IOP Conference Series: Materials Science and Engineering

PAPER « OPEN ACCESS You may also like
. . . . . . - Study on nonmetallic inclusions in clean
Modeling of oxide inclusions in steel casting QP REeaoigstecls

Lijie Yue, Yali Liu, Jinsheng Han et al.

To cite this article: R Donahue et al 2023 IOP Conf. Ser.: Mater. Sci. Eng. 1281 012035 - Beneficial Effects of Cerium Addition to
Sulfide Inclusions on Pitting Corrosion
Resistance of Stainless Steels
Masashi Nishimoto, Izumi Muto, Yu
Sugawara et al.

View the article online for updates and enhancements. - Microelectrochemical Investigation on Pit
Initiation at Sulfide and Oxide Inclusions in

Type 304 Stainless Steel
Izumi Muto, Daiki Ito and Nobuyoshi Hara

Connect with decision-
makers at ECS

Accelerate sales with ECS exhibits,
sponsorships, and advertising!

} Learn more and engage at the 244th ECS Meeting!

This content was downloaded from IP address 108.160.225.31 on 27/06/2023 at 20:23


https://doi.org/10.1088/1757-899X/1281/1/012035
https://iopscience.iop.org/article/10.1088/2053-1591/aaca13
https://iopscience.iop.org/article/10.1088/2053-1591/aaca13
https://iopscience.iop.org/article/10.1149/MA2021-029550mtgabs
https://iopscience.iop.org/article/10.1149/MA2021-029550mtgabs
https://iopscience.iop.org/article/10.1149/MA2021-029550mtgabs
https://iopscience.iop.org/article/10.1149/1.3033498
https://iopscience.iop.org/article/10.1149/1.3033498
https://iopscience.iop.org/article/10.1149/1.3033498
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjsus3xV0IihIOkbx8Q5XHqztqTNcrvMBnxZVseqq57e47-GC04GRXy6n1mtM6DH_5DTejyHMOx1IAw2rfJKKkUpmTlEyfFFvYrRUKWKiRgOvns-9hoSrN0zX4cME806AuOK6771iGBQk-ZFHveluwwzYVzCpBuCcSPNpXA7o_wouejYEI1_f6QPfetlmf-47miOvJXYRoGOg1d-6zi_UcSMkCVWcsdAQPh0IKstYP3N7iQh0YQreJG6v73toZTHXCxmbfDO1rQKPc1k2j3SFu48kblsxXdZIjeoR9BsPwmRnQ-Hgc1Q8&sai=AMfl-YTIed6jzdcCGY7UC_lr2EyOxZnaUDTSFRabDukUqsMjLQlRlxq0Uk7k56hrMQ_LmOq2fBynvpXAhlAdd6Q&sig=Cg0ArKJSzATcwXTyyLGo&fbs_aeid=[gw_fbsaeid]&adurl=https://issuu.com/ecs1902/docs/2023-ecs-opportunities-boston-gothenburg-fillable-%3Ffr%3DsNDk5OTUwMDQyODg%26utm_source%3DIOPAds%26utm_medium%3DBanners%26utm_campaign%3D244Exhibit

MCWASP XVI IOP Publishing
IOP Conf. Series: Materials Science and Engineering 1281 (2023) 012035 doi:10.1088/1757-899X/1281/1/012035

Modeling of oxide inclusions in steel casting

R Donahue, R Hardin, and C Beckermann

Department of Mechanical Engineering, University of lowa, 3131 Seamans Center,
Iowa City, 1A 52242, USA

becker@engineering.uiowa.edu

Abstract. A model is presented that predicts the amount and location of oxide inclusions in steel
castings. A number and size distribution of inclusions, defined about a mean diameter, enters the
casting system at its inlet during the filling process and are transported to their final locations in
the casting. Model parameters for inclusion density, drag and wall friction are used to calculate
the motion and locations of the oxide particles. Model results are presented to study the effects
of casting shape and surface orientation on the final inclusion locations and distributions within
castings. These results are compared with inclusion tracking experiments where the geometry of
the gating system and orientation of casting cope surfaces affect the final distribution of
inclusions in the castings. Measured and simulated inclusion area percent coverage, inclusion
count and mean diameter are compared for a range of modelling parameters and inclusion size
distributions. The size and number distribution at the casting system inlet, and other model
parameters, are determined which provide the best agreement between measured and simulated
inclusion area, count, and size.

