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Advances in Nano-Level Materials Characterization
Technology

Abstract

Misao HASHIMOTO*!

The recent development of nano-level materials analyses technologies such as

three-dimensional atom probing was reviewed. The importance of the techniques

that enable dynamical observations was also described, combined with a view to the

future in nano-level characterization.

1. Introduction

Our generation is witnessing rapid changes being made to our
environment. As the things that our society values evolve, it is grow-
ing ever more important that we understand the nature of the materi-
als we use. It is essential in order to firmly grasp the elements that
control a material’s properties, and to utilize those properties to the
utmost so that we can continue to provide the basic elements that
will meet modern needs. Therefore, as long as material sciences are
based on physics and chemistry of matter, the understanding of mat-
ter in its unadulterated form will be an important technical base. To
attain that understanding, nano-level material analytical technolo-
gies promise to be extremely important elements to infrastructural
technology in the way we observe the world around us.

The first, fundamental step in recognition, hence the understand-
ing of the nature of matter is to observe the object. This applies to
whatever is subject for observation. Even in our daily lives, to un-
derstand living things, first we observe them objectively. Then, we
view them in greater detail under a magnifying glass. Still further,
we can also learn from the way living things respond to external
stimuli in its environment. We must also try a variety of methods to
view matter, in order to gain a more thorough understanding ob-
tained from having different vantage points. Specifically, it is essen-
tial to view material with regard to its characteristics and functions.
Therefore, the discussion below focuses on the recent advancements
made in nano-level analytical technologies, and provides a view to-
ward their future applications because these dynamic observation
and nano-level analytical technologies are thought to be highly sig-
nificant.

2. Viewpoint from Material Developments and
Analysis Technologies
Much of the material found in steel is multi-crystal grains on the
order of several tens of wm in size. To grasp the structure of steel,

and to understand the relationships of each characteristic of all types
of steel material, it is necessary to ascertain its internal structures.
There are various levels in the structural factors that are keys to the
characteristic of the material. The following list is an example of
these levels".

Key Factors in Material Characteristics"
(1) Macro internal structure
* Texture
* Transformational morphology
* Crystal grain diameter
» Secondary phase, Inclusion etc.
(2) Fine structures inside of grains
* Dislocation
* Precipitation
« Stacking faults
» Twinning
(3) Structures of grain boundaries
 Element segregation
* Grain boundary precipitation
» Atom array at interface
(4) Fine structures at the atomic level
* nm size precipitation
* Local strain
» Compound point defects (such as clustering)

The characteristic of a material depends upon what level of mat-
ter in which it is manifested. Furthermore, while viewed size factors
can differ, there are cases in which the combining of different factors
is a key to grasping those characteristics. Therefore, it is very impor-
tant to also have a firm understanding of their mutual relationships.

On the one hand, analytical methodologies are required for use
in a variety of angles to handle these key factors. The following sum-
marizes various factors from the viewpoint of specimen size using
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microscopes as examples.

Example of levels of size factors in analytical technology

 Physical structure (such as phase, crystal structure, structure,
heterotopic facies, precipitation)

¢ Chemical status (such as chemical bonding and segregation)

Analytical size factors (Examples microscopes)

 Optical microscope: From mm in size

« Electron microscope (scanning electron microscope, transmis-
sion electron microscope): wm to nm

« Field ion microscope, atom probe: From nm in size

For example, in the macro sense, it is possible to describe defor-
mation in terms of a type of elastoplasticity deformation of a con-
tinuum, when considering plastic deformation of steel. However, it
is essential to understand the phenomena that occur at the atomic
level, such as the mutual affect of a third element and dislocation in
order to understand the metallurgical phenomena that occur such as
the great variations of mechanical characteristics that can exist with
even the slightest difference in structure. The amount of carbon and
differences in heat treatment are examples. In conventional textbooks
on metallurgy and physics, a philosophy of deformation behavior
from the viewpoint of dislocation is propagated. However, while dis-
location has been observed using electron microscopes, until recently
it was quite rare to be able to actually directly observe how disloca-
tion and carbon mutually affect each other. For that reason, the theo-
ries described in textbooks are generally considered to be important
signposts that describe such phenomena, albeit they do not lead to
the designing of materials through their actual observation.

