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What were the major goals and objectives of the project? 

This project broadly focuses on improving the current state of steel solidification and grain refinement 
knowledge. While research has been done in the area of grain refinement, it has mainly employed room 
temperature microstructure and mechanical property testing. These techniques can determine if 
refinement occurred but provide a limited ability in revealing the underlying mechanisms. Improving the 
understanding of the mechanisms requires a new tool. A major thrust of this project is the development of 
a thermal analysis technique that can improve our understanding of steel solidification and be eventually 
used as a process control. The second major thrust is to use thermal analysis to improve rare earth based 
grain refinement. 

The major tasks for the project are as follows: 

1. Development of thermal analysis experimental procedure and analysis 
2. Baseline thermal analysis experiments for 1030, 4130, and HYl00 
3. Thermal analysis experiments on 1030, 4130, and HYl00 
4. Experiments on titanium refined 1030, 4130, and HYlO0 
5. Development of a rare earth master alloy with imp:oved efficiency 
6. Experiments on a rare earth master alloy additions to 1030 and 4130 

What was accomplished towards achieving these goals? 

All tasks in the original proposal were accomplished. Results from the project have been published and 
presented in various journals and conferences. What follows is a summary of the results from each task. 

Task 1 consisted of purchasing a thermal analysis (TA) system and developing the experimental 
procedure. Figure IA shows the system purchased, while Figure 1B shows the stand with a cup in it. The 
system records the cooling curve, can calculate up to the fifth derivative, and use the various derivatives 
to detect phase reactions. 



A) System B) TA cup and stand 
Figure 1 MeltLab System for Thermal Analysis of Steels 

To help determine the system capabilities and develop the proper experimental procedu::-es, initial 
experiments were conducted. Twenty-three kilogram heats of 4 ~30 steel were melted in a 3 kHz induction 
furnace. The initial charge consisted of 1010 punchings, FeCr, and FeMo. At l 700°C additions of FeSi, 
FeMn, graphite, and aluminum shot occurred. Heating continued to l 730°C where a portion of the heat 
was poured into a 2.3 kg hand ladle. An additional lg piece of aJluminum was added in the hand ladle to 
maintain deoxidation. The hand ladle then poured a TA cup. For these initial experimen s six cups were 
poured per run. Three different experimental treatments applied to the cups (See Figure 2). These 
produced different cooling rates in the TA cups. Examining slower cooling rates was done due to 
MeltLab's experience with analyzing certain cast iron alloys. Two cups of each type were poured. The 
covers and wrap were made from an alumino-silicate fiber refractory blanket 5 cm thick with a density of 
128 kg/m3. In addition to the TA cups, a spectrometer sample W::lS poured. The average ,;hemical analysis 
of bese heats is presented in Table 1. 

Table 1 Average chemical analysis of initial 4130 heats (wt.%) 

C Si Mn p s Cr Mo Al 

0.321 0.25 0 .473 0.013 0.01 0.952 0.236 0.0215 



Normal Covered Wrapped & Covered 
Figure 2 TA Cup Conditions of Initial Experiments 

Figure 3 depicts a typical set of cooling curves recorded using the TA system. There is g?od agreement 
between the overall shape and phase reaction temperatures in the cooling curves. 
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Figure 3 Typical cooling curves from the TA system 

Of more interest are the cooling rate, first derivative, curves for each sample. These curves make phase 
reactions more evident than the temperature curves. Data :tom the normal cups are illustrated in Figure 4. 
The liquidus and solidus are easily detected using the currrnt analytical methods in the MeltLab software. 



There is no existing code for the peritectic. However, the peritectic was easily detected ·n the normal cup 
cooling curves. Peritectic temperatures are currently being manually determined from the peak of the 
peritectic reaction (See Figure 4). 
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Figure 4 Cooling rate for Normal cups 

As part of benchmarking the system, the liquid us and solidus values were compared to 1hermodynamic 
predictions and a set of reference data. The thermodynamic predictions were done usin~ ThermoCalc 
using the TCFE9 database. Reference data was taken from A Guide to the Solidification of Steels, which 
is an atlas of thermal analysis data produced by Jenkortoret in 1977 .1 This reference dat1 uses a somewhat 
similar technique to the one used in this work. The main difference is that the measurements are made 
inside a small furnace so the cooling rate could be controlled. 