1. Introduction

Oxide inclusions in steel castings are estimated to contribute 20% to the cost of a casting due to the costs
of removing them and repairing the casting [1]. They are also a frequent cause of premature failure of
steel castings when not detected during production. There are numerous sources of oxides such as the
ladle lining and poorly deoxidized melt, and many casting process variables can affect the levels of
oxides in steel castings. The cleanliness of the melt can vary from heat to heat, so called dirty heat versus
clean heat, due to poor control of the melt practice. Considering all the sources of oxide inclusions,
reoxidation inclusions, formed during pouring of the metal into the mold, are a common cause of
inclusion defects in steel castings, if not the most common. Reoxidation inclusions form when
deoxidized steel comes into contact with oxygen during mold filling. They are reported to make
up 83% of oxide inclusions in low-alloy steel castings and 48% of inclusions found in high-alloy steel
castings [2]. Reoxidation of the steel during pouring can be minimized by employing well designed
gating systems. Much research has been performed for over 50 years to establish rules for gating
castings. However, the design of gating systems is still more of an art than a science. Instead of
investigating source of the inclusions, like reoxidation, the present paper focuses on modeling the
transport of inclusions throughout gating and casting systems and their final locations.

One of the authors has previously modeled reoxidation inclusions originating on the free melt surface
with their growth controlled by oxygen transfer from the atmosphere and their motion and agglomeration
[3]. This paper presents the results from a model where the number and size distribution of inclusions,
defined about a mean diameter, enters the casting system at its inlet during the filling. Generation of
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inclusions in the casting system by reoxidation is not considered. Inclusions enter the casting system
from the ladle and are transported to their final locations in the casting using the inclusion motion model
presented in [3]. Model results are compared to a series of casting experiments. The experiments are
designed to investigate the control of oxide inclusions in steel casting using simple geometries to affect
their transport and final locations. It is assumed that inclusions measured in the experiments either came
directly from the ladle or were generated in the pouring cup. This assumption is based on an experimental
investigation [4] using the melt and pouring practice used in the experiments presented here. In [4]
ceramic foam filters were positioned at several locations in the casting system: at the inlet to the pouring
cups filtering the stream, at the exit of the pouring cups (top of down sprue), at the base of the downsprue,
and at the ingate to the casting. By pouring repetitions of experiments for the various filter location
cases, it was found that a negligible number of inclusions was generated in the gating system. A range
of “good” and “poor” gating systems were used as described in [4]. Inclusions measured in the
experiments either came directly from the ladle or were generated in the pouring cup.

Therefore the model applied here assumes a distribution of inclusions entering the casting system
only at the pouring cup with no growth or agglomeration. The model predicts the amount of area
coverage and final locations of oxide inclusions in steel castings. The primary objectives of the present
study are to determine the number of inclusions, their size distribution and other model parameters that
give best agreement between the model and the measurements. Percent area coverage of inclusions,
average inclusion indication size and number of indications on the casting surfaces are used to determine
the agreement.

2. Description of Model and Analysis of Simulation Results

The model used in this paper was developed based on previous work [3,5]. It is referred to as a “dross”
model as it applies to liquid metals forming dross inclusions (i.e., ductile iron [5], nickel-aluminum
bronze and aluminum alloys) when the liquid metal surface is exposed to oxygen. In the case of this
model, inclusions were determined to primarily come from the ladle used to fill the casting. In all
experiments discussed and simulated here, ASTM A216 WCB steel was poured at the University of
Northern lowa Metal Casting Center using a 300-pound lip-pour ladle. During the holding of the steel
prior to pouring, inclusions accumulated on the surface of the ladle due to reaction with the air, and
convection and buoyancy effects bring them to the top surface. While efforts were made to de-slag and
remove the inclusions from the melt surface prior to pouring, inclusions remained on the melt surface
and entered the castings via the inlet stream. Upon entering the casting with the filling flow, the
inclusions are transported with the flow under the effects of buoyancy and drag to their final locations
in the solidifying casting.

