (1528F)/24 hrs 306 +/-4
Heat treated 831C (1528F)/96 hrs 309 +/-3

The microstructure for the 12 wt% Mn austenitic ductile
iron appeared to have a two-phase matrix microstructure
plus a mixture of vermicular and spheroidal graphite. The
nodularity was estimated to be 70% using ASTM A247.%
The interdendritic phase was still present after heat S
treatment at 831C (1528F) for 96 hours. The as-polished o
and etched microstructures of the 12 wt% Mn austenitic
ductile iron are shown in Figures 1-6.

Figure 2. Microstructure of the 12 wt% Mn austenitic
ductile iron heat treated at 831C (1528F) for two hours
(as-polished).
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Figure 3. Microstructure of the 12 wt% Mn austenitic
ductile iron as-cast (etched in 3% Nital).

Figure 4. Microstructure of the 12 wt% Mn austenitic
ductile iron heat treated at 831C (1528F) for two hours
(etched in 3% Nital).
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Figure 5. Microstructure of the 12 wt% Mn austenitic
ductile iron heat treated at 831C (1528F) for 24 hours
(etched in 3% Nital).
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Figure 6. Microstructure of the 12 wt% Mn austenitic
ductile iron heat treated at 831°C (1528F) for 96 hours
(etched in 3% Nital).

X-ray diffraction determined that the phase present in all
as-cast and heat-treated samples was predominantly
austenite, as expected. Quantitative analysis using the
open source software indicated that the as-cast sample
was 88% austenite, 6% martensite/ferrite, and 5.5%
graphite and the sample heat-treated at 831C (1528F) for
two hours, followed by air cooling was 90% austenite, 6%
martensite/ferrite, and 3.5% graphite. The calculated Ms
temperature for the 12 wt% Mn austenitic ductile iron was
-220C (-364F) for 1 wt% carbon in solution so no
martensite would be expected in the microstructure unless
this martensite formed by transformation-induced
plasticity (TRIP) during sample preparation. However, the
stacking fault energy for the 12 wt% Mn austenitic ductile
iron was 24 mJ/m?, which indicated that TRIP should not
occur. Since the heat-treated sample was not
exceptionally hard, which would indicate the presence of
martensite, and was slightly attracted to a magnet, some
ferrite, rather than martensite, may have been present. The
X-ray diffraction data for as-cast and heat treated at 831C
(1528F) for two hours, followed by air cooling is shown
in Figures 7 and 8.
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austenitic ductile iron as-cast shows the
microstructure to be predominantly austenite.
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Figure 8. X-ray diffraction data for the 12 wt% Mn
austenitic ductile iron heat treated at 831C (1528F) for
two hours, followed by air cooling showing the
microstructure to be predominantly austenite.

No phase transformations were observed for the 12 wt%
Mn austenitic ductile iron when the thermocouple sample
was heated to 834C (1533F), which indicated that the
austenite present was stable down to room temperature
and little or no ferrite or martensite was present. The
thermal analysis data for the 12 wt% Mn austenitic ductile

iron upon heating in the solid state is shown in Figures 9
& 10.

Heat #1 - 12Mn2AI2.55i Austenitic Compacted Graphite Iron
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Figure 9. Temperature vs time data during heating in
the solid state for the 12 wt% Mn austenitic ductile
iron.
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Figure 10. Temperature vs. heating rate data in the
solid state for the 12 wt% Mn austenitic ductile iron.

The tensile properties (average of three tests) for the 12
wt% Mn austenitic ductile iron heat treated at 831°C for
two hours followed by air cooling to room temperature
were 276 +/- 31 MPa (40.1 +/- 4.4 ksi) ultimate tensile
strength, 1.7 +/- 0.2% elongation at failure, 0.6 +/- 0.3%
reduction in area, and 149 +/- 8 GPa (21.7 +/- 1.2 mpsi)
elastic modulus. A 0.2% offset yield strength could not be
determined due to the low elongation at failure.

The target chemistry for the second heat was
8Mn2Al12.6Si3.5C. The actual chemistry was reasonably
close; the Mg content was higher than expected and may
indicate that the chemistry sample had Mg-containing
slag/dross inclusions, Table 3.