On the other hand, particularly with the recent advances made in
nano-technology, atom probing technology has lead to a break-
through in its practical applications in the study of materials. These
technologies enable scientists and engineers to directly observe struc-
tures at the atomic level in three-dimensional views. Thus, while it
conventionally has only been the realm of discussion in textbooks,
we are now entering an age when materials can be directly viewed at
the atomic level. This means that it is now possible to correctly verify
theoretical hypotheses through real demonstration. Until now, de-
signs and developed materials were based upon theoretical back-
grounds.

3. Efficacy of Nano-level Analytical Technologies in

Steel Materials
3.1 Development of high strength steel wire: A case study

The following describes a case in which nano-level technology
was used in analyses for high strength steel wire which was actually
used on the Akashi Kaikyou bridge in Kobe, Japan. This is an ex-
ample of how the advancements in nano-level technology have made
great and real-life contributions to the development of steel. It would
be insufficient to employ one strand of conventional 1,600 MPa class
wire to support a bridge that has a nearly 2 kilometer span between
trestles, as is the case with the Akashi Kaikyou (a bridge in Kobe,
Japan). Therefore, higher classes of steel wire, namely 1,800 to 2,000
MPa class wire was required. While it is necessary to create even
finer lamella structure for pearlite as the metallurgical controlling
factory which is the key, it is also necessary to maintain the structure
of pearlite in its heat history when plating.

The lamella structure is partially destroyed according to the heat
history of plating treatment on conventional steels. However, the steel
that was developed specifically for use in the Akashi Kaikyou bridge
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correctly maintains its lamella structure in the same heat history, and
maintains the high strength of 1,800 to 2,000 MPa under actual use
conditions (See Fig. 1?). The keys to the development of this new
steel type were in the increase of the amount of Si additive over
conventional steels, and in the controlling of base element distribu-
tion behavior of Cr and Mn.

At the time, there were a variety of theories regarding the role of
the Si additives, but using analytical technologies at the nano-level,
the role of the Si additive became clear for the first time.

Fig. 1 shows the distribution of elements at the interface between
cementite and ferrite. Here, it can be seen that the Si element has a
high concentration at an interface of several nm in width. In other
words, there was the effect of suppression caused by the drag effect
of the interface movement according to the Si concentration toward
the lamella interface. This resulted in maintaining the lamella struc-
ture, and attaining high strength levels. Thus, it was possible to clarify
that mechanism using nano-level analytical technologies. That tech-
nology is capable of detecting concentrations of elements on the scale
of several nm.

Steel has built-in structural defects in the form of grains, stack-
ing faults and precipitates that generally appear at boundary or inter-
face structures, like a boundary (or interface) between the defects
and the matrix. In some cases, the thicknesses of the interface struc-
ture can differ, but in the case of the grain boundary, it maintains a
structure of a scale of several nm. To understand this phenomenon at
the interface, it is necessary to describe the observation technology
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Fig. 1 Segregation of various elements at the interface between

cementite and ferrite?
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and the phenomenon at the nano-level. To express this differently, it
was possible to clarify through actual demonstration the phenomena
occurring at the interfaces for the first time thanks to the breath-
taking advancements made in nano-level observation technology.

The discussion above describes nano-level analysis in relation to
base element segregation toward the interface. However, this tech-
nology has also played a key role in the strengthening of precipitate
for minute precipitation. It has also played an important role at the
structural level, such the use as a transformation starting point to
make finer structures, and in the pinning effect of interface move-
ment. Recently, precipitation at the nano-level is also an important
factor in controlling structures. Furthermore, analytical technologies
for that end are becoming ever more important. In this field, there
have been much progress made in observation technology which
employs EELS (Electron Energy Loss Spectroscopy) for nano-pre-
cipitation. A method for analyzing the shapes and distribution of pre-
cipitates (such as TiN) of specific base elements such as Ti has been
developed which promises to be a powerful tool in the field of elec-
tron microscopes?.

