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Table 2 Liquidus values

Thermodynamic Liquidus from the Liquidus from DAQ Condition
predictions (°C) reference (°C)' (°C)
1498.75 Normal
1505.75 Covered
1499.97 1501
1500.15 Wrapped &
) Covered
Table 3 Solidus values
Thermodynamic Solidus from the Solidus from DAQ .
. 1 o Condition
predictions (°C) reference (°C) °cO)
1431.1 Normal
1424.7 C d
1402.02 1420 over
1423 Wrapped &
Covered
Table 4 Peritectic values
Thermodynamic Peritectic from the Experimental values Condition
predictions (°C) reference (°C)’ °O)
1484.5 Normal
4
1474.1 1460 1486 Wcove;ed -
1465 rapped an
Covered

The discrepancy between the thermodynamic calculations anc 1e reference data indicates that there are
some issues in the open literature. Thus, the TA systems variance from these may not indicate that there is
a problem with the system. Examining Computational Thermodynamics: The CALPHAD Method reveals
that most of the thermodynamic databases use differential scanning calorimetry (DSC) as the main
method for determining phase reactions.? DSC has been used in the study of steel solidification and
probably represents the bulk of the data sets in the thermodynamic databases.*'® However, detecting the
solidus can be problematic in DSC.!" Solidus determination can be so problematic that in some cases
there is no peak on the DSC curve indicating this portion of the reaction.'® Obviously, if the solidus is
hard determine with DSC then the values will scatter considerably. Overall, it was determined that the
system produces data within acceptable limits.

Task 2 focused on creating baseline data for interpretation of the cooling curves in 1030, 4130, and
HY100. Baseline 4130 data was recorded while conducting the work for Task 1 and was outlined
previously. For 1030 and HY 100, separate heats were poured using the same procedure defined under
Task 1. The only change was with regard to pouring only four TA cups. Two cups were in the normal
condition and two were in the covered condition. Covered conditions were poured in these experiments
since the cause of the discrepancies in the solidus and peritectic were still under investigation at the time
these were poured.












The liquidus data from all three appear to be very close. However, the solidus data has some significant
disagreement (See Table 6). This disagreement may be related to the relative sizes of the samples and
thermocouple placement in the original experiments. Periteztic reaction temperatures and the expected
values also demonstrate some disagreement in the open literature (See Table 7). However, the
experiments also demonstrate that the addition of RE silicide or EGR raises the peritectic reaction
temperature. The measured peritectic temperature appears the same between the two additions. This
increase would be consistent with the presence of an inclus:on within the melt that acts as a
heterogeneous nuclei for austenite.'s™'® It also corresponds to the formation of the finer macrostructures in
the TA cups.

Tck!~ & T inwides datg for 4130 TA only experir-—-*
Liquidus from . o
ThermoCale Liquidus from | Liquidus from DAQ Condition
o reference (°C) (°C)
(°C)
1499 Baseline
0.3 wt. % RE
1506 1501 1504 e
Silicide
1497 0.3 wt. % FGR

Table 6 Solidus data from 4130 ™+ ~="y experiments.

Solidus from Solidus from Solidus jrom DAQ Condition
ThermoCalc | reference (°C) (°C)
Q)
1409 1420 1431 Baseline
1423 0.3 wt. % RE Silicide
1405 0.3 wt. % EGR
Table 7 Peritectic data from 4130 TA only experiments.
Peritectic from Peritectic Peritectic from N
ThermoCalc from DAG (°C) Condition
(°C) reference (°C)
1487 Baseline
1483 1460 1493 03 Wt % RE
Silicide
1495 0.3 wt. % EGR
Table 8 Cerium inclusion temperatures for 4130.
Reaction Prediction (°C) | 0.3 wt. % RE (°C) | 0.3 wt. % EGR (°C)
Ce,0,8 1463 1486 1487
CesSs 1425 1477 1476

Table 8 lists the measured and predicted temperatures for Ce20,S and Ce»S; formation. The
measurements in these experiments are higher than those predicted by ThermoCalc. This might be true for
two different reasons. One is that the inclusion of cerium in the TCFE database has been relatively recent
and may be less accurate than other phase data. A second explanation might be that Ce,O,S and Ce:S;
form on existing nuclei that are highly effective. This might be more likely since previous work by the PI



indicates that the observed RE inclusions have a very complex structure and may contain multiple
20
phases.