Table 3. Chemical Composition (wt%) for 7.5 wt% Mn Austenitic Ductile Iron

Mn Al Si

Mg Mo S Fe

Target 7-9 1.6-2.2 2.0-3.0 3.2-3.6

0.035-0.050 <0.20 <0.015 balance

Actual 7.55 2.03 2.78 3.22

0.084* 0.10 0.011 balance

* chemistry sample may have had Mg-containing slag/dross inclusions

The liquidus and solidus of the 7.5 wt% Mn austenitic
ductile iron were measured by thermal analysis. The
measured liquidus was 1182C (2160F) and the measured
solidus was 1118C (2044F). The liquidus and solidus for
this chemistry predicted by the software package were
1250C (2282F) and 1197C (2187F), respectively.

The predicted values were significantly higher
(68°C/122.4°F higher for liquidus and 79°C/142.2°F
higher for solidus) than the measured values. The thermal
analysis for the 7.5 wt% Mn austenitic ductile iron during
solidification is shown in Figures 11 & 12.

Heat #2 - BMn2AI2.8Si Austentitic Ductile Iron
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Figure 11. Temperature vs. time data for the 7.5 wt%
Mn austenitic ductile iron during solidification.
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Figure 12. Cooling rate vs. temperature data for the 7.5
wt% Mn austenitic ductile iron during solidification.

The as-cast material was only slightly attracted to a
magnet, which indicated that the microstructure was most
likely predominantly austenite. Samples of the 7.5 wt%
Mn austenitic ductile iron were heated to 877C (1611F)
and held for various amounts of time to put approximately
1.0 wt% carbon into the solution, followed by air cooling.
Heating to 877C (1611F) for two hours followed by air
cooling reduced the hardness from 260 BHN to 238 BHN
and the hardness was only 216 BHN after heat treatment
at 877C (1611F) for 96 hours, which was just a little bit
higher than the upper limit in the ASTM A439
specification. The hardness of the as-cast and heat-treated
samples are listed in Table 4.

Table 4. Brinell Hardness of As-cast and Heat Treated
7.5 wt% Mn Sample

o Brinell

Condition Hardness
As-Cast 260 +/- 6
Heat Treated 877C (1611F)/2 hrs 238 +/-7
Heat Treated 877C (1611F)/24 hrs 230 +/- 2
Heat Treated 877C (1611F)/96 hrs 216 +/- 6

The microstructure for the 7.5 wt% Mn austenitic ductile
iron appeared to have a two-phase matrix microstructure
plus predominantly spheroidal graphite. The nodularity
was estimated to be 90% using ASTM A247. Unlike the
12 wt% Mn austenitic ductile iron, the interdendritic
network appeared to be predominantly gone after heat
treatment at 877C (1611F) for 96 hours, which may be
responsible for the reduction in hardness. The
microstructures of the 7.5 wt% Mn austenitic ductile iron
in the as-polished and etched conditions are shown in
Figures 13-18.

Figure 13. Microstructure of the 7.5 wt% Mn austenitic
ductile iron as-cast (as-polished).
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Figure 14. Microstructure of the 7.5 wt% Mn austenitic
ductile iron heat treated at 877C (1611F) for two hours

(as-polished).
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Figure 15. Microstructure of the 7.5 wt% Mn austenitic
ductile iron as-cast (etched in 3% Nital).



2024 AFS Proceedings ©American Foundry Society

50.m

Figure 16. Microstructure of the 7.5 wt% Mn austenitic
ductile iron heat treated at 877C (1611F) for two hours
(etched in 3% Nital).
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Figure 17. Microstructure of the 7.5 wt% Mn austenitic

ductile iron heat treated at 877C (1611F) for 24 hours
(etched in 3% Nital).
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Figure 18. Microstructure of the 7.5 wt% Mn austenitic
ductile iron heat treated at 877C (1611F) for 96 hours
(etched in 3% Nital).

