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Because of the growing demand of cleaner and defect-free steels, faster and more reliable offline
steel cleanliness determination methods combined with online techniques are finding increasing
usage to study steel refining and casting issues. Because a single-steel characterization technique
is not sufficient to provide answers to all process problems, a combination of these techniques is
often used to find a customized solution of the problem. This article reviews the past experiences
on steel cleanliness examination to standardize the inclusion-characterization techniques and
their applications for both experienced and novice researchers. The article also proposes a suite
of techniques as a reference tool to facilitate clean steelmaking research at ArcelorMittal Group
more effectively in the future. Examples of use of automated scanning electron microscopy and
pulse discrimination analysis are provided.
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I. BACKGROUND

ARCELORMITTAL, similar to other worldwide
steel producers, is making every effort to make cleaner
steels to meet customer demands while improving
steelmaking and casting processes. One key area is to
characterize and control the inclusions in the steel that
affect its mechanical properties. After the merger
between former Arcelor S.A. and Mittal Steel, research-
ers with expertise in the area of inclusion engineering
teamed up to exchange the experiences on clean steel-
making, which are available separately in predecessor
companies, and recommended to standardize the char-
acterization techniques across the entire group. As a
follow-up of these recommendations, a series of research
was carried out to develop a suite of techniques to
perform future clean steelmaking studies more effi-
ciently. As reports that describe the characterization
techniques in detail[1–4] were already available, efforts in
the current exercise were directed to understand the
applicability of these techniques by performing charac-
terization on the steel grades in common production.

The article begins with a discussion about the
inclusions that create problems in the steel grades of
interest coupled with suggestions for appropriate sam-
pling and techniques to carry out inclusion character-
ization. This is followed by a summary of the proposed
tools for an inclusion analysis for use in research and
plant studies to diagnose the root cause of the industrial

problem. Thereafter, a round robin analysis conducted
on selected steel samples is presented. The article finishes
with a few examples of use of these techniques to
analyze the steelmaking problems.
Figure 1 explains the methodology to conduct inclu-

sion characterization as a part of the projects studying
the issues that affect either the quality of the steel or its
end use properties. To initiate steel characterization, the
obvious questions to answer are as follows: What is the
purpose of characterizing inclusions, and which meth-
ods can provide faster and reliable results? This process
includes steel sampling followed by the sample analysis,
and combining the inclusion analysis results with
modeling and previous experience to propose a solution.
Sometimes, the entire process has to be repeated after
conducting plant trials to confirm the success of the
proposed solution. The inclusion characterization pro-
cess, in contrast, can be divided into a series of smaller
steps that identify the dependency of a problem with
steel grades and inclusions, as well as the dependency of
sampling with techniques and problems. This relation-
ship can be expressed in multiple tabular formats, and it
forms part of the discussion in the subsequent sections.

A. Common Inclusions in Various Steel Grades
and Their Link to Industrial Problems

As a first step, it is necessary to have some knowledge
about the chemistry of inclusions and their nature (i.e.,
problematic or not) in the steel grade to be studied. This
information can be obtained from the literature survey
and the expertise of peer researchers. In addition, as new
information from the characterization of steel grades
becomes available, the previous experience can be
updated. Table I lists the inclusions commonly observed
in different steel grades. It should be noted that stainless
steel grades are not discussed in this article. For advanced
high strength steels (AHSS) grades, more research is
necessary to complete the information in Table I. It is
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worth mentioning that not all inclusions behave the same
because of the differences in their physicochemical prop-
erties at the steelmaking temperatures.

In Table I, the inclusions are classified in families
based on their chemistry. The problematic inclusions in
various steel grades are marked as ‘‘X,’’ whereas those
inclusions that may or may not pose a problem in a
particular grade are shown as ‘‘Y.’’ For example, the
presence of pure MgO.Al2O3 phase or Mg-spinels is
often considered questionable for their influence on the
production and properties of various steel grades.
Similarly, alumina inclusions are considered detrimental
in many grades including Ti-stabilized ultralow carbon
(TiSULC) steels, low-carbon Al-killed (LCAK) steels,
tire cord steels, etc.,[2,3,5,11,27] but their effect on the
castability of high-Al transformation induced plasticity
(TRIP) steels is still under study. It is important to
mention that AlN are major inclusions in the Al-TRIP
steel grades.[21]

The inclusions that were considered detrimental for
regular drawing and ironing (D&I) grades are no longer
considered problematic for ultralow aluminum (ULA)
D&I grades, except for mold slag containing particles.
Mold slag, in fact, is not considered desirable in most
steel grades as it causes surface and internal defects in
the flat and long products. Nitride inclusions in the
high-alloyed steels and sulfide inclusions, specifically
MnS, in plate grade steels are also unwanted because of
their effects on the process and properties of steel.
Therefore, a first indication of type of inclusions that
could potentially be present (and harmful) can be
obtained from Table I for the steel grade(s) of interest.