Because of the observations discussed above, the current model assumes the sole source of inclusions
is at the inlet to the casting system having; 1) a prescribed total number of inclusions N, entering the
casting system during filling, and 2) a size distribution ranging from 50% to 150% about a prescribed
mean inclusion diameter dj,.. The inclusions are assumed to be spheres. All other aspects of the model
for calculating the motion and final locations of the inclusions are as described in [3] and [5] except that
agglomeration is not considered here. Therefore, additional parameters used in the inclusion equation of
motion [3] are the inclusion density pi, and the wall slip coefficient .. As in [3] and [5], the model
has been developed within the framework of a commercial casting simulation code.

The lip pour ladle filling stream was simulated as realistically as possible. As the lip pour ladle is
tilted progressively to pour castings, the inlet stream falls at an angle from the lip to the inlet of the
casting system. In the software used, an inlet is defined in an orientation aligned with the gravitational
vector (the vertical direction) in order to define the inlet pouring stream. An angled stream such as that
from a lip pour ladle is difficult to define in the software. To generate a more realistic lip pour stream
than using the vertically aligned inlet, the inlet is aligned vertically, and the inlet filling stream flows
through a channel designed to generate a stream falling at an angle before entering the pouring cup at
the top of the downsprue.
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The inclusion area coverage and number are measured in the experiments. To compare the simulation
results to the experiments, the inclusion simulation results must be quantitatively evaluated to determine
the inclusion area coverage and inclusion number on the casting surfaces as well. The inclusions on the
experiment casting surfaces are observed to be pancake-shaped, while the inclusions formed in the
simulations are spheres. To make the comparison to the measurements, the spherical inclusions on the
surfaces of the simulated castings are converted to flattened disks having the same volume. A flattened
inclusion has a larger diameter than a sphere of the same volume. Based on an experimental study of
inclusions removed from the surfaces of castings, it was found that the actual flattened inclusions had
an average diameter 1.7 times the diameter of a sphere having the same volume. To analyze the simulated
inclusion size distributions, an image of the inclusion distribution result on the surface analyzed is made
in the software’s post-processor with the inclusions scaled to their true size. To model the flattened shape
of the inclusions observed in the experiments, these spherical results are converted to flat disk diameters
by increasing their size using a factor of 1.7 in the post-processor. Then the image of the flattened
inclusions is converted to a binary image and analyzed using the software ImageJ [6]. In ImageJ the
particle analysis feature is used to calculate the inclusion area coverage on the casting surface, inclusion
count/number and the average diameter.

3. Experimental Inclusion Measurements

The objective of the experiments was to generate inclusions and produce flow patterns in various casting
geometries to study the effects of casting shape and surface orientation on the final inclusion locations
and distribution within the casting. This experimental data is generated to compare results with the
model described above, and will provide data for calibration and validation of the model.

The experiments were quantitatively analyzed, and inclusions were measured. The as-cast cope
surfaces of the experiments are first cleaned with a wire brush and then media blasted. The cleaning
exposes inclusion pits since the inclusions are removed by media blasting. The casting surfaces are
inspected and the inclusion pits are marked. The marked areas of inclusions are digitally photographed.
These digital images are converted to binary images. The binary images are quantitatively analyzed
using image analysis software [6] in the same way the simulation results are analyzed to measure the
inclusion area, inclusion count and average inclusion diameter on the casting surfaces.

The six experiment cases presented here are shown in Figure 1. Dimensions of the experimental
castings and other geometric features are provided. The first experiment (case A) shown in Figure 1(a)
has two inclined surfaces at angles of 55° and 30° and is referred to as an “Angled Cope” casting. The
second experiment case B is shown in Figure 1(b) and is an experiment with flow around a circular core.
The next two cases C1 and C2 are plates inclined by 30° and 60° as seen in Figure 1(c). These cases are
similar to the "Angled Cope" experiment case except that the inclination angles are split into separate
cases. The last two experiments, having a ring flow pattern during filling are shown in Figure 1(d). In
both experiments the filling flow enters the ingate and circles counter clockwise as viewed from above.
In one “Ring Flow” experiment a recessed notch is positioned on top of the casting (case D1) and in the
other a dirt trap is positioned on top of the casting. The dirt trap feature is essentially the opposite of the
notch case, creating a cavity above the casting’s cope surface. The notch and the dirt trap have similar
dimensions. Chills are used in all cases as discussed below.

