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Pinpoint Microstructure Characterization Technique
by Transmission Electron Microscopy

Abstract
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The advancement of transmission electron microscopy has made it possible to

analyze the metallographic structure of steel products on a nanoscopic scale, which
leads to the detail understanding of microstructures such as fine precipitates and
grain boundaries. The application of the characteristic technology to commercial
steel products requires consistency in the structural analysis of steel from a macro-
scopic to a nanoscopic scale. As a solution, a technique for pinpoint analysis of
ultra-fine structures of steel has been established through the combination of the
focused ion beam technique with a manipulator that can work in afocused ion beam
device. Microstructural analyses of a galvannealed coating surface and an intra-
granular precipitate that triggers phase transformation are described herein as ex-
amples of the application of the established technique to commercial steel products.
These examples show the effectiveness of the developed technique in solving prob-
lems of coating surface quality and refining the metallographic structure of welded

joints through a nanoscopic material design approach.

1. Introduction

Steel products are produced through sophisticated and delicate
control of rolling and heat treatment processes, and exhibit excellent
mechanical propertiesin large structures several meters or morein
size. From a metallographic viewpoint, however, a steel product
having a macroscopically homogeneous structure is often composed
of complex, localized microstructures. Thereason isthat even when
asteel slab iswater cooled after hot-rolling, for example, cooling
rates differ between a surface area and amiddle part of the slab. As
aconsequence, the localized structures obtained are not the same. It
is not difficult to imagine that such minute microstructural differ-
ences are likely to have a significant influence on the strength dete-
rioration characteristics of the steel material and the properties re-

lated to those phenomena, the occurrences of which are governed by
the local inhomogeneity, such as corrosion and fatigue properties.
Steels used as the materials for awide variety of infrastructures
are designed to obtain a metall ographic structure having high poten-
tial in amacroscopic scale, while the local metallographic in homo-
geneity admittedly isinevitable. Transmission electron microscopy
that has been brought to the present level of advancement iswidely
employed as atool for metallographic analysis in aspects such as
clarifying the basic principles of the phenomena that determine the
strength properties, fatigue and corrosion resistance and other prop-
erties of steel aswell asin the quality assurance of steel products.
Transmission electron microscopy has come to be employed for vari-
ous purposes, especially dueto its capability of structural character-
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ization and elementary analysis by focusing an electron beam on an
area of a nanometer size?; thusit has contributed to clarifying the
essential properties of steel materials.

On the other hand, as atomic-scale analysis techniques such as
the above are more widely employed, it isimportant that the area of
an object or the phenomenon observed isreally related to the macro-
scopic properties of the whole material. One nanometer is one mil-
lionth of amillimeter, and acommercial steel product cannot be cor-
rectly evaluated or characterized unlessit is ensured that a phenom-
enon observed under an electron microscope is consistent with aphe-
nomenon millions of timeslarger.

As transmission electron microscopy has advanced, the above
issue, which is called scaling, has become increasingly important in
the study of commercial steel products. In view of this, the authors
have concentrated efforts over the last years on the development of a
technique for selecting portions to be observed by transmission elec-
tron microscopy and as aresult, established a new method for fabri-
cating samples for electron microscopy using an ion beam and an-
other for preparing samples using a micro manipulator. The basic
principles of the analytical devices for the developed techniques are
the same as those of the ultra-fine fabrication techniquesin thefield
of semiconductor production. Taking account for the difference be-
tween the semiconductor material and steel, a multi-purpose, pin-
point microstructure characterization technique has been established.
This paper describes the essentia points in the development of the
pinpoint microstructure characterization technique for steel mate-
rials.

2. Focused Ion Beam Fabrication Technique and
Applications of Scanning lon Microscopy
Conventionally, samples for transmission electron microscopy

were prepared mainly by methods such as electropolishing, micro-

tome and argon ion milling?. In preparing samples for observing the
structure of a surface treatment film, a corrosion product layer, or
thelike from asectional direction, it was necessary to prepare samples
using across section method wherein two specimen sheetswere lami-
nated with the object surfaces against each other and sectional thin-
film samples were cut out by argon ion milling. In the previous
special edition of Nippon Steel Technical Report for analysis tech-
nologies, the authors pointed out that sectional structural analysis
and dynamic structural observation would become essential as the
next-generation technologies for structural characterization of steel
products?. In the course of technical progress thereafter, an innova-
tive sample preparation technique, called the focused ion beam (here-
inafter referred to as FIB) method, came to be widely employed in
the field of semiconductor production®, and the development of the
application of the method to commercia steel products had began.
Firstly, attention was focused especially on the advantage of the
FIB method that thin-film samples of either oxide or organic matter
could be prepared together with base material steel sheets. Anaim
was to develop an analytical technique for the sectional structure of
the coating layer of surface-treated steel sheets and the complicated
surface layers of steel products covered with high-temperature ox-
ides, such as scale, and/or corrosion products. Fig. 1 schematically
shows a trench-shape machining method using a Gaion beam to
fabricate a sample for observing a cross sectional microstructure.