Table II lists the same inclusions shown in Table I but
link their effect(s) with commonly observed industrial
issues. For example, the flat-rolled sheet steels are
known for their clogging tendency and product rejec-
tions because of sliver defects. The main reasons for
these defects are the entrapment of mold powder
particles and the deoxidation/reoxidation inclusions in
the first solidified shell. The inclusions associated with
Ca or Ti aggravate the clogging and declogging phe-
nomena[5,11] causing flow instabilities in mold and thus
favoring the sliver defects appearance. Therefore, the
characterization should be carried out knowing that
these inclusions will be present in the TiSULC steel
grade samples.

Likewise, silica, alumina, Mg-spinel, and Mn-spinel
inclusions are of importance in long products and would
be of interest to the researchers studying these grades for
a cleanliness assessment. For AHSS grades, large
Ca-aluminate inclusions were considered detrimental,[5]

but more research is needed on these grades in the future
to distinguish clearly the inclusions of interest with other
exogenous particles. The reoxidation of steel, as a
problem by itself or as the origin of certain inclusions,
is considered as a part of the steelmaking process, and
therefore, it is omitted from subsequent discussion.
Whereas the problems shown in Table II are not the
only problems in the flat and long steel products related
to their end use properties, they are the frequently
observed issues in the quality control of these steel
grades. In summary, Table II explains the need to focus
on the inclusions that were found associated with the
defects experienced in the past.
Compiling the information presented in Tables I and

II, a separate table (Table III) is created that associates
the common industrial problems encountered in differ-
ent steel grades produced in flat and long product
segments. The data in this table are recorded based on
both the internal expertise within ArcelorMittal and the
published literature, except for AHSS steel grades.

B. Steel Sampling and Characterization Techniques
for Different Problems and Steel Grades

A good sample is the key to a successful inclusion
characterization. The samples can be collected either
from the cast semis or from the liquid steel. Previous
work[40,41] indicated the use of liquid steel samples to
study inclusions. As chemical samples are collected
during a variable production environment, the differ-
ences among sampling techniques, sampling location,
sampler type, and immersion depth could lead to results
that could not be repeatable and comparable among
heats or plants. As most integrated steel plants are
equipped with automatic sampling poles, their use
minimizes the chances of variability of the location
and depth of sample collection in a steel reactor such as
the tundish or ladle, including variability resulting from
operator-assisted sampling. Moreover, moisture and
slag protection covers of samplers can contaminate the
steel sample contributing to erroneous results. Recently,
some research has been conducted to study the impact
of the sampler type on the results of the steel cleanliness
determination techniques including total oxygen[42] and
electrolytic extraction.[43]

Table IV lists the type of samples recommended to
study a particular problem. The most appropriate
location to collect the sample is also listed for each
case. The most widely used samples to study the process
problems are from the final product such as the coil and
the corresponding chemical samples obtained from the
tundish. The LUS samples (massive samples collected
from the tundish for an examination of the cooling
phenomena that would happen in slabs thereby avoiding
slab cross sectioning; these samples are no longer
manufactured) and the pin samples were used previously
to conduct total oxygen (OT) or optical emission

Problem Inclusions

Sampling

SamplesAnalysisResults
Proposed origin 
of problem 

Combine with previous 
experience and models 

Plant trials

Proposed solution

1. For what purpose and what 
needs to be determined?
2. What should I use for faster 
results?

Fig. 1—Flowchart depicting the need of steel characterization from
the process of steel sampling to finding a solution.
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spectroscopy pulse discrimination analysis (OES-PDA);
however, recently, dual thickness chemical samples are
found to conduct a good OT analysis. Silica is recom-
mended over glass as the sampler tube material for pin
samplers as a result of the contamination of inclusions
by Na2O. Although the research is currently ongoing to
use LSHR (liquid steel, hot-rolled) samples[44] to con-
duct inclusion characterization, the results from slab-
milled samples can provide only partial indication and
without statistical representativity (Table IV). Equally
important are ladle-slag samples and refractory samples,
if needed, to make thermodynamic calculations to
support and compare the inclusion analysis results from
the steel samples. It should be noted that tundish or
mold slag sampling requires attention to safety and to
avoid unintentional slag entrapment in liquid steel.