The experiments were designed so that the castings would capture any and all inclusions possible for
measurement. In steel castings, inclusions can be removed from castings during filling, if the flow carries
them into feeders. It was determined in the experiment design process that feeders should be avoided
for this reason. However, it was determined that without feeding the solidification shrinkage, the casting
cope surface would form a sump, and suck into the casting. This made the measurements difficult. To
avoid this, chill plates, shown in blue in Figure 1, were used at the cope surfaces to create a uniformly
flat surface through rapid directional solidification. This resulted in the surface being in excellent
condition for inclusion measurements.
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‘ OD —-27.9 cm

8.0 Degrees Chill — 33 c¢m dia. x
from vertical Dirt Trap -33 2.5 cm thick
degrees (d)
Figure 1. The six experiment cases simulated showing dimensions and other geometric features. Case
A(a) has two inclined surfaces, case B (b) is an experiment with flow around a circular core, cases C1
and C2 (c) are plates inclined by 30° and 60°, and cases D1 and D2 have a ring flow pattern with a notch
and dirt trap, respectively.

4. Comparison Between Simulations and Experiments

The images of, and data from, the inclusion analysis on the surfaces of the experimental and simulated
castings are given in Figures 2 to 5. In these figures, the binary/black and white images of the inclusion
sizes and locations on the chilled cope surfaces, and core surfaces for case B, are shown. Inclusion
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locations are black. The red rectangles in the images indicate the ingate locations. The results of the
image analyses of the inclusion distributions are given below the images. These results are inclusion
area percentage (inclusion area/surface area), and inclusion count (number of individual/discrete
inclusions) and the average equivalent diameter of the individual inclusions. For the simulation results,
three of the four model parameters are constant; the mean inclusion diameter di, is 0.912 mm, the
inclusion density pin is 3,230 kg/m? and the wall slip coefficient Ay is 0.025 cm. The total number of
inclusions N, entering via the inlet was varied. The rational for varying N;, was an observed effect of
pouring order on the cleanliness of the melt for the lip pour ladle used. The pouring temperature and
time simulated for each case are taken from thermocouple measurements and videos of the experiments,
respectively. Model results for case A are shown in Figure 2(b) where the N is 2000. For both
measured and simulated results in Figure 2, case A has inclusions located at the upper ends of the
surfaces at the “peak of the casting.” The lower part of the casting was much cleaner by comparison for
both results. The inclusion area percentages agree well for both cope surfaces. Inclusion counts are
higher and sizes lower for the measurements compared to simulations. For the cored casting in case B,
Nine 1s again 2000. For case B in Figures 3(a) and 3(b), both measurements and simulations have a large
amount of inclusions on the cope surface of the block with the inclusion locations biased on the ingate
side of the casting. In Figures 3(b) and 3(d) the drag side at the core (top surface of the core) was almost
entirely clean for both results. For the cope surface of the core (bottom side of core) in Figures 3(e) and
3(f), both results have numerous inclusions and the locations are biased at the mid-length of the core.
For the two inclined plates (case C1 and C2) in Figure 4, both results have inclusion locations towards
the bottom/ingate end of the plates. For case C1 Nj, is 4000, and N, is 2000 for C2. For the steeper
inclined plate C2, both results have observably more inclusions distributed at the upper end of the plate
in Figures 4(c) and 4(d). For both inclined plates the melt appears to be “cleaned” progressively as
inclusions stick to the cope surface during filling. The ring flow cases D1 and D2 are shown in Figure
5. For case D1 Ny, is 4000, and N is 500 for D2. The measurements showed that the dirt trap case D2
in Figure 5(c) had much fewer inclusions than the notch case D1 shown in Figure 5(a). Both the
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Figure 2. Comparison between measured inclusion data in case A (a) and simulation results (b).

measured dirt trap and the notch cases were cleaner upstream of the notch and trap features compared
to downstream of them. The simulations in Figures 5(b) and 5(d) had the opposite distribution with more
inclusions upstream than downstream.