Tables 2 through 4 present the measured values for each condition, thermodynamically predicted value, 
and reference data. The liquidus values agree considerably well between techniques. The slight difference 
between values is within the typical measurement error of a thermocouple. Thus, it appears they are 
equivalent. Examination of the solidus reveals a significant issue. The reference data an:i thermodynamic 
predictions are approximately 20°C from each other (See Table 3). The data from the TA system appears 
to be closer to the reference data, but still slightly high . The peritectic also appears to hz.ve a significant 
discrepancy in value (See Table 4). Again, the thermodynamic predictions and reference data have a 
significant difference, about l 0°C. The TA system tended to find a higher temperature. 



Table 2 Liquidus values 

Thermodynamic Liquidus from the Liquidus from DAQ 
Condition 

predictions (0C) reference {°C) 1 (OC) 

1498.75 Normal 

1505.75 Covered 
1499.97 1501 

Wrapped& 
1500.15 

Covered 

Table 3 Solidus values 

Thermodynamic Solidus from the Solidus from DAQ 
Condition 

predictions (0C) reference (0C) 1 (OC) 

1431.1 Normal 

1402.02 1420 
1424.7 Covered 

1423 
Wrapped & 

Covered 

Table 4 Peritectic values 

Thermodynamic Peritectic from the Experimental values 
Condition 

predictions (0C) reference {°C) 1 (OC) 

1484.5 Normal 

1474.1 1460 
1486 Covered 

1465 
Wrapped and 

Covered 

The discrepancy between the thermodynamic calculations and the 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.2 DSC has been used in the study of steel solidification and 
probably represents the bulk of the data sets in the thermodynamic databases.3

-
10 However, detecting the 

solidus can be problematic in DSC.11 Solidus determination can be so problematic that in some cases 
there is no peak on the DSC curve indicating this portion of the reaction. 10 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 
HYl 00. Baseline 4130 data was recorded while conducting the work for Task 1 and was outlined 
previously. For l 030 and HYI 00, 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. 



A typical cooling rate curve for the 1030 data is presented in Figure 5. The liquidus and solidus were 
easily identified by the system. Two additional peaks were observed between the liquidJs and solidus. It 
appears the system detected the start and end of the liquid+BCC+FCC region predicted by ThermoCalc. 
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Figure 5 Cooling rate curve/or 1030 baseline data 
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Figure 6 Typical cooling rate curve/or HYJ00 



Examination of the data for HYl00 also indicates that several peaks are identifiable (See Figure 6). 
Again, the liquidus and solidus are easily found. The peritectic reaction also provided a strong peak. The 
presence of the single peritectic related peak makes sense for this alloy since thermodynamic calculations 
predict a shift from a liquid+BCC region to a liquid+FCC r-egion just prior to the completion of 
solidification. The correct identification of this and the peaks in the 1030 data does indicate that the 
thermodynamic predictions can be helpful in interpreting the data collected by the TA system. It is also 
evident that the ability to detect the peritectic as first obser\'ed in the 4130 data continued to be true for 

different alloys. 

I 

Task 3 consisted of experiments for examining how rare earth (RE) additions changed the solidification 
of 1030, 4130, and HY 100 through the use of thermal analysis. Melting for the experiments consisted of 
heating 23 kg of the target steel alloy in a 3 kHz induction furnace under an air atmosphere. The initial 

charge consists of 1010 punchings and nickel pellets, FeCr, or FeMo if the alloy requires them. Once the 
melt reaches l 700°C, final additions of FeSi, FeMn, graphite, aluminum shot, and either nothing, 0.3 wt. 
% RE silicide, or 0.3 wt. % EGR were added. The melt continued heating until l 750°C was reached 
where a portion of the heat was tapped into a 2.3 kg capacity hand ladle that had 1 g of aluminum shot for 
maintaining deoxidation. A thermal analysis (TA) cup was then poured using the hand ladle and the 
cooling curve recorded. Measurements by the data acquisition system (DAQ) started at 1050°C and 
continued until the specimen cooled to 1200°C. Readings were taken at a rate of 38.4 kHz using an S-type 
thermocouple in a shell core cup. After cooling to room temperature, the TA cup was removed and a new 

one placed on for testing. Four cups per heat were poured. Once at room temperature, the TA cups were 

sectioned 20 mm from the bottom and polished and etched with a 25% HNO3 and 75% foO solution. The 
resulting macrostructure could then be related to cooling curve changes. 

