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1 Introduction

Continuing efforts to lower the impurities in iron and
steels, as well as to control the inclusions and precipi-
tates, have produced a number of iron-based materials of
improved material properties, including IF {interstitial
atom free) stecl, and a variety of higher purity steels for
better characteristics are under development. At the
same time, on the production line, quick and accurate
analyscs are being demanded for higher productivity and
product quality.

For devising novel materials and improving the mate-
rial properties, and for improving the production line,
physical and chemical evaluation techniques must col-
laborate with one another where more advanced analyti-
cal techniques have been developed and, in some cases,
analytical instruments of our own design have been
made. The present paper examines the progress in phys-
ical and chemical analyses, and in the process control
analyses, during the last decade at the Analysis and
Materials Science Laboratory of Kawasaki Steel.

* Originally published in Kawasaki Stee! Giho, 31{1999)1, §4—38

Synopsis:

This article reviews the research trends during the last
decade in chemical analysis, process control analysis,
surfuce analvsis and microscopic characterization in
Kawasaki Steel. The analvtical methods, such as the
highly accurate uliratrace analvsis for sieels and silicon
materials and the spark discharge optical emission spec-
troscopy for gaseous constituents in steels. have been
developed in order to meet the requirements from the
material developments and manufucturing process. It is
demonstrated that field emission gun Auger electron
spectroscopy (FE-AES) and field emission gun ransmis-
sion electron microscope (FE-TEM) have become novel
powerful tools for the surface and structure characteri-
zation. The application of X-ray diffraction and Raman
Spectroscopy to in situ analysis at high temperature are
also deseribed.

2 Recent Technical Progress

2.1 Trace Elemental Analyses

2.1.1 Analysis of the trace elements in iron and
steels

Inductively coupled plasma mass spectrometry
(ICP-MS) has been coming into use for trace elemental
analyses in various applications during the last decade."
This 15 because the ICP-MS is able to analyze multiple
elements simultaneously and has much better sensitivity
than the inductively coupled atomic emission spectrom-
etry (1ICP-AES) for most elements.

In order to fully utilize the high sensitivity of the ICP-
MS for the analyses of iron and steel samples, it is
essential fo isolate the analyte elements from the matrix
clements, and minimize the contamination arising from
the reagents and labware uscd in the chemical treatment
processes. The chemical pretreatment methods we have
developed for the isolation of trace elements from the
mutrix ¢lements are as follows.* ¥
{1) For the analyses of Al, Cr, Ni, and other metallic

impurity clements, a sample was dissolved in an HCI-

HNO, mixture, and the matrix Fe was removed using

4-methyl-2-pentanone . If the sample contained Cr as

83



a matrix element, Cr was removed as Cr,ClLO,
vapor.” This procedure isolated the elements Be. Al,
Ca, Ti, V, Cr, Mn, Co, Ni, Cu, Zn, Ba, Pb, Bi, as well
as rare earth elements.

(2) For the analyses of the elements (Mo, Sn, etc.)
which were removed by the 4-methyl-2-pentanone
extraction with matrix Fe, and of the elements (W, Zr,
ete.) which were sparingly soluble in the HCi-HNO,
mixture, a sample was decomposed by HE The ele-
ments which formed the fluoro complexes or the oxo
anions in the HF solution were adsorbed on a strongly
basic anion exchanger resin, where the cationic matrix
clements, Fe and Cr, were not adsorbed. This proce-
dure isolated such elements as As, Zr, Nb, Mo, Sn, Te,
Hf, Ta, and W.”

(3) For the analysis of B, a sample was treated with hot
H,50,-H;PO, to decompose the BN in the sample,
and B was collected on a borate specific anion
exchanger resin (Amberlite IRA-743).%

{4) For the analyses of Si and P, these elements were
converted into molybdosilicate and molybdophos-
phate, respectively, and werc separated from the
matrix elements on a dextran gel column. The Si and
P were determined by monitoring the Mo in the
molybdosilicate and the molybdophosphate by ICP-
MS<4‘5)

After the isolation of the analyte elements from the
matrix, each of the elements was determined by using
[CP-MS. The determination limit was 0.01~0.1 ppm for
most of the clements studied.

For the analyses of the lighter elements, including C,
O, and N, the combustion/fusion method has been
employed, because both [CP-AES and [CP- MS are less
sensitive for these elements. However, for the analysis of
lower ppm levels, contamination on the sample surface
significantly skews the analytical values, A means to
remove the surface contamination, as well as the stan-
dardization method, remains for further study.”