3.2 Leading edge of nano-level materials analyses technologies —

Three-dimensional atom probing technology —

As discussed above, to understand the phenomena occurring
at each interface structure as one of the defects in the subject matter,
it is always necessary to understand the behavior of the various base
elements at the nano-level. Conventionally, a field ion microscope
(FIM) has been used as a means for observing the structure of sur-
face atoms. However, recently there have been developments made
in three-dimensional atom probing which can measure three-dimen-
sional position information of atoms as they are. Fig. 2% shows the
basic theory of this method.

Among the technical advancements, it is particularly important
to be able to detect three-dimensional position information and that
an energy compensation mechanism can be applied to steel material.
Because there are important additives in steel, such as Cr, Mn and
Ni, near the Fe mass number which is a main component in analyses
of mass, it is necessary to correctly separate the three-dimensional
position information of a small amount of additives from the periph-
eral noise and to measure this to increase mass resolution.

Fig. 3° shows an example of using a three-dimensional atom probe
for observations of the carbon atoms segregating near the interface
in steel. It can be understand that the same phenomenon as the inter-
face segregation of the Si element occurs on the Akashi Kaikyou
bridge, but it can be observed as three-dimensional position infor-
mation of the carbon atom. As is described in this special issue®, at
present it is possible to quantitatively observe carbon which segre-
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Fig. 3 Carbon segregaion at grain boundary measured by 3D-AP%

gates at the grain boundary. There is much anticipation in the field

that this will become a powerful methodology for various analyses

on actual materials in the future.

3.3 Peripheral technology supporting nano-level observation
technology — Pinpoint observation technology —

Nano-level observation technology is a powerful means for clari-
fying phenomena and mechanisms. However, a drawback to this tech-
nology is that it has an extremely limited scope. If the location to be
observed is available substantially uniformly throughout the mate-
rial, then it is not a problem to provide samples from any location.
However, if the portion to be observed is an interface, or a grain
boundary (or interface), as in the example relating to the wire analy-
ses conducted in relation to the Akashi Kaikyou bridge, sample prepa-
ration technologies for accurately preparing the targeted location as
a observation point also become extremely important.

Pinpoint sampling technology is already mainly in use as a fail-
ure analysis method in the semiconductor device field, but Nippon
Steel Corporation was early to recognize it and to promote its use in
steel as a coherent observation technology. Fig. 49 shows the meth-
odology of this technology.

This technology is applied to find the regions to target for se-
quential observations using an optical microscope, and then observ-
ing images using a focused ion beam (also known as FIB). Then, it is
applied to form the necessary areas using an ion beam to cut out the
necessary minute samples. With this technology, it has become pos-
sible to bring grain boundaries into the region of observation in three-

Fig. 4 Development of micro-sampling technique applied for steels®
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dimensional atom probing (at the scale of several 10s of nm).

It is also very important to be able to access problems in actual
materials accurately and quickly at an observable range in consider-
ation of the efficiency of the preparing samples. Nevertheless, by
using a technology that enables observations with pin-point accu-
racy, not only is there a quantitative merit in the increased rate of
success of sample preparations, but there is also a dramatic increase
in the quality of observation data. For those reasons, it is a very im-
portant technology. As the frequency of observations at the nano-
level increases, it is thought that sampling technology will also be-
come an increasingly important related technology.

4. Analytical Method for Understanding Changes in

Materials

It is possible to observe the material characteristics as a response
to various types of stress (mechanical displacement such as stress, or
chemical displacement such as corrosion) applied thereto by its en-
vironment. For that reason, it is important to understand how a mate-
rial changes in response to external stresses, and to understand the
process of those changes to truly understand the characteristic of the
material. If it is possible to predict how a material will change, then
it is possible to design having a full understanding of its nature. Also,
by knowing how a material will change when an object is manufac-
tured, it will be a basis to developments toward better material manu-
facturing methods and processes.