Figure 7 illustrates the cooling rate data for the Baseline heat. The liquidus and solidus were detected 
using the existing algorithms from MeltLab' s DAQ system . Unlike differential scanning calorimetry 

(DSC) curves, the solidus appeared as a large peak.12 The peritectic appeared as a small peak prior to the 
solidus. The TA technique being used provides a clearer peak than DSC based experiments which is 
consistent with observations by other researchers. 13•14 As expected from the cooling curve shape change, 
additional phases were observed to form during the solidification of the treated steels (See Figures 8). The 
phases have been labeled Ce2O2S and Ce2S3 based on ThermoCalc predictions using the TCFE9 database. 
The PI must note that these are estimations of the phases being evolved and not definitive. 
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Figure 7 Cooling rate curves for Baseline 4130. 

15 

~ 4 

Solidus 

10 

5 
,¥, ... 

Ce2D2S ' ' ' ~ .. --- .. , , , ~ ,~- .. _ 
, ' 

,, 
' I 

0 

Peritectic 

- 5-+-~,--,........,,--,....+~~~-r-.--,--,........,---.----.~----,-~.---r--.---r---.----.~-r-.--,--,........,---.~~----,--1 

1,550 1,500 1,450 1,400 1,350 1,300 1,250 
Temperature ( •C) 

Figure 8 Cooling rate curve/or 0.3 wt. % RE silicide 4130. 

1,200 

Tables 5 through 8 list temperature measurements for various reactions and predictions for those reactions 
from ThermoCalc and data from A Guide to the Solidification of Steels, referred to as th~ reference data 15 



The liquid us 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. Perite,::tic 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. 16- 19 It also corresponds to the formation of the finer macrostructures in 

the TA cups. 

Table 5 Liquidus data for 4130 TA onlv experiments. 
Liquidus from 

Liquidus from Liquidusfrom DA Q 
ThermoCalc Condition 

(DC) 
reference (DC) (°CJ 

1499 Baseline 

1506 1501 1504 
0.3 wt. % RE 

Silicide 

1497 0.3 wt.% EGR 

Table 6 Solidus data from 4130 TA onlv experiments. 
Solidus from Solidus from Solidus from DAQ Condition 
ThermoCalc reference (DC) (DC; 

(DC) 

1409 1420 1431 Baseline 
1423 0.3 wt. % RE Silicide 
1405 0.3 wt.% EGR 

Table 7 Peritectic data from 4130 TA onlv exoeriments. 
Peritectic from Peritectic 

Peritec!ic from 
ThermoCalc from Condition 

(DC) reference (DC) 
DAQ (DC) 

1487 Baseline 

1483 1460 1493 
0.3 wt.% RE 

Silicide 

1495 0.3 wt.% EGR 
Table 8 Cerium inclusion temperatures for 4130. 

Reaction Prediction (DC) 0. 3 wt. % RE (DC) 0.3 wt.% EGR (DC) 
Ce202S 1463 1486 1487 

I Ce2S3 1425 1477 1476 

Table 8 lists the measured and predicted temperatures for Ce202S and Ce2S3 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 Ce202S and Ce2S3 
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 
phases.20 

Task 4 focused on conducting thermal analysis experiments on titanium additions to 1030, 4130, and 
HYlOO. 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 HYlOO experiments. No 
upward shift in the liquidus appeared, which indicates that the titanium additions did not result in 
heterogeneous nucleation. In fact, the liquid us decreased due to the addition of titanium. The peritectic 
and solidus appear to be identical (See Table 9). 