2.1.2 Analysis of the trace elements in silicon
based materials

Analyses of the trace impurity elements (Al, Cu,
Fe, P and B) in the purified silicon materials for L.S] and
solar batteries have been another target of our research.
In order to minimize contamination from the reagents,
the silicon sample was decomposed by HF-HNO, vapor
at elevated temperature under elevated pressure in a
closed container where the sample and the acids were
placed in separate cups to avoid immersion of impurities
from the decomposing acid. The matrix Si was removed
as gaseous SiFy, leaving the impurity elements in the
sample cup. The addition of a small amount of H,SO, ot
H,PO, to the sample prevented from losing the analyte
elements. The residue in the sample cup was dissolved
in water, and the impurity clements were analyzed by
1CP-MS. "
Analysis of the analyte element P by [CP-MS was not
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sufficiently sensitive. Therefore, P was converted to
molybdaphosphate, which was isolated as an ion-pair
with cationic surfactant, and Mo in the molybdophos-
phate was measured by [CP-MS for determination of
p

Our method enabled the determination of the concen-
trations of impurity efements down to a few ppb.

2.2 Process Control Analysis

2.2.1 Analysis of ultra-low C and N in steels by
optical emission spectroscopy

Optical emission spectroscopy is widely used as an
analytical method for quality control in steelmaking
process because of its excellent accuracy and rapidness.
However, ultra-low C and N have been separately ana-
lyzed by combustion/fusion method due ta the poor pra-
cision of conventional optical emission spectrometers.
However, the demand for the rapid analysis of ultra-low
C and N increases with the progress of steelmaking
technology. In order to meet this demand, a new optical
emission spectrometer was developed. ™

For the analysis of ultra-low C and N, it is quite
important to reduce the background intensity. To this
end, a horizontal emission stand was developed which
could successfuily screen the background light generat-
ing just above the specimen surface. Moreover, a newly
designed ultra-violet spectrometer, whose grating center
was adjusted to the vicinity of emission lines of C and
N, was developed. [n this spectrometer, C and N spectra
were measured directly without reflection by mirror.
With these developments, uitra-low C and N could be
analyzed by optical emission spectroscopy with a
repeatability of 0.5ppm and 0.8 ppm for C and N,
respectively.

2.2.2 Analysis of oxygen concentration,
particle size distribution and chemical
composition of inclusions by optical
emission spectroscopy

O in steels influences such properties as formabil-
ity, weldability and surface condition. The analysis of O
concentration, particle size distribution and chemical
composition of inclusions has required much time and
labor. Therefore, a new rapid analytical technique in
optical emission spectroscopy was developed to facili-
tate the analysis of O concentration, particle size and
chemical composition of inclusions.'”

In optical emission spectroscopy, anomalous emission
is observed when discharge occurs to the inclusions.
Therefore, discharges showing anomalous enission of O
and inclusion-forming elements such as Al Ti and so on
were selected as the discharges to the inclusions, On the
other hand, discharges showing normal cmission were
selected as the discharge to the matrix without contain-
ing inclusions, The net O emission intensity was deter-
mined as the difference in O emission intensities
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between anomalous and normal emissions. The back-
ground ntensity of O emissions could be significantly
reduced with this method and analytical accuracy of
4 ppm was obtained.

Rapid analysis methods for particle size distribution'™
and chemical composition of inclusions were also devel-
oped using simifar principles. It was found that there
was a strong correlation between the anomalous emis-
sion intensity and the particle size; therefore, particle
size could be caleulated by measuring the anomalous
emission intensity. The maximum particle size in a cer-
tain ameunt could be determined by using extreme val-
ues statistics after measuring at 10 points in a specimen.
The developed method was applied to low carbon steels
and the result was in good agreement with that obtained
by the lager diffraction scattering method.

2.2.3 Other developments

A new X-ray fluarescent spectrometer was devel-
oped for the rapid analysis of slag.'™ The chemical com-
position of slag used to be analyzed by X-ray fluorescent
analysts after preparing the glass bead samplcs, but this
procedure took much time. The developed spectrometer
can analyze the sampled slag picee directly without pre-
treatment, therefore, analysis time is significantly short-
ened and the results can be fed back to the production
line.

An on-line analyzer for the pickling solution of HAP
and CAP was developed and put into practical use.

2.3 Surface and Interface Analysis

Due to the growing importance of elemental and
chemical state analysis at the surface and interface in the
development of materials and processes, various surface
analytical methods have been applied to steel products.
Recently, the performance of spatial resolation, sensitiv-
ity and so on has been greatly improved, expanding the
breadth and complexity of analyses.

Auger electron spectroscopy (AES), whose incident
beam diameter could be focused to 15 nm by using a
field cmission electron gun (FE), was appiied to the
analysis of the granular precipitates formed on the sur-
face of Si and Mn-added high tensile steel sheets during
anncaling. These precipitates, whose diameters were less
than a micron, influenced the moiten zinc-wettability
and alloying behavior. FE-AES revealed that the precip-
itates were complex oxides consisting of Si, Mn and O,
and changed the stoichiometry with the Si and Mn con-
tent. ™

The clemental depth profile of insulating films such as
thick oxide layer and organic film could be analyzed by
glow discharge optical emisston spectroscopy (GDS) by
using high frequency as a discharge power source.