Irradiating a Gaion beam normally to a surface of a sample sputters

iron atoms according to the principle of sputtering and causes colli-

sion cascades within the sample and as a result, the sample is ma-
chined on an atomic scale. The rate of grinding of iron is approxi-
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Fig. 1 Schematic diagram of focused ion beam fabrication

mately 0.2 um?/s. Since neutral atoms and secondary electrons are
emitted from the sample surface during the working, one can obtain
a scanning ion micrograph by detecting mainly those electrons hav-
ing energy equivalent to that of the secondary electrons and having
them synchronize with a scanning ion beam.

This method permits structural observation in the same manner
as with aconventional scanning electron microscope (SEM). Since
the ions irradiated are Gaions, which are heavier than electrons,
their penetration depth is small, that is about 3nm. Astheresult, the
contrast obtained is mainly channeling contrast, which is sensitive
to achange of slight crystal orientation. Thus, the method has an
advantage of easily identifying objects such as crystal grains of poly-
crystallineiron, which do not show clear contrast under a SEM.

Photo 1 shows an example of three-dimensional structural analy-
sis using scanning ion microscopy. In the steel making processes,
internal oxidation often occursto steel materials with a high content
of Si during the hot rolling and its coiling at intermediate tempera-
ture. Itisimportant for process control to know what kind of inter-
nal oxidation layers form in a steel material. Photo 1 is a series of
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Photo 1 Continuous scanning ion micrographs showing the micro-
structure of internal oxidation near a steel surface. Cross
sectionsfrom (1) to (6) are fabricated by a width of 1um.
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sequential photographs of cross sectional microstructures of a steel
materia that has undergone internal oxidation near agrain boundary
at asubsurface layer. Oxide, which islighter than steel, emits less
secondary electrons because of the deep entrance of Gaion, and it
appears dark in the photographs; the black spots in the photographs
areinternal oxidation layers. Each photograph was taken as layers,
each approximately 1 um thick, were sliced perpendicular to the ob-
served surface using a Gaion beam.

Parts (1) to (6) of Photo 1 clearly show an oxide layer having an
amebarlike shape that has developed at atriple boundary point. These
are continuous sectional photographs, and when the images are re-
constructed on a computer, the shape of the oxide layer can be visu-
alized three-dimensionally. The same method can be applied not
only to internal oxidation layers but also to precipitates inside steel,
cracks near a surface and so forth in a similar manner. Thus, the
application of FIB technology is making it possible to investigate
the structures of specific portions of a steel material three-dimen-
sionally, if locally.

3. Establishing Micro-sampling Technique Suitable
for Magnetic Materials

In addition to being effective in observing the microstructure of
steel materials three-dimensionally, the FIB technology has another
advantage in that it makesit possible to cut out thin samples, of sub-
stantially even thickness, of composite materials such as steel con-
taining intermetallic compounds or other inorganic material without
any significant difference in sputtering efficiency. However, it was
found that while the application of the technique as it was to steel
materialswas highly effectivein observing the microstructure of steel
at specific portions, the technique was subject to some restrictionsin
relation to analytical electron microscopy.

One of the restrictions was due to the magnetism of steel materi-
as. Since the correction of astigmatism of an electron microscope
became very difficult because of the strong magnetism of steel, the
electron beam could not be focused on an area 1 nm in diameter and
as a consequence, the capacity of the analytical electron microscope
could not be fully realized. What ismore, it was known that in el-
ementary analysis by energy dispersive X-ray spectroscopy (herein-
after referred to as EDS), the emission of characteristic X-raysfrom
thick portions other than the thin sample portion could not be pre-
vented and thus, the quantitative accuracy of the analysis became
questionable®. Inview of the above, as atechnique making the most
of the advantages of the FIB technology, the authors focused atten-
tion on a new method of sample preparation using a manipulator
inside aFIB device®. Thismethod isgenerally known as the micro-
sampling method.