Table 9 Solidification reaction temperatures for 0.1 wt. % Ti HYJ00. 
Source Liquid us (0 C) Peritectic (0 C) Solidus (0 C) 
Baseline 1515 1484 1437 
0.1 wt. % 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 
solidification 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 p.urpose was to 
enable the creation of specific nuclei within the alloy to test their ability to act as heterogeneous nuclei. 
Single point equilibrium and Schei I calculations in ThermoCalc provided basic information on designing 
the;;;e alloys. Single point equilibrium calculations provided a guick method for examining multiple alloy 
corapositions, while Schei I predictions provided verification and melting information tc ensure the alloy 
coLld be made using equipment on hand. Figure 9 presents data for a master alloy designated O.2RE 
lOOppm 0. The calculations indicate the fonnation of Ce20 3 inclusions within the alloy. A different alloy, 
0.1 RE 200 0 , was designed to primarily contain Ce02 inclusions. Both Ce20 3 and CeO:. have been 
theJrized to act as heterogeneous nuclei for austenite.21-24 However, they have been rep,)rted to assist 
alloys that initially solidify as 8-ferrite.22

,
25 

TiN and TiC have also been examined as possible nuclei for steel since the early work c,n heterogeneous 
nudeation theory.26 This stems from their excellent fit with 8-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 Ti :::: master alloy 
was conceived based on the fact that other work on titanium additions has led to TiC fonnation late in 
solidification.21-29 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 survi\.al in the melt long 
enc ugh to act as heterogeneous nuclei . 
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Master alloy creation was accomplished in a smaller resistance furnace capable of 160o~c. Electrolytic 
iron, ferrocerium rod, pure titanium, graphite, or Fe2O3 were used as charge materials. These were placed 
into a small alumina crucible with a lid to create the desired master alloy. The small crucibles were placed 
in a larger alumina crucible with a lid. Graphite was packed around these to ensure a reducing atmosphere 
occurred and only the desired quantity of oxygen was present by the use of Fe2O3. A he:1ting rate of 
10°C/min until achieving 1570°C was employed. After holding for half an hour, the sarcples cooled at a 
rate of 10°C/min. Three samples could be produced at a time. 

Once the master alloys were created, representative samples were mounted and polished for 
microstructure characterization. Figure 11 depicts the structure of the O. lRE 200 0 mas:er alloy. The 
primary iron-rich dendrites appeared to be surrounded by a rare earth (RE) rich region bat contained the 
RE oxides. This structure agreed with the predicted solidification route from ThermoCalc. Scanning 
electron microscopy (SEM) with an energy dispersive spectrometer (EDS) characterized the regions and 
confirmed the iron-rich and RE rich regions. Table 10 details the oxide composition. The inclusions were 
not as pure as predicted by ThermoCalc. There were significant amounts of aluminum and iron detected 

I 

by the EDS. The iron content could come from the surrounding matrix, the aluminum \\ould not. The 
aluminum likely came from reduction of the alumina crucible. The overall composition had a higher 
oxygen content than CeO2 (18 wt. % 0 , 82 wt%. Ce) . This oxygen may have also come from the 
reduction of the alumina crucible. Supporting the theory that the master alloy and crucible interaction 
occurred was the observation that the master alloy could only be removed by breaking t:ie alumina 
crucible, indicating the melt attacked the crucible . 

• 
Examination of the 0.2 RE 100 0 alloy found a similar structure to the 0.1 RE 200 0 alloy. Primary iron-
rich dendrites were surrounded by a RE rich metallic region with RE oxides towards the center of these 
regions (See Figure 12). Again, consistent with ThermoCalc predictions. SEM/EDS analysis found a 
composition with high levels of aluminum and iron . The oxygen content was higher tha1 the predicted 
amount for the Ce2O3 (15 wt.% 0 , 85 wt. % Ce) inclusions. The aluminum and excess oxygen likely 
came from the alumina crucible. These master alloys also required the destruction of the small crucibles 
due to attack by the melt. 
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Figure 11 Microstructure of the 0.1RE2000 master alloy. 

Table JO Composition of the RE oxides from 6.1RE2000 master alloy. 