Task 4 focused on conducting thermal analysis experiments on titanium additions to 1030, 4130, and
HY'100. The experimental procedure was similar to Task 3, but with titanium additions instead. Cooling
curve data found that the solidus peaks were smaller when titanium was added, but still easily detectable
across all the alloys. Table 9 provides representative data from this task from HY 100 experiments. No
upward shift in the liquidus appeared, which indicates that the titanium additions did not result in
heterogeneous nucleation. In fact, the liquidus decreased due to the addition of titanium. The peritectic
and solidus appear to be identical (See Table 9).

2

Table 9 Solidification reaction temperatures for 0.1 wt. % Ti HY100.

Source Liquidus (°CY | Peritectic O Solidus (°C)
Baseline 1515 1484 1437
0.1wt % Ti | 1494 1490 1436

These trends were observed throughout the titanium addition experiments in this task. It appears that the
TiC and TiN particles reported by various researchers are likely formed during the final 5% of
sol‘dification and the main refinement mechanism is actually grain growth restrictions.

Task 5 consisted of the creation of various RE and TiC based master alloys. The main purpose was to
enable the creation of specific nuclei within the alloy to test their ability to act as heterogeneous nuclei.
Single point equilibrium and Scheil calculations in ThermoCalc provided basic information on designing
these alloys. Single point equilibrium calculations provided a quick method for examining multiple alloy
corapositions, while Scheil predictions provided verification and melting information tc ensure the alloy
could be made using equipment on hand. Figure 9 presents data for a master alloy designated 0.2RE
100ppm O. The calculations indicate the formation of Ce,Os inclusions within the alloy. A different alloy,
0.1RE 200 O, was designed to primarily contain CeQ; inclusions. Both Ce;O3 and CeO- have been
theorized to act as heterogeneous nuclei for austenite.?'2* However, they have been reported to assist
alloys that initially solidify as §-ferrite.?>%°

TiN and TiC have also been examined as possible nuclei for steel since the early work cn heterogeneous
nucleation theory.”® This stems from their excellent fit with 5-ferrite. Again, master alloy design occurred
by utilizing ThermoCalc to evaluate phase stability via single point equilibrium and Scheil calculations.
Figure 10 depicts a Scheil calculation for an alloy with 20% TiC. The creation of the TiZ master alloy
was conceived based on the fact that other work on titanium additions has led to TiC formation late in
solidification.”” Late formation results in the carbides not acting as nuclei and embrittling the alloy due
to their size. Addition of a master alloy containing TiC particles may enable their survival in the melt long
encugh to act as heterogeneous nuclei.
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Figure 9 Scheil calculation results for a master alloy containing Ce:0;
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Figure 10 Scheil results for a 20% TIC containing master alloy






a0

p}

Electron image

Figure 11 Microstructure of the 0.1 RE 200 O master alloy.

Table 10 Composition of the RE oxides from (.1 RE 200 O master alloy.

Element | Weight %
0) 37.15
Al 1
Fe 0.68
La 38.15
Ce 16.25

Table 11 0.2 RE 100 O master alloy inclusion composition

Weight
Element %
0] 40.36
Al 35.09
Fe 4.26
La 14.66
Ce 5.62
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Figure 13 Microstructure of a TiC master alloy.