Photo 2 shows the procedures for cutting out a sample using a
manipulator. Parts (a) and (b) of Photo 2 show the stepsto form a
protective film of tungsten (W) on a prescribed areaapproximately 4
um wide and 10 um long for the purpose of examining the micro-
structure of a surface layer of a steel material that has a variety of
structures microscopically. Because one can select a desired area
while observing the structure, microscopic analysis can be interre-
lated with a macroscopic phenomenon (structural anomaly) at this
stage. After the W film isformed, trenches are cut around it.

Part (a) of Photo 3 isascanning ion micrograph of the specimen
seen obliquely at this stage. The sectional structure of the sample,
the grain boundary shapes in this case, can be clearly seen and the
change of material structure can be examined in detail in amicrome-
ter scale already at this stage of rough machining. After that, the
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Photo 2 Scanningion micrographsindicating the W protective layer
deposition process
(a) Interesting surface morphology of steel and (b) AW
protective layer deposited on the surface by the FIB method

Photo 3 A seriesof scanning ion micrographs showing the micro-
sampling process
(a) First fabrication of surrounding areas of the target, (b) A
tiny suspended sampleis prepared, (c) Bonding a manipula-
tive needle to the sample, (d) Picking up the sample, (€)
Setting the sample onto a TEM sheet, (f) Final fabrication of
the extracted sample

ends of the sample to be cut out are machined, its bottom is cut off
the base material to form a suspended piece supported by a small
bridge at an end as seen in part (b) of Photo 3. Then, a manipulator
is attached at aside of the W protective film as seen in part (c). The
manipulator is bonded to the sample by sublimating crystalline
W(CO), at approximately 60°C, blowing its gasto the bonding posi-
tion and then scanning the position with a Gaion beam. A vapor-
phase chemical reaction takes place at the position and atomic W
depositsthere in the form of an amorphousfilm to exert bonding and
protecting effects.

Then, the micro sample extracted from the base material steel
sheet islifted up by the manipulator as seen in part (d), and is set on
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a separately prepared support sheet for electron microscope obser-
vation as shown in part (€), and its base is bonded to the sheet also
withaW layer. Part (f) of Photo 1 isan oblique view of the sample
set on the support sheet. There are various types of support sheets
according to the object of observation; the sample shown in part (f)
is set on athin sheet in order to suppress the strength of the spurious
X-rays that would result from X-ray irradiation to side walls during
EDS andlysis. Finaly, the center portion of the sampleis ground by
FIB milling into a thickness suitable for transmission electron mi-
croscopy. Since the sequence of work steps for sample extraction
takes only afew hours and the final finishing is completed within an
hour, the micro sampling method is effective aso in reducing the
heating of a sample by an ion beam and other damages”.

The application of the above technique to steel materials has made
it possible to extract samples for transmission electron microscopy
tens of micrometersin size directly from base materials some centi-
meters large. In addition, since the structure of a sample can be
confirmed with a secondary electron image during the extraction
work, a macrostructure observed through alight optical microscope
or a SEM can be easily correlated with a nanoscopic structure ob-
served through a transmission electron microscope (TEM) in apin-
point manner. Thus, the consistency of structural analysisin asize
range of oneto amillion is ensured.

4. Pinpoint Sample Preparation Technigue and

Nanoscopic Structural Analysis

The above pinpoint sample preparation technique has greatly
advanced the possibility of analyzing various phenomenathat influ-
ence the quality of a steel material. Some such examples are de-
scribed hereafter. It isknown that a great number of craters form at
the surfaces of galvannealed steel sheets widely used for automo-
biles as aresult of the alloying reactions of the zinc coating layers
and the steel substrate. The craters are suspected to have many ef-
fects, both favorable and unfavorable: they serve as oil deposits and
are of advantage in forming work, but when distributed unevenly,
they cause surface marking adversely affecting surface quality. In
view of this, the authors examined the mechanisms of crater forming
using the pinpoint sample preparation technique®.