A summary of the comparisons between measured and simulated inclusion data is given for the
inclusion area percentage in Figure 6(a) and also for the inclusion count in Figure 6(b). The nine points
in each plot correspond to the surfaces plotted in Figures 2 to 5. In Figure 6(a) the inclusion area
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Average diam. 1.38 mm Average diam. 1.96 mm
() (b)
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Measured Core Bottom Simulated Core Bottom

Inclusion area 3.2% Inclusion area 1.72%

Inclusion count 45 Inclusion count 105

Average diam. 3.19 mm Average diam. 1.77 mm
(e) )

Figure 3. Comparison between measured and
simulated inclusion data for case B. Measured cope
surface (a) and simulation results (b). Measured core
top surface (c) and simulation (d). Measured core
bottom surface (e) and simulation (f).

Measured Inclusions Inclusion count 857 '
Inclusion area 3.6%  Average diam. 1.55 mm

(a)

3 . .
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Simulated Inclusions Inclusion count 483
Inclusion area 3.86%  Average diam. 1.99 mm

(b)

Measured Inclusions Inclusion count 496 '
Inclusion area 1.9%  Average diam. 1.54 mm

Simulated Inclusions  Inclusion count 506
Inclusion area 3.4%  Average diam. 2.0 mm
(d)
Figure 4. Comparison between measured and
simulated inclusion data for cases C1 and C2.
Measured case Cl1 cope surface (a) and
simulation results (b). Measured case C2 cope
surface (c¢) and simulation (d) results.

percentage shows an excellent trend over the range of values and remarkable agreement between
measurement and simulation. The inclusion count in Figure 6(b) shows a good trend between the
experiment and model, but the simulations appear to consistently under predict the inclusion count. The
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Figure 5. Comparison between measured and simulated
inclusion data for cases D1 and D2. Measured case D1 cope
surface (a) and simulation results (b). Measured case D2 cope
surface (c) and simulation (d) results.

5 e
4
S AL =
= 4 A AL 3
B 4! O
— 7/
< A s =
£ 3 . e .8
2 7 2
[72) 4 —
=] e )
5 N’ =
(=1 2 1 k4 -
— ’
- A i3]
2 0 =
= A’ =
= 11 - £
wnn e
0 T T T T
0 1 2 3 4 5

Measured Inclusion Area (%)

(a)

1000

800

600

400

200

0

doi:10.1088/1757-899X/1281/1/012035

mean inclusion diameter did not predict a
trend with the simulation diameter range
being from 1.4 to 2.1 mm and the
measured range from 1.1 to 3.2 mm.

5. Conclusions

Results from a model are presented that
predicts the motion and final locations of
oxide inclusions in steel castings. The
simulations use a distribution of
inclusions entering the casting system via
the inlet stream, ranging in size from 50%
to 150% of a prescribed mean diameter.
Upon entering the casting system with the
filling flow, the inclusions are transported
with the flow under the effects of
buoyancy and drag to their final locations
in the solidifying casting. Model results

are  compared to  experimental
measurements results on nine surfaces of
five casting experiments. A mean

inclusion diameter of 0.91 mm is used in
the simulation results given here. The
inclusion density used is 3,230 kg/m? and
the wall slip coefficient is 0.025 cm. The
total number of inclusions entering via the
inlet was varied from 500 to 4000
inclusions entering the casting during the
filling process. Comparisons are made
between the measured and simulated
inclusion area coverage, inclusion
count/number and the average diameter
on the casting surfaces, and the standard
errors in the model results are 1.0%, 179,

0 200 400 600 800 1000
Measured Inclusion Count

Figure 6. Comparison between measured and simulated inclusion area percentage data (a) and count

(b) for all cases.
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and 0.67 mm, respectively, compared to the measurements. For the 30 and 60 degree inclined plate
cases, the measurements and simulations showed more inclusions near the lower end of the plates. The
inclusions entering the casting system were cleaned from the melt as these cases filled. For the cored
casting, both measured and simulation results had clean core top surfaces and dirty core bottom surfaces.
In order to verify the modeling capability of predicting final inclusion locations, many repeated
experiments of the cases presented here would be needed. However, the model results presented compare
well with the experiments overall in predicting the area coverage on the casting surfaces. This
demonstrates the model’s usefulness in designing filling systems that provide cleaner melt flow by
transporting inclusions to less harmful locations in the casting system.
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