X-ray diffraction determined that the phase present in all
as-cast and heat-treated samples was predominantly
austenite, as expected. Quantitative analysis using open
source software indicated that the as-cast sample was 88%
austenite, 7% martensite/ferrite, and 4% graphite, and the

sample heat-treated at 877C (1611F) for two hours,
followed by air cooling was 83% austenite, 4%
martensite/ferrite, and 13% graphite. The calculated Ms
temperature for the 7.5 wt% Mn austenitic ductile iron
was -73°C (-99.4°F) for 1 wt% carbon in solution so no
martensite would be expected in microstructure unless
this martensite formed by transformation-induced
plasticity (TRIP) during sample preparation. However, the
stacking fault energy for the 7.5 wt% Mn austenitic
ductile iron was 30 mJ/m?, which indicated that TRIP
should not occur. Since the as-cast sample was slightly
harder than the heat-treated sample (260 BHW vs 238
HBW), there may have been a small amount of
martensite, ferrite, or FesC present in the as-cast samples,
which would explain why these samples were slightly
attracted to a magnet. The X-ray diffraction data for as-
cast and heat treated at 877C (1611F) for two hours,
followed by air cooling is shown in Figures 19 & 20.

0w

Figure 19. X-ray diffraction data for the 7.5 wt% Mn
austenitic ductile iron as-cast shows the
microstructure to be predominantly austenite.
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Figure 20. X-ray diffraction data for the 7.5 wt% Mn
austenitic ductile iron heat treated at 877C (1611F) for
two hours, followed by air cooling showing the
microstructure to be predominantly austenite.

No phase transformations were observed for the 7.5 wt%
Mn austenitic ductile iron when a thermocouple sample
was heated to 878C (1613F), which indicated that the
austenite present was stable down to room temperature
and little or no ferrite or martensite was present. The
thermal analysis data for Heat #2 during heating in the
solid state is shown in Figures 21 & 22.
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Heat #2 - 8Mn2AI2.6Si Austenitic Ductile Iron
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Figure 21. Temperature vs time data during heating in
the solid state for the 7.5 wt% Mn austenitic ductile
iron.
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Figure 22. Temperature vs heating rate data in the
solid state for the 7.5 wt% Mn austenitic ductile iron.

The tensile properties (average of three tests) for Heat 2
heat treated at 877C (1611F) for two hours followed by
air cooling to room temperature were 421 +/- 8 MPa (61.1
+/- 1.2 ksi) 0.2% offset yield strength, 452 +/- 51 MPa
(65.6 +/- 7.4 ksi) ultimate tensile strength, 1.7 +/- 0.6%
elongation at failure, 0.9 +/- 0.6% reduction in area, and
149 +/- 3 GPa (21.7 +/- 0.5 mpsi) elastic modulus.

CONCLUSIONS

1. Austenitic ductile iron can be produced using
manganese and aluminum rather than nickel.

2. The nodularity of the austenitic ductile irons
produced using manganese and aluminum was 70%
for the 12 wt% Mn and 90% for the 7.5 wt% Mn.

3. The 7.5 wt% Mn austenitic ductile iron was softer
than the 12 wt% Mn austenitic ductile iron in the as-
cast condition.

4. After heat treating to put approximately 1 wt%
carbon into solution the hardness was reduced
compared to as-cast for the 7.5 wt% Mn austenitic
ductile iron and increased for the 12 wt% Mn
austenitic ductile iron.

5. The mechanical properties of a 7.5 wt% Mn
austenitic ductile iron were better (higher strength,
higher elongation at failure) than a 12 wt% Mn
austenitic ductile iron.

6. Compared to the ASTM A439 specification, the yield
and ultimate tensile strength of the Mn austenitic
ductile irons were much higher than the specification
but the elongation at failure was much lower.

FUTURE WORK

Electron microprobe analysis will be performed to
characterize the segregation of alloying elements in the
as-cast condition. Scanning electron microscopy, energy
dispersive spectroscopy, and electron backscatter
diffraction (EBSD) will be performed to more thoroughly
characterize the microstructure in the as-cast and heat-
treated condition. EBSD will clarify if martensite/ferrite is
present.

Additional chemistries (lower Mn content) will be
investigated to more thoroughly determine the effect of
Mn on microstructure and mechanical properties.
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