A number of techniques can be used to characterize the
same sample or the same steel grade, as shown in Tables V
andVI.A short description of these techniques is provided
in the literature.[1,3–5,52] Sometimes, a technique can be
used on a certain sample type but is usually not recom-
mended, as outlined in Table V, because of the difficulties
associated either with the sample or with the technique
such that the resulting informationmaynot be sufficient to
make a conclusion. The measurement of OT is one such
method. As known, the OT method was an industry
standard to explain the qualifications of heats for many
years in the past and was applied for all steel grades
(Table VI). It is still a good indicator to measure the
general steel cleanliness of the heats, but it lacks the
detailed characteristics that define inclusions. Therefore,
observations from just the OT data cannot be entirely
conclusive. However, when the OT data are used in
combinationwith the inclusionanalysis results fromSEM,
it can be a useful tool in explaining complex issues.[7]

Recently, the inclusion analysis on steel samples is
conducted using a combination of optical and electron
microscopy (SEM) techniques. It is common to conduct
an operator-assisted SEM examination prior to or after
an automated SEM inclusion analysis, thereby acquiring
information about the nature and composition of
inclusions separately such that an automated SEM
analysis does not mislead the overall analysis. Inclusion
characterization using automated SEM can be con-
ducted on the steel samples of any grade with certain
minimum metallographic preparation. This process
includes grinding followed by polishing of the samples
using a 1 lm oil-based diamond suspension. Besides
inclusion characterization on the chemical samples, a
newer technique is to use OES-PDA that discriminates
the insoluble elemental content from the soluble portion
by the application of low-energy matter extraction from
the steel matrix,[45,53] and it can be performed using
industrial spectrometers that are also used to analyze
steel chemistry. Lately portable OES is finding applica-
tion in determination of defect chemistry on coil samples
of TiSULC and D&I grades, as mentioned in Table VI.

The remelt button (RB) technique is the best to study
inclusionmorphology in three dimensions and its influence
on the process parameters. The samples for the remelt
buttons are goodwhen obtained using thin pin or from the
slab samples, as the chances of surface contamination or

cavities are minimal. It is worth noting that because of the
sample size in the remelt button technique (a few grams), it
may not be suitable to study a plant issue that is related
with a higher population of inclusions larger than 100 lm.
The remelt button technique has been used extensively for
castability and cleanliness studies in the past with using a
cathodoluminescence (CLM) microscope,[46,47] but more
research is required to use RB samples on D&I and free
machining or tool steels.
MIDAS and other ultrasonic tests are designed mostly

to work on the slab samples for inclusion determination
and counting; however, it is said to be a tedious activity.
The use ofMIDAS for ultrasonic testingwas conducted in
the past[48]; however, because of inadequate experience on
this technique in ArcelorMittal Group, no comments are
made on this technique in Table V. A previously, and
perhaps commonly, used electrolytic dissolution tech-
nique is a slow process and requires massive samples to
account for inclusionsof all sizes; hence, themassive liquid
steel or slab samples are useful for this technique.
Nevertheless, this technique is applicable to more steel
grade families. According to the results from the IRSID-
NSC collaboration on the steel cleanness assessment, the
amount of steel in the LUS samples (less than 300 g) is too
small to show the presence of larger inclusions in liquid
steel. It was, therefore, recommended to use samples of
several kilograms to obtain significant results when
assessing the size of larger inclusions.[49]

The previously mentioned tests are mostly offline
methods that are conducted after the completion of the
productionof a heat.However, in-line inspectionmethods
to detect inclusions on a coil samples, including automatic
surface inspection system, are gaining momentum besides
other common methods such as the eddy current or lamb
waves technique (mainly used for D&I grades). The
advantage of these online methods is that extensive
characterizations on a large section of steel surface can
be made compared with the amount of steel that can be
characterized using small samples, and thus, they are
adapted particularly to evaluate macro inclusions.
The ultimate test of steel cleanliness is through

mechanical tests on the product, such as the HIC test
on plate samples, to ensure its lifelong application.
Having the desired inclusions’ shape and size with their
appropriate distribution in the product may not be
helpful if the final product does not adhere to customer
specifications. Therefore, the results of mechanical tests
serve as a guideline for the characterization of appro-
priate samples of a heat to study the process problem.
The list shown in Tables V and VI is not comprehensive,
as there are methods such as laser techniques[50] for
inclusion identification and online liquid steel inclusion
measurement probes.[51] These methods are relatively
new and are still in the process of development;
therefore, they are not discussed in this study.

II. A SUITE OF TECHNIQUES FOR
CLEANLINESS CHARACTERIZATION

As an outcome of several discussions after a literature
survey, the authors agreed that the following techniques

METALLURGICAL AND MATERIALS TRANSACTIONS B VOLUME 43B, AUGUST 2012—715



T
a
b
le

V
.