Element Wei2ht % 
0 37.15 
Al 1.77 
Fe 6.68 
La 38.15 
Ce 16.25 

Table 11 0.2 RE 100 0 master alloy inclusion composition 

Element 
Weight 

% 
0 40.36 
Al 35.09 
Fe 4.26 
La 14.66 
Ce 5.62 
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Figure 12 Example microstructurefor the 0.2 RE 100 0 master alloy 

Elect~on Image 1 

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 alloys, while Table 12 confirms the composition 
matches TiC. The structure consisted of large TiC particles (- 1 mm) 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 lb heats consisting of 1010 punchings, 3 I 6L 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 lb 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 lb 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 A 781-05 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 sawed from the keel blocks. The tensile bar 
blanks were then machined into 0.5 inch diameter tensile b3.fs 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 HYl00. Only data from the 

1030 and HYl00 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 HYl00.30- 32 Table 13 lists the mechanical property testing 
data for the baseline and addition heat. The yield strength and ultimate tensile strength (UTS) were lower 
for both materials. However, the 1030 had a higher elongation. The elongation was very low for HYl00. 
In fact, the addition of the 30 RE l .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 ofHYl00.33- 35 This impact is partially due to the fact that HYl00 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. 
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Figure 14 Macrostructure of 1030 heats. 

JORE 1.5S Treatet: 

Figure 15 Macrostructure of the HYJOO heats. 

Table 13 Mechanical properties from JORE J.5S experiments. 

Material 
Yield Strength UTS 

% Elongation (MPa) (MPa) 
1030 Baseline 335 570 19.5 

1030 JORE l .5S 307 543 28.8 
HYl00 Baseline 796 886 10.2 

HYl00 JORE 1.5S 197 197 0.4 

Inclusion analysis found similar trends in the 1030 and HYl00 treated steels. Only HYlO0 data is 
presented here for brevity. RE oxysulfides were observed (See Figure 16). Table 2 lists the typical 
composition. Significant clustering was also found (See Figure 17). A reduction in dista:ice between 
sulfur containing inclusions increases their detrimental impact on ductility in HYI00.33 These clusters are 
likely a significant reason for the poor ductility observed in the mechanical testing. This clustering 
behavior was not observed in the 1030 treated heat. Close examination of Tables 13 and 14 reveals a 
significant difference in oxysulfide composition. Significant amounts of iron, nickel, and manganese were 
present in the treated HYl00 heat. These were not present in the master alloy. Additionally, the sulfur 
content was higher than in the master alloy. 



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. 

Figure 16 Typical RE sulfide from 30 RE J.5S treated HY100. 

Table 14 Quantitative EDS analysis of inclusion from Figure 16. 

Element Weight% 
0 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 oxysulfidefrom tf.e 30 RE J.5S master alloy. 

Element Wei!?ht % 
0 35.46 
Al 5.01 
s 1.23 

Fe 4.57 
La 29.56 
Ce 24.17 
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Figure 17 RE oxysulji.<le cluster in HYJ 00 treated sted. 

In c.ddition to the originally planned experiments, the PI conducted a series of experiments using a 
combination of magnesium and titanium additions.27

•
3

6---
38 A significant issue tas been the late formation 

of L i(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.27 However, recent research r_as found that the 
addition of magnesium followed by titanium can result in the fonnation ofTi1C,N) in a melt prior to 
so I idification. 28

•
29

•
39 

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 magnesium addition was 
carried out by adding FeSiMg nodu lizer into the melt just prior to tapping, whle titanium was added in 
the ladle. No aluminum shot was added. Additions of only titanium or magnesium were also done to 
ens·Jre 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' higher yield strength. But, only the Mg+Ti steel had higher 
strength and ductility as would be expected br TiN inclusions acting as heterogeneous r.uclei . 
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Mg Mg+Ti 
Figure 18 1030 solidification structure with Mg or Ti additions. 

Table 16 Mechanical properties/or Mg, Ti, and Mg+Ti treated 1030 

Heat Yield Strength (MPa) 
UTS 

% Elongation (MPa) 
Baseline 336 570 19 

Ti 351 553 19 
Mg 321 556 23 

Mg+Ti 393 596 26 



Mg Oxide 
Nuclei 

20µm Electron Image 1 

TiN 

Figure 19 Typical TiN particle in the Mg+Ti steel. 

TA results found no increase in liquid us. Interestingly, the Mg+ Ti heat appeared to have a significantly 
lower liquidus than the Baseline heat. Oddly, the magnesium containing heats had higher solidus 
temperatures. Based on the results, this appears to be due to magnesium, but the cause i; not obvious. 
ThermoCalc calculations did not predict this trend. 

Table 17 103 0 solidification reaction temperatures. 