Table 12 EDS analysis of TiC particle

Element | Weight
“%
C 9.26
Ti 90.74

Figure 13 depicts the microstructure of the TiC master allovs, while Table 12 confirms the composition
matches TiC. The structure consisted of large TiC particles (~ 1mm) surrounded by a metallic iron matrix.
A large particle size was desired due to the tendency for TiC and TiN particles to dissolve in a melt. The
theory was that larger particles might take longer to dissolve and remain in the melt when solidification
began. The master alloys here differed by the volume fraction of TiC particles formed.

Task 6 consisted of conducting thermal analysis only experiments and thermal analysis-mechanical
property experiments with the various master alloys from Task 5. For brevity, only the thermal analysis-
mechanical property experimental results will be discussed. For these experiments, a 3kHz induction
furnace melted 60 Ib heats consisting of 1010 punchings, 3 16L punchings or ferroalloys depending on the
alloy being made. At 1650°C, ferrosilicon, ferromanganese, and graphite were added to the melt. At
1700°C, the melt was tapped into a 150 Ib capacity ladle and aluminum shot and the designated master
alloy were added. A small portion was then poured from the tapping ladle into a 5 1b hand ladle. This
hand ladle was utilized for pouring the TA cup and single bar casting. The single bar casting contained a
small amount of FeP to improve macroetching response to Oberhoffer’s etch. ASTM A781-05 keel block
castings were made from green sand molds and poured at 1590°C from the tapping ladle. The castings
cooled for 25 minutes before shakeout and then further cooling to room temperature. Tensile bar blanks,
spectrometer samples, and metallographic samples were saw¢ from the keel blocks. The tensile bar
blanks were then machined into 0.5 inch diameter tensile bars and tested on a 500 kip capacity hydraulic
frame in accordance with ASTM E8-04.

Additions of the 30 RE 1.5S master alloy were carried out .n 4130, 1030, and HY 100. Only data from the
1030 and HY 100 experiments will be presented for brevity. Figure 14 depicts the macrostructures of the
1030 heats. The 30RE 1.5S structures was considerably finer than the baseline heat. Some refinement was
observed in the HY 100 30 RE 1.5S heat (See Figure 15). The PI notes that this is the first time
macrostructure refinement was observed in HY 100.%-*2 Table 13 lists the mechanical property testing
data for the baseline and addition heat. The yield strength and Itimate tensile strength (UTS) were lower
for both materials. However, the 1030 had a higher elongation. The elongation was very low for HY 100.
In fact, the addition of the 30 RE 1.5S master alloy tended to create considerable porosity in addition to
the lower properties. Sulfur and sulfides have been well documented to have a dramatic impact on the
properties of HY 100.>*%° This impact is partially due to the fact that HY 100 is used in a quench and
temper condition and the tempered martensite microstructure tends to be mover sensitive to both porosity
and sulfur embrittlement which likely explains the poor mechanical properties.






It appears the oxysulfides in the master alloy reacted with the melt to form a different inclusion
composition. Another explanation might be the inclusions observed in the treated steel formed by
reactions between the RE rich metallic regions and the melt du-ing tapping. Either mechanism would
explain why no master alloy composition inclusions were obse-ved.

m ' Electr age 1

Figure 16 Typical RE sulfide from 30 RE 1.5 treated HY100.
Table 14 Quantitative EDS analysis of inclusion from Figure 16.

Element Weight %

N 16.70
Al 17.97

S 5.10
Mn 2.15
Fe 43.64
Ni 1.60
La 3.81
Ce 9.04

Table 15 Composition of the oxysulfide from tke 30 RE 1.5S master alloy.