C
h
a
ra
ct
er
iz
a
ti
o
n
T
ec
h
n
iq
u
es

th
a
t
C
a
n
b
e
A
p
p
li
ed

o
n
V
a
ri
o
u
s
In
d
u
st
ri
a
l
S
a
m
p
le
s[
1
,2
,4
,4
5
–
5
2
]

T
ec
h
n
iq
u
es

S
a
m
p
le

T
y
p
e

S
ta
n
d
a
rd

L
o
ll
y
p
o
p

L
S
H
R

T
h
in

P
in

S
la
b

M
il
le
d

C
o
il
S
tr
ip

P
la
te

S
a
m
p
le

B
a
ll

B
ea
ri
n
g

R
ef
ra
ct
o
ry

S
a
m
p
le
s

S
la
g
S
a
m
p
le
s

O
ff
li
n
e

T
es
ts

In
li
n
e

T
es
ts

S
E
N

L
a
d
le

T
u
n
d
is
h

M
o
ld

T
o
ta
l
o
x
y
g
en

Y
IE

X
Y

R
eg
u
la
r
m
et
a
ll
o
g
ra
p
h
y
(S
E
M
)

X
X

X
X

X
X

X
X

X
X

X
A
u
to
m
a
te
d
m
ic
ro
sc
o
p
y

X
X

X
X

X
X

X
O
E
S
-P
D
A

o
n
la
b
sp
ec
tr
o
m
et
er

X
X

IE
X

(u
n
co
a
te
d
)

X
X

P
o
rt
a
b
le

o
p
ti
ca
l
em

is
si
o
n
sp
ec
tr
o
sc
o
p
y

X
R
em

el
t
b
u
tt
o
n
s

Y
IE

X
X

A
u
to
m
a
ti
c
su
rf
a
ce

in
sp
ec
ti
o
n
sy
st
em

X
M
ID

A
S

IE
X

U
lt
ra
so
n
ic

te
st

IE
X

L
a
m
b
w
a
v
es

X
M
ec
h
a
n
ic
a
l
te
st
s
o
n
sh
ee
ts

X
M
ec
h
a
n
ic
a
l
te
st
s
o
n
p
la
te
s

X
F
a
ti
g
u
e
te
st

X
E
d
d
y
cu
rr
en
t

X
X
-r
a
y
fl
u
o
ro
sc
o
p
y

X
X

X
X

W
et

ch
em

is
tr
y

X
X

X
X

E
le
ct
ro
ly
ti
c
d
is
so
lu
ti
o
n

X

b
la
n
k
ce
ll
,
n
o
t
a
p
p
li
ca
b
le
;
IE

,
in
su
ffi
ci
en
t
ex
p
er
ie
n
ce
;
X
,
re
co
m
m
en
d
ed
;
Y
,
p
o
ss
ib
le

b
u
t
n
o
t
re
co
m
m
en
d
ed
.

716—VOLUME 43B, AUGUST 2012 METALLURGICAL AND MATERIALS TRANSACTIONS B



T
a
b
le

V
I.

C
h
a
ra
ct
er
iz
a
ti
o
n
T
ec
h
n
iq
u
es

fo
r
D
iff
er
en
t
S
te
el

G
ra
d
es

[1
,2
,4
,4
5
–
5
1
]

T
ec
h
n
iq
u
es

S
te
el

G
ra
d
es

T
iS
U
L
C

L
C
A
K

C
a
-T
re
a
te
d

S
i-
K
il
le
d

A
H
S
S

A
l-
T
R
IP

D
&
I

F
re
e
M
a
ch
in
in
g
S
te
el
s

S
p
ec
ia
lt
y
P
la
te

H
IC

L
o
n
g
P
ro
d
u
ct
s

R
eg
u
la
r

U
L
A

T
o
o
l
+

B
ea
ri
n
g
S
te
el

(C
a
T
re
a
te
d
)

T
i
D
eo
x
id
iz
ed

T
o
ta
l
o
x
y
g
en

X
X

X
X

X
X

X
X

X
X

R
eg
u
la
r
m
et
a
ll
o
g
ra
p
h
y
(S
E
M
)