Heat 
Liquidus Peritectic Solidus 

(OC) (OC) (OC) 
Baseline 1500 1488 1415 

Ti 1495 1494 1412 
Mg 1495 1487 1431 

Mg+Ti 1491 1482 1432 

It was not apparent from the data when the TiN inclusions were formed. The TA data, mechanical 
properties, and macrostructures hint that they may have still formed late in solidification. The elevated 
strength of the Ti heat while still having lower elongation and liquidus temperatures hint at late stage 
solidification formation. If TiN particles formed in the melt and acted as heterogeneous nuclei, then the 
liquidus would increase. The fact it did not, appears to indicate they were not present at this stage. It 
appears that in both the Ti and Mg+Ti heats that the TiN particles restricted grain growth during cooling 
and improved the strength of the alloy. The difference in elongation performance betwe~n the Ti and 
Mg+ Ti heats may be attributed to the size of the TiN particles. The Mg+ Ti heat had smaller particles, 
likely due to the presence of magnesium containing oxides that acted as nuclei. These particles were small 
enough to restrict grain growth while not impacting ductility. While it appears that the nucleation of TiN 
in the melt did not occur, the presence of magnesium oxide nuclei for TiN may still provide a 
methodology for controlling particle size allowing the use of this approach for grain refinement. 

All of the originally planned tasks plus and extra series of experiments have been completed. This 
occurred within the originally planned budget and the one year COVID extension. 
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What opportunities for training and professional development did the project 
provide? 

A primary goal of the Foundry Research Group at SVSU is to build the skills of its members and 
accomplishing this several ways. Each member experiences formal safety training, exposure to new 
analytical techniques, mentoring, design skill development, manufacturing process training, and 
attendance at conferences. Thus, members experience a bread range of developmental activities that 
prepare them for a successful career after graduation. 

Safety has always been the number one priority of the SVSU Foundry Research Group. Each member 
goes through a rigorous safety training procedure upon entering the group. The first portion focuses on 
understanding the safety hazards related to molten metal explosions and proper induction furnace 
practice. This information is presented in a series of on line safety videos they must watch. A quiz on 
molten metal safety is taken by members to ensure they understand the hazards. Online training on heat 
exhaustion is also done so each member recognizes this medical risk. Additionally, online chemical 
hazard training has been implemented to provide additional familiarization with potential hazards. These 
online courses are followed by an aluminum pour and a cast iron pour. The pours are designed to ensure 
that all personnel are familiar with pouring procedures and have a chance to work together since the 
cohesiveness of a pouring crew is vital. Aluminum is done first followed by cast iron. These 
are done since they are progressively hotter metals. Safety training continues during their entire time; 
however, this initial training ensures they begin thinking about safety while working. It also establishes 
that students will be responsible for the safety of others when they work. The training offered follows 
similar procedures at local companies so it acclimates therr to industry standards. 

While the undergraduate programs at SVSU attempt to provide a large exposure to various experimental, 
manufacturing, and theoretical areas, coverage of every topic is never possible. Students working in the 
research group learn advanced topics or gain practical experience related to their coursework. Microscopy 
receives minor coverage in undergraduate coursework. The students learn in their Principles of 
Engineering course how to etch a sample and capture an image. The students assist in polishing, etching, 
and capturing microstructure images which drastically expands their experience. This exposure assists 
them in developing a broader background in metallography. They also learn how to conduct quantitative 
microscopy measurements by conducting grain size measurements. Changes in areas being sampled and 
the interpretation of the microstructure are also covered. These quantitative microcopy topics are not 
covered in the normal undergraduate program . Another area where significant materials education occurs 
is the area of sand testing. Every member of the group learns how to run compactibility, green 



compressive strength, moisture, and methylene blue tests. These are used in controlling the green sand 
system to assure molds made in the foundry are the same each experiment. This data and its interpretation 
are also discussed as problems arise. 