Part (&) of Photo 4 is aphotomicrograph showing ageneral view
of craters, and part (b) is a sectional micrograph of the structure at
the position marked with X in part (@) taken with a scanning ion
microscope. The portion between B, and B, corresponds to the bot-
tom of acrater; where the small grains as those marked with A are
not seen. Through analysis in combination with TEM observation,
the small grains marked with A were identified as an Fe-Zn aloy
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Photo4 Morphology of cratersformed on the galvanized steel
observed by a scanning ion microscope
(a) Thetop view of craters, and (b) The cross-section view of

the crater noted by line X in photograph (a)
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phase (" phase), and it was made clear that the T" phase did not exist
at acrater bottom. Secondly, preparing electron microscope samples
pinpointing crater bottoms and observing them under aTEM, the
interface layer between an alloyed galvanizing layer and a steel sub-
strateisan Fe-Zn aloy phase having stacking faults (& phase) formed,
as shown in Photo 5. The finding was the same with many craters.
SincetheT phaseisformed at alate stage of alloying reactions, it is
concluded that the crater areais made as aresult of adelay in the
galvanizing reaction.

Further, over adepth of several tens nanometers at the interface
between the § phase and the steel substrate, the authors confirmed
the existence of Al atoms, presumably the vestiges of the decompo-
sition of an Fe-Al barrier layer, which had formed at an early stage
of galvanizing reactions, as shown in Fig. 2. These resultsalso indi-
cate that adelay in galvanizing reactions accounts for the formation
of the craters as shown in Fig. 3. These findings have been applied
to the quality improvement measures in the commercial production
of the product.

Another example of the application of the pinpoint sample prepa-
ration technique relates to the crystal grain refining of welded joints.
Utilizing oxides such as Ti,0,%, Nippon Steel has found that ferritic
structure was refined during the y-to-a. transformation, and studied
the mechanism of the transformation from various viewpoints'®.
While it was essential to identify the kind of precipitate that served
asthe starting points of the ferrite transformation, all precipitates did

(a) A bright field image of the cross-sectional microstructure
around the bottom of a crater, and (b) The selected area
diffraction pattern taken from the crystal noted A in the
photograph. The diffraction pattern isidentified to be the §-
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Fig. 3 Schematic diagram indicating the model for the formation of a
crater during the galvannealing process

not necessarily serve asthe transformation starting points, and it was
impossible to randomly analyze awide variety of precipitates dis-
persed in steel. The pinpoint analysis technique proved effectivein

(a)

this situation, and an observation technique was devel oped, whereby
aprecipitate that served as a transformation starting point was iden-
tified beforehand using a SEM and its sectional structure was ob-
served using aTEM.

Photo 6 shows an example of the observation by the devel oped
method. Part (&) of photo 6 is a scanning electron micrograph of a
structure in which a crystal grain underwent intra-granular transfor-
mation into fine ferrite grains, with a precipitate serving as the start-
ing point. Detail examination of the precipitate with aTEM revealed
that it did not consist of a single phase but was a composite precipi-
tate and it had athin MnS layer. The authors focused attention on
theinterface between the MnS layer and ferrite, and carried out EDS
analysis and as aresult, it was found that there were Mn-depleted
regions over arange of tens of nanometers in the ferrite grains, as
shown in part (c) of Photo 6. The following model isinferred that,
since Mn was ay-forming element, thelocal decreasein Mn concen-
tration raised the ferrite transformation temperature by tens of de-
grees Celsius and as a consequence, the transformation began pref-
erentially near the MnS layer. The tests were repeated under differ-
ent heat treatment conditions, estimated the formation of the Mn-
depleted regions using quantitative calculation based on the diffu-
sion behaviors of Mn and Sin steel, and as aresult, clarified that the
Mn depletion was the principal governing factor of the intra-granu-
lar o transformation™.

5. Closing

The establishment of the FIB sample fabrication technique com-
bined with amanipulator and the scanning ion microscopy has made
it possibleto correlate the results of structural observation using con-
ventional light optical microscopes or a SEM with the analysis tech-
nology using aTEM in a pinpoint manner. As aresult, nano-scale
material structure analysistechnology has become applicable not only
to steel material design in laboratories but also to the solution of
various problems of commercial steel products, bridging the distance
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Photo 6 Characterization of the precipitate showing theintra-granular transformation
(a) Scanning electron micrograph of the precipitate and intra-granular transformed ferrites, (b) Cross-sectional transmission electron
micrograph of the precipitate, and (c) The changein Mn concentration in aregion near interface of MnS measured by EDS analysis
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between fundamental research and field application studies.

Wheat is expected now is to closely link field production tech-
nologieswith fundamental technologies so asto materialize new find-
ings obtained through nanoscopic analysisin new product develop-
ment as quickly as possible as well as clarify various complicated
phenomena that directly influence product quality from the view-
points of fundamental research.
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