X
X

X
X

X
X

X
X

X
X

A
u
to
m
a
te
d
m
ic
ro
sc
o
p
y

X
X

X
X

X
X

X
X

X
X

O
E
S
-P
D
A

o
n
la
b
S
p
ec
tr
o
m
et
er

X
X

X
Y

Y
X

X
Y

P
o
rt
a
b
le

o
p
ti
ca
l
em

is
si
o
n
sp
ec
tr
o
sc
o
p
y

X
X

X
X

X
R
em

el
t
b
u
tt
o
n
s

X
X

X
IE

X
A
u
to
m
a
ti
c
su
rf
a
ce

in
sp
ec
ti
o
n
sy
st
em

X
X

M
ID

A
S

X
X

X
X

X
U
lt
ra
so
n
ic

te
st

X
L
a
m
b
w
a
v
es

X
X

M
ec
h
a
n
ic
a
l
te
st
s
o
n
sh
ee
ts

X
X

X
X

M
ec
h
a
n
ic
a
l
te
st
s
o
n
p
la
te
s

X
X

F
a
ti
g
u
e
te
st

o
n
b
a
ll
b
ea
ri
n
g
s

X
E
d
d
y
cu
rr
en
t

X
E
le
ct
ro
ly
ti
c
d
is
so
lu
ti
o
n

X
X

X
X

X
X

X
X

b
la
n
k
ce
ll
,
n
o
t
a
p
p
li
ca
b
le
;
IE

,
in
su
ffi
ci
en
t
ex
p
er
ie
n
ce
;
X
,
in

co
m
m
o
n
u
se
;
Y
,
d
ev
el
o
p
m
en
t
in

p
ro
g
re
ss
.

METALLURGICAL AND MATERIALS TRANSACTIONS B VOLUME 43B, AUGUST 2012—717



can be used for inclusion characterization on a routine
basis.

A. Research Tools

To diagnose the plant problem as a research project,
obtaining a complete chemical analysis of a steel sample
including nitrogen and total oxygen is necessary. The
inclusion analysis of the sample should be conducted
using an automated SEM, and the results should be
compared with thermodynamic estimations. CLM has
been used extensively in the past at ArcelorMittal
Global R&D to study the influence of the inclusion
shapes on clogging,[7,47,54] and still a preferred method
to study inclusion shapes as electrolytic etching of
inclusions from a steel sample is a time-consuming
activity. In addition to CLM, studies on the confocal
laser microscope[55–57] have shown that it is a good tool
to study inclusion shapes in situ and also is helpful in
understanding their relative interaction in liquid steel.

B. In-Plant Use

The use of OES-PDA in plants is suggested as the
primary investigative means for the evaluation of steel
cleanliness on a regular basis, where possible. The slag
composition after completion of the ladle treatment
process (end of secondary metallurgy) can be used as an
alternative technique. The actual slag composition and
thermodynamic computations should be used in conjunc-
tion to understand the deviations in the process route
from equilibrium.Althoughnot all steel-producing plants
may be equipped with spectrometers that could perform
OES-PDA, the ladle slag compositions can serve as a
good indicator if correlations with downstream process
anomalies or product rejections are established.

In all studies, fast-cooling liquid steel samples are
considered useful, and these samples should be collected
using Ar-flushed sucking samplers. A killing agent in the
samplers is not recommended.The slab samples, although
recommended, are sometimes not useful because of the
heterogeneous inclusion content and their location in the
slab relative to the inclusion floatation zone in the caster,
and therefore, they are helpful only to study macroinclu-
sions in some specific studies. The massive samples
collected from tundish are thus considered better to study
the phenomena during cooling and solidification to
represent the slab samples from the same heat.

Other techniques that can be used either as offline or
on-site testing are listed in Table VII in order of
preference. This table categorizes the techniques based
on the characteristics of inclusions and is a summary of
the information outlined in Tables I through VI. The
tables listed in this article constitute a suite of techniques
proposed by the authors as reference tools to pursue
clean steel studies more effectively. This suite is also
helpful in picking a technique quickly that is relevant to
the steel grade and the process problem to be dealt. We
recommend that a minimum of 30 heats from different
cast sequences should be sampled and characterized to
make statistical correlations of inclusion data with
process variables.

III. COMPARISON OF RESULTS ON
PREFERRED TECHNIQUES CONDUCTED

USING DIFFERENT MACHINES

From Table VII, it is clear that the automated SEM,
PDA, and OT/RB are strong choices over other tech-
niques as both research and plant tools for inclusion
characterization. Therefore, it is worth investigating
whether these techniques can produce repeatable, com-
parable, and reliable results. Although OT analysis can
be made on standard samples to test the preceding
criteria, standard samples are not available to conduct a
round robin analysis for PDA and, more importantly,
automated SEM analysis. This section, therefore, covers
some issues related to the comparison of the results of
these techniques on industrial samples.

A. Automated SEM Analysis

The results of inclusion characterization using two
automated SEM machines from different suppliers
(SEM A and SEM B) on two TiSULC heats are
discussed in this article. The predefined quality event for
sample selection was the castability of the heats—one
that showed good castability (heat X) and the other that
showed strong clogging (heat Y). Additionally, these
two heats showed a clear distinction in terms of the
average composition and the relative scatter of the
inclusion chemistry. The tundish samples of these heats
were reanalyzed using two different automated SEMs to
compare the inclusion analysis results. A close (and
similar) sample area was examined in this exercise.
From the examination of inclusion analysis data, it