Element Weight %
N 3N _/1 'S
Al 5.01
S 1.23
Fe 4.57
La 29.56
Ce 24.17
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Figure 17 RE oxysulfide cluster in HY100 treated stecl,

In eddition to the originally planned experiments, the PI conducted a series of experiments using a
combination of magnesium and titanium additions.?"*5# A significant issue L.as been the late formation
of 7i(C,N) inclusions in the last 5% of the sclidification range. Formation at this point does not lead to
heterogeneous nucleation and an improvement in ductility.?” However, recent research tas found that the
addition of magnesium followed by titanium can result in the formation of TifC,N) in a melt prior to
solidification.?.2%:3

The PI conducted a series of TA and mechanical property experiments as part of the project. These used
the same melting, sampling, and analysis prccedures as outlined previously. The megnesium addition was
carried out by adding FeSiMg nodulizer into the melt just prior to tapping, wkile titanium was added in
the ladle. No aluminum shot was added. Additions of only titanium or magnesium were also done to
ensure that the change as not simply due to one or the other addition.

Experimentation in 1030 found that Ti, Mg, or Mg+Ti additions refined the as-cast structure (See Figure
18) Mechanical testing found that only the Mg+Ti had higher strengths and elongation (See Table 16). In
the two titanium treated steels, TiN particles were observed. The Mg+Ti heat contained smaller TiN
particles that surrounded magnesium containing oxides {See Figure 19). The role of these inclusions was
not clear. Both the Ti and Mg+Ti steels had z higher yield strength. But, only the Mg+Ti steel had higher
strength and ductility as would be expected for TiN inclusions acting as heterogeneous r.uclei.
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former members become key players in both their companizs and the industry as a whole. Perhaps the
biggest indicator of the successful training and development they received.

Due to the nature of the project, the results are mostly disseminated through peer reviewed journal
publications and conference presentations. However, conversations with two project supporters are also
done, Elkem and MeltLab Systems. The journals and conferences are selected based on their target
audience. The PI chooses venues that have a significant number of industrial readers/attendees. Since the
goal of this research project is to produce a grain refining technology which industry can use, it is critical
that industry gains an understanding of the issues and possibilities with the technology. Also, obtaining
industrial feedback on the feasibility of the process being dzvi ped will ensure issues are addressed at
the start of development, not far later.

Recent publications related to this project are the International Journal of Metalcasting, Journals of
Materials Engineering and Performance, and Archives of Foundry Engineering. International Journal of
Metalcasting (IJMC) is the peer reviewed journal sponsored by the American Foundry Society (AFS) and
the World Foundry Organization. IIMC’s readership incluces the top researchers in the area of
metalcasting and a large number of industrial readers. Its designation as the World Foundry Organizations
journal has also increased the international readership. Thus papers published here are viewed by the
industry that the current research project is trying to work with. The Journal of Materials Engineering and
Performance is sponsored by ASM and has a broader readership of academic and industrial researchers.
This audience includes researchers working with the larger steelmaking industry and provides a good
avenue for the inclusions of commentary from the broader steel and materials research community. The
Archives of Foundry Engineering has been added to the list of publication routes since it has a focus on
foundry topics. The researchers are primarily Polish but AFE has been expanding its readership across
Europe. Another feature of this journal is a larger set of stecl foundry related researchers. Again, the
targeted journals are all selected to ensure that the results are disseminated to those who need the research
results and can provide the most appropriate commentary to improve the work.

The PI regularly presents and attends steel related conferences, the American Foundry Society’s
Metalcasting Congress, and AISTech. Metalcasting Congress is the largest foundry related conference in
North America and covers various alloy systems, design software, management, and molding materials. It
has attendees from all over North America and internationally. The focus of the conference is for
industrial members, but all of the major metalcasting research groups also attend and present their work.
This conference has a peer review process that mimics a high-end peer review journal so the papers
presented are of very high quality and include current reseerch and industrial issues. AISTech primarily
covers topics related to steelmaking. It has now become the world’s largest steel related conference.
Attendees are from the steel industry and the major steel research groups. Presentation here ensures that
the results are not only disseminated to the foundry industry, but the larger steelmaking community as
well. As stated earlier the conference selection has been done to ensure industry members and the key
researchers in the field of steelmaking can learn about the results of the project.
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