A charge neutratization method in secondary ion mass
spectrometry (SIMS) was successtully applied to the
determination of small amounts of Fe, Cr and La in
thick oxide film formed on Fe-20Cr-5Al alloy developed
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for the catalytic gas converters of automobiles. The
developed method consists of the pre-evaporation of Al
or Au on the surface of the specimen (except for the
analyzing area) and simultaneous irradiation of elec-
trons. The results suggest that the diffusion of O during
high temperature oxidation was retarded by the surface
oxide film formed by anncaling, and consequently resis-
tance to high temperature oxidation was improved.!”

2.4 In Sitn Analysis

An in situ X-ray diffraction instrument was developed
for the dynamic analysis of reactions at high tempera-
ture. A Seeman-Bohlin camera using an imaging plate
was cmployed in order to enable rapid and sensitive
measurement. The developed instrument was applied to
the analysis of the phase change of galvannealed coating
during anrealing'” and the oxidation/reduction process
of steel shects at high temperature.'”

An in situ taser Raman spectrometer was developed in
order to analyze the chemical state of initial surface
oxides on various steel sheets and its variation with tem-
perature. A single monochrometer cquipped with a CCD
detector enabled rapid and sensitive measurement.

2.5 Elemental and Crystal Structure Analysis by
Electron Microscope

With advances in materials research, it has become
tndispensable to evaluate the effects of microscopic
properties, such as crystal structure, crystal orientation
and chemical composition near grain boundaries or fine
precipitates.

Transmission electron microscopes (TEM) have been
playing an important role in such materials research
because of their high spatial resolution and capability of
microanalysis. Of the recent advances in TEM perfor-
mance, the most notable is the development of TEM
with a field emission gun (FE-TEM). FE-TEM, which
produces a very fine electron beam more than 100 times
brighter than usual electron emitters. This has made it
possible to analyze the structure and chemical composi-
tien at the atomic scale.

The FE-TEM being used in our laboratory is
cquipped with an energy-dispersive X-ray spectrometer
and electron energy loss spectrometer. Combining these
spectroscopic techniques with the electron beam scan-
ning unit, elemental mapping tmages can be obtained
with high spatial resolution. Applications of FE-TEM to
the steels include (1) the observation of the Cr-depleted
laver at the grain boundaries in the high-purity 18% Cr
steels,™ and (2) the study of the grain boundary segre-
gation n the oxide scales on the Fe-20Cr-5Al alloys
containing small amounts of La and Zr,*"

The focused ion beam (FIB) techntque is now widely
used as a thin film preparation method for TEM, and has
greatly expanded the application limits of TEM. The
FIB technique is a micro-fabrication by Ga ion beam
sputtering, which has been used to analyze and correct
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Photo 1 Cross-sectional micrograph of the low tin

plated steel with FIB-TEM technique

defects in semiconductor devices. With recent improve-
ment of the ion beam performance, such as large current
density and fine beam diameter, FIB has started to be
applied to the thin film preparation for TEM. One of the
advantages of FIB is the in situ observation of the fabri-
cation area on the specimen surface by scanning ion
microscopy (SIM). In addition, FIB allows the homoge-
neous thinning of specimens consisting of different
materials, which was not possible by the usual specimen
preparation methods, such as electrapolishing or ion
milling.

In our laboratory, FIB has been applied to the cross-
sectional specimen preparation of zine-plated steels,??
tin-plated steels™ and oxide scales formed on stainless
steels.”" Y An example is shown in Photo 1, which indi-
cates the layered structure of the tin-plated steel. It has
been shown that FIB is also applicable to the thin film
preparation of materials having several phases with dif-
ferent spulttering rates.

A scanming electron microscope {S1EM) equipped
with four backscattering electron  detectors aligned
annularly with respect to the incident beam is being
applied at our laboratory to high resolution observations
of surface morphology or chemical compositions of
steel sheets,

3 Conclusions

Rescarch trends at the Analysis and Materials Science
Laboratory in Kawasaki Stecl during last decade was
reviewed. Great progress has been made in lowering the
detection limit of trace element analysis, and in the rapid
and accurate process control analysis. Progress was also
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made in the research for microscopic matertal character-
1zation using FE-TEM, FE-AES and so on . and also for
dynamic analysis through in siru analysis.

These analytical techniques will continue to be the
mgjor tools for materials characterization, where further
sensitivity and precision will be expected. We should
work for the timely development of suitable analytical
techmiques  through  close cooperation  with  the
researchers in the area of materials and process develop-
ments.
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