was found that heat X contained mostly Al-Mg-O
inclusions and they were detected by both SEMs. In heat
Y, the number density of the Al-Mg-O inclusions
provided by either machine was close; however, their
relative fraction was much higher in the inclusion
analysis obtained from SEM B. This was because more
Al2O3-TiOx-type inclusions were detected by SEM A.
Although a slight mismatch occurred in the number

density of inclusions from the two SEMs, a better way to
compare the inclusion analysis is to examine the average
chemistry of all the inclusions that are selected and
plotted on a particular ternary diagram. The composi-
tion of inclusions in heat X and heat Y are plotted on
the ternary diagrams in Figures 2 and 3, respectively.
The average composition of inclusions is indicated by
the red points for the data from SEM A and the blue
points for the data from SEM B. All the inclusions in
Figures 2 and 3 are greater than 1 lm in size.
A comparison of the inclusion chemistry found in

heat X analyzed using SEM A and SEM B, i.e.,
comparing Figures 2(a) with (b) and comparing Figures
2(c) with (d), it seems that the inclusion compositions
are close from either analysis, and the average chemistry
of inclusions is moderately comparable. Some differ-
ences are noted such as the detection of more inclusions
containing Al2O3-TiOx from SEM A, as mentioned
previously. Because of the presence of these inclusions,
the average chemistry of inclusions computed and
plotted on the MgO-TiO2-Al2O3 diagram reports a
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higher fraction of TiO2. A similar analysis can be made
for heat Y by comparing the diagrams in Figure 3(a)
with Figure 3(b).
The poor castability of heat Y cannot be explained

alone by inspecting the MgO-TiO2-Al2O3 diagrams for
heats X and Y shown in Figures 2(a) and (b) and
Figures 3(a) and (b). Although heat X had spinel-TiOx-
type inclusions, heat Y contained Al2O3-MgO inclusions
with small fraction of TiO2, as shown in Figures 2(a)
and (b) as well as Figures 3(a) and (b). These results do
not help explain the difference in the castability behavior
of heat X and heat Y. In contrast, CaO-Al2O3-MgO
diagrams for these heats shown in Figures 2(c) and (d)
as well as Figures 3(c) and (d) explain that many Ca-Mg
aluminates are present in heat Y, whereas heat X
contains a large population of spinels inclusions (MgO.
Al2O3) and calcium-free Mg-aluminate inclusions.
Although solid Ca aluminate inclusions were reported
to accelerate nozzle clogging during casting opera-
tions,[13] the influence of spinel inclusions and spinel-
TiO2 on castability is not clear because they do not
agglomerate as much as alumina or solid calcium
aluminate inclusions.[55,56] The presence of a higher
fraction of solid Ca aluminate inclusions could be one
reason why heat Y showed poor castability compared
with heat X.
A comparison of inclusion analysis data from two

SEMs in this study indicated that quantitative inclusion
indices, e.g., number density, were dissimilar and var-
iable. This finding is attributed to the differences in the
analytical methods of two SEMs and the subsequent
classification of energy-dispersive X-ray spectroscopy
(EDX) data into inclusion categories. Moreover, the
EDX chemistry of the individual inclusions analyzed by
two machines shows a slight mismatch, particularly for
inclusions smaller than 2 lm, and this difference is
attributed to the specifics of each SEM. A more reliable
way to compare the characterization results is to
compare a general trend of the inclusion chemistries
plotted on various ternary diagrams and to examine the
corresponding average inclusion composition. It should
be noted that the exact match between the average
inclusion chemistry may not be achieved if some
components of the ternary diagrams tend to be the
elements that have overlapping EDX spectrum peaks or
differences in sample polishing leading to poor spectrum
quality or noise. However, for the two TiSULC heats
studied in this article, the individual inclusion analysis
results from either machine suggested that heat Y had
Ca-Mg aluminate inclusions that affected its castability.

B. Pulse Discrimination Analysis

The TiSULC steel and Ca-treated medium carbon
Al-killed (MCAK) steel grades were selected to conduct
a round robin PDA analysis. Some selected tundish
samples were analyzed using two spectrometers, C and
D (from different suppliers). Spectrometer C has been
used in the past to compare a PDA analysis with SEM
and, therefore, serve as reference for all PDA work at
ArcelorMittal Global R&D. The samples were analyzed
first by the spectrometer D followed by their analysis on
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the spectrometer C for the round robin purpose. Before
repeating the PDA technique using spectrometer C, the
samples were milled to obtain a solid cross section free
of contamination and spark marks.