Conducting the research in this project requires a wide variety of manufacturing processes. The most 
evident process is the metalcasting process itself. Students learn moldmaking technique; that cannot be 
taught in the classroom, such as the jolt/squeeze machine or resin bonded mold making. They also learn 
why certain parameters are used at SVSU based on previous or current defect issues. Students learn CNC 
machining by using the CNC lathe to machine tensile bars, attend TRAKMill training for conversational 
programing, and using the various CNC mills to create experimental apparatus. Student; receive training 
on how to use drill presses, bench grinders, lathes, mills, welders, and other shop equipment. Some of the 
training replicates educational experiences in the curriculum, but many go beyond what is covered in 
coursework. As a regular part of the group' s activities, students also build or repair experimental 
equipment. This exposure to different manufacturing processes provides a strong backg:-ound for students. 

The PI attempts to have each student during their tenure in the group design some type of device related 
to the research project. This ranges from new equipment to simple fixtures. These proje,;ts are necessary 
for completing the proposed research, but also provide a chance for students to practice concept 
generation, understand realistic constraints, and hone solid modeling skills. The PI meets weekly or more 
during the design process to see how it is progressing and provide feedback. This feedback relates both to 
the project itself, but also the student's work on it. These frequently show small deficier.cies in their 
understanding of engineering topics which are addressed. Finally, the students build the :r design by 
themselves or with their peers. This results in immediate feedback on the feasibility of tie design from a 
manufacturability standpoint. Many issues are headed off during the review process wit:i the PI. 
However, some are purposely left in by the PI to help the students learn from their own mistakes or are 
unforeseen issues. Again, the students are developing better design and engineering skills by doing 
engineering, even on a small scale. 

The last way in which the SVSU Foundry Research Group develops its members is through plant tours 
and conference attendance. While there is an active American Foundry Society Student Chapter that 
conducts tours, group members often travel with the PI to foundries or suppliers around the state when the 
opportunity arises. These are important in two ways. First, the members see how their \\-Ork will be 
integrated by industry and improves their understanding of industry. Second, they devebp a broader 
understanding of industry and a network of contacts for post-graduation employment. Funding from the 
project ensures each member can attend Metalcasting Congress. This is the premier met1lcasting industry 
conference for North America. Here the students attend workshops and talks on the latest developments in 
the metalcasting industry. Their attendance increases their knowledge of metalcasting and particularly the 
current state of the art, and allows them to make contacts for post-graduation employment. 

As stated at the start of this section, the Foundry Research Group provides a broad set o: developmental 
experiences to its members. Some experiences are very formal while others are informal. The result of 
this are a set of people committed to improving themselves and the various experimental processes which 
helps in producing better research . When members graduate, their employers often comment on the broad 
set of skills they have, the understanding of current industrial issues, and readiness to work. Many of the 



former members become key players in both their companies and the industry as a whole. Perhaps the 

biggest indicator of the successful training and development they received. 

How were the results disseminated to communities of interest? 

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 developed 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. IJMC's readership includes 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. Thm 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 ;tee! 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 steel 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 reseach 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. 



Elkem has developed a commercial grain refiner for stainless steels. They have been donating samples of 
this material to help with grain refining experiments in carbon steels for several years. Copies of 
published papers are sent to this company to help them understand steel solidification and grain 
refinement. Additionally, they discuss industrial experiences with their refiners which helps the PI form a 
better understanding of how refinement work. 

MeltLab Systems supplied the thermal analysis system being used in this project. They :1re also 
supporting the project by writing software for analyzing the curves. There has been verbal and written 
communication between the PI and this company as we work together to develop the system. It is hoped 
that the research conducted in this project will allow MeltLab to offer a product capable of assessing the 
grain refinement of steels. Such a system will be necessary for controlling industrial precesses using grain 
refining additions. 

Project results are being widely disseminated with the goal of educating the industrial b1se. This broad 
dissemination also ensures that researchers related to steelmaking are aware of the results and can 
integrate it in their own work or provide their insight into steel solidification. This approach should make 
adoption faster and allow the Navy to more easily specify grain refined steels. 

What do you plan to do during the next reporting period to accomplish the goals and 
objectives? 

Nothing. This is the final report. 

Honors: What honors or awards were received under this project in this reporting 
period? 

• 20 I 9 Steel Division Individual Service Award 
• 2021 AFS Steel Division Best Paper 

Technology Transfer 
No patents or licenses have been issued as part of this project. However, there has been continuing 
conversations with MeltLab on how to improve their product. This has enabled improve•d data for this 
project and better analysis. Those changes have or will be integrated into their product. 
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