The data from the PDA were used to compute the
glob index (GI) using a computer algorithm. The details
about the GI can be obtained from a previous publica-
tion[40]; it refers to the average intensity ratio of CaO/
Al2O3 in oxide inclusions over certain threshold inten-
sity values, which were detected by spectrometers in the
low-energy spark mode. The GI values measured on the
TiSULC and MCAK samples using the two spectrom-
eters are plotted in Figure 4. As observed, the GI values
follow a linear trend and are smaller from the measure-
ments made using spectrometer D. As spectrometer C
serves as a reference, the charts similar to Figure 4
are necessary for all spectrometers of interest using

industrial samples such that the spectrometer in-test can
provide GI or other PDA indices comparable with that
provided by spectrometer C. It is worth noting that the
GI can be used to diagnose steelmaking and casting
issues. Recent developments on the determination of
inclusions using PDA are promising,[53] and therefore,
this tool shows a potential to become a daily monitoring
quality-control technique in the coming years.

C. Total Oxygen Analysis

The OT was measured on the selected standard
samples for the round robin study. Five standard
samples in the range of 8 to 50 ppm were chosen and
analyzed using a LECO combustion analyzer (LECO
Corporation, St. Joseph Charter Township, MI). The
samples were analyzed with three LECO machines viz.
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Fig. 2—Comparison of inclusion chemistries in heat X (good castability) on two different ternary diagrams; all inclusions were>1 lm. The aver-
age chemistry of all inclusions is shown by a red point in (a) and (c) and a blue point in (b) and (d); (a) and (c) for heat X analyzed with SEM
A and (b) and (d) for heat X analyzed with SEM B. (Color figure online).
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E, F, and G located at three different ArcelorMittal
locations. The results of the OT analyses are shown in
Figure 5. As shown, all the machines provide reproduc-
ible results within the marginal error of 1 ppm, which
increases as the aim oxygen value in standard samples
increases. Noticeably, the OT analyses from all three
LECO measurements are slightly higher than the aim
value of 29 ppm in one of the standard samples (sample
1092). It may be either because of the contamination
within the sample or possibly because of an incorrect
aim value. These results indicate that the OT analysis on
standard samples is reasonably repeatable and compa-
rable when measured with different machines. However,
for industrial samples, variations of OT could exist
within the same sample,[42] and therefore, the choice of
the sampler and sample preparation techniques need
consistency before the OT results can be compared and
correlated to the process conditions of industrial heats.
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Fig. 3—Comparison of inclusion chemistries in heat Y (poor castability) on two different ternary diagrams; all inclusions were>1 lm. The aver-
age chemistry of all inclusions is shown by a red point in (a) and (c) and a blue point in (b) and (d); (a) and (c) for heat Y analyzed with SEM
A and (b) and (d) for heat Y analyzed with SEM B. (Color figure online).
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IV. EXAMPLE STUDIES USING AUTOMATED
SEM AND OES-PDA

Although recent publications[6–9,16,34,38] report the use
of automated SEM to study steelmaking process prob-
lems, this article presents some specific examples of the
issues pertaining to the use of different ferroalloys in the
steelmaking processes, and the application of an auto-
mated SEM and PDA to understand them better. The
residuals in certain ferroalloys can produce inclusions in
steel that can affect the castability of steel or produce
surface defects in the finished steel products. One such
issue occurred when the FeTi (~70 pct Ti) alloy was
replaced with the one containing 33 pct Ti. The FeTi
70 pct is produced by melting Ti scrap whereas FeTi
33 pct is a product of the thermite process. The
switching of FeTi 70 pct with FeTi 33 pct occurred as
a result of the lower cost of the latter compared with the
former alloy.

A detailed analysis of the sliver data on the finished
coils of the TiSULC grades showed the relationship of
the rejections with the source of FeTi, which is plotted in
Figure 6. From a physical examination, it seemed that
the slivers were inclusion-related defects. Consequently,
a study was conducted in which the tundish samples
were picked from the heats that were produced using the
two different sources of FeTi. These samples were
analyzed for inclusions using automated SEM A. The
third heats in different cast sequences were chosen to
eliminate the effects of tundish refractory contamination
during the initial tundish filling and turbulence, steel
reoxidation, and nozzle exchange.

Figure 7 plots the area fraction of Al2O3 and Al2O3-
TiOx (AlTi) inclusions in the heats alloyed using FeTi
70 pct and FeTi 33 pct at two different plants P1 and
P2. As seen, the area fraction of alumina inclusions is
similar when either source of FeTi was used in both
plants. Besides as higher alumina inclusion content was
observed in the samples from plant P2, it did not
correspond to a higher rejection index at plant P1
compared with plant P2 (Figure 6). However, a remark-
able difference was observed in the area fraction of AlTi
inclusions larger than 10 lm among the heats alloyed

with FeTi 70 pct and FeTi 33 pct. This difference was
higher for the AlTi inclusions in the heats produced
in plant P1 than in plant P2. The relative change in
the area fraction of larger AlTi inclusions between the
plants matched the ratio of the effect of switching the
type of FeTi on the slivers.
With extensive sampling of the FeTi 70 pct and FeTi

33 pct alloys and their SEM examination, it was found
that the FeTi 33 pct used in plant P1 contained alumina
particles as large as 20 lm in the alloy matrix, which
were absent in the FeTi 70 pct used in the same plant
and in both types of the FeTi alloys used at plant P2.
Additionally, the total oxygen and Al measured in the
FeTi 33 pct alloy used in plant P1 was approximately
1.2 pct and 3 pct, respectively, whereas in the FeTi
70 pct, there was 0.15 pct total O and 0.8 pct Al.
Therefore, one reason for the higher sliver index at plant
P1 was attributed to the compromised quality of FeTi
33 pct. This example corresponds to the findings of
Dippenaar,[58] who suggested that the inclusions in
ferroalloys can alter the outcome of the steel refining
and cleanliness control practices significantly, and these
should be considered in the selection and use of
ferroalloys.
In another example, the inclusion cleanliness assess-

ment was made on two different interstitial-free (IF)
grades (standard IF and rephosphorized IF). The main
difference between the two processes is that in rep-
hosphorized IF heats, FeP alloys are added to trim the
steel chemistry after steel deoxidation. In this case, the
tundish samples were analyzed for inclusions using
OES-PDA on the spectrometer C. The observations of
this study are reported in Figure 8. The fraction of the
Ca-containing inclusions (Al-Ca and Al-Ca-Mg) was
found to be higher in the rephosphorized IF heats than
in the standard IF heats. These results were confirmed
later by a manual SEM analysis. The chemical analysis
of the FeP revealed presence of Ca, suggesting that Ca
from FeP reacted with alumina inclusions in steel to
form solid Ca aluminates thus affecting the castability of
the rephosphorized IF heats.
Another example where OES-PDA became useful was

the quick detection of the difference in the inclusion
population depending on the type of FeSi alloy used to
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trim the Si content of steel. A higher fraction of
Ca-aluminate inclusions (Al-Ca) was observed in the
heats made using FeSi N (Figure 9). In fact, whereas
FeSi N contained about 0.35 pct Ca, FeSi M only had
0.03 pct Ca. In this case, the direct influence on the
castability was established also (Figure 9).

The GI was also computed from the PDA data for
the heats of interest. In the heats alloyed with FeSi M,
the value of GI was close to zero, implying that the
inclusions were almost pure alumina. In the heats
treated using FeSi N, the calculated value of GI was
approximately 1.9. This value corresponds to the
domain of solid Ca-aluminates[59] and is dependent on
the spectrometer. Thus GI values supported the theory
that the heats with FeSi N had solid Ca-aluminates and
affected the castability of the heats. The effect of
residuals in FeSi and FeP on clogging tendency of
heats, as found in this study, is in agreement with the
previous work of Story.[8,38]

In the future, the questions to answer are as follows:
How much inclusions (volume or amount), of what size,

and which nature are acceptable, particularly in AHSS
grades as the customer requirements become more
stringent in coming years? Should more research be
invested in developing online inclusion analyzers that
can provide results in few minutes such that the problem
can be corrected before the heat is sent for casting?
How can thermodynamic models help in assessing the
success of trials if implemented in an online process? The
quest for the answers to these questions continues.

V. SUMMARY AND CONCLUSIONS

Faster and reliable offline methods combined with
online techniques are necessary to evaluate completely
the steelmaking and casting process issues. Appropriate
sampling during plant trials followed by a sample
analysis and previous experience with modeling helps
in proposing a solution to a particular process problem.
The choice of the sample and technique is dependent on
the steel grade and the problem to be studied, and it can
be identified using one of the tables reported in this
article. Regardless, a complete steel chemical analysis
including total oxygen, automated SEM, and OES-
PDA, along with thermodynamic computations, is often
used to the study steelmaking and casting issues at
ArcelorMittal Global R&D. Round robin analyses of
the steel samples with the previously mentioned tech-
niques resulted in repeatable and comparable results.
The results from the use of an automated SEM and a
PDA showed that solid calcium aluminate inclusions are
formed in liquid steel when ferroalloys containing higher
amounts of Ca (as residual) are charged into a steel ladle
that leads to poor castability of the heat.
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NOMENCLATURE

A B automated SEM machines used in round robin
study to compare inclusion indices

C D spectrometers used in round robin study to
measure the glob index (GI)

E F G LECO combustion analyzers used in round
robin study to measure total oxygen (OT)

P1 P2 plants that showed different sliver performance
with use of FeTi 70 pct and FeTi 30 pct

M N FeSi alloys studied for their impact on
castability

X Y two TiSULC heats with clear differences in
inclusion composition and clogging behavior
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