Mechanical factors, such as stress and strain, and problematic
chemical factors, such as corrosion, and still further metallurgical
factors that become evident at high temperatures and which are par-
ticularly problematic during manufacturing are all forms of ambient
stress applied to iron and steel. Materials can change by the inter-
twining of these factors. Be that as it may, at the observation stage, it
is very important to take in as many of these factors that can vary in
the external environment as is possible and to understand their changes
over time in the material as a result at a real-time level. While the
latest sharpening methods, such as three-dimensional atom probing
are extremely effective in observations to be made at the atomic level,
observations are only possible in an ultra-high vacuum chamber which
means that it is also a technology in which it is difficult to load fac-
tors that have an affect from the ambient environment. Although there
is the possibility of a dynamic observation technology being devel-
oped in this field, other methods must be relied upon at the present.

A method used to understand the changes occurring in matter at
high temperatures was established as a dynamic SIM (or Scanning
Ion Microscope) observation technology that is used as one FIB tech-
nology at Nippon Steel Corporation®. Although discussed in detail
in this special issue, it should be noted that there has been success in
capturing the circumstances under which the transformation of fer-
rite from precipitation occurs with priority over transformation from
the grain interface which is important in the technology for making
crystal grains finer in steel materials. This was achieved by carefully
using the dependence on crystal orientationof secondary electrons
generated during Ga ion sputtering to allow observation of high con-
trast images from each crystal grain and combining high tempera-
ture stages. See Fig. 57 for a representative example of an observa-
tion. This is a SIM showing the progression of ferrite deformation
(the black part) in priority from the inclusion in the grains. This tech-
nology makes it possible for researchers to directly observe the con-
ditions inside the steel while it is undergoing manufacturing at high
temperatures or the structural transformations occurring in a mate-
rial under a high stress environment such as a coagulated structure

Fig. 5 In situ SIM observation of the phase transformation around an
inclusion at high temperature”

after welding. This is seen to be a highly significant technology for
providing onsite observations through the development to higher lev-
els of accuracy than the conventional pinning theory. It also contrib-
utes immeasurably to finer material manufacturing methods.

The space resolution under these means is on the order of sub
um. However, in recent years there has been research into applica-
tions for steel materials using an even higher resolution in LEEM
(Low Energy Electron Microscopes). Nippon Steel Corporation has
been verified its logical efficacy®. The space resolution of an LEEM
image is possible up to approximately several nm. Due to the use of
a video mode, the time resolution is extremely high. Therefore, there
is much anticipation of the advancements made with this technology
as a high-speed imaging observation means for use at the nano-level
in high temperature ranges and as a methodology that can be thor-
oughly used in real applications such as those for steel materials.

Nevertheless, steel material will degrade through corrosion or
the like if used in conditions under actual use such as atmospheric
environments. Various steel products have been developed that em-
ploy plating, painting, or weather-proofing in order to prevent de-
grading influences from the environment to which it is exposed.
However, this is also very valuable analytical technology in the area
of material design for maintaining superior usage characteristics under
environments of actual use by ascertaining how the surfaces of steel
materials change under corrosive environments where moisture is
present. The degree to which one can observe these is restricted to
the probes used in observation when observing the changes of mate-
rials under a humid environment. Often times it is necessary to cre-
ate a vacuum for generation or detection of the electron beams and/
or ion beams. Therefore, observation under humid environments for
example is extremely difficult. On the other hand, optical probes
have the capacity to permeate moisture under fixed conditions. There-
fore, this method makes it possible to understand the changes of
materials under humid environments.

As an example, the analysis of rust under a humid environment
using X-ray structural analyses can be given. While this is discussed
in detail in this special issue, there has been success in directly un-
derstanding how fine rust structures of weather proved steel changes
in form over time?. Differing from the three-dimensional atom prob-
ing method, this method does not directly observed position infor-
mation in the space. However, it is a valuable methodology in view
of enabling predictions of changes over time as a method for dy-
namically understanding the changes of atoms arrays or cluster sizes.
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5. Conclusion — Future Expectations of Nano-level

Observation Technologies in Steel Materials —

A discussion was provided on the recent advancements of dy-
namic observation technologies under high temperatures and humid
environments as a means for understanding the changes that occur in
steel materials. As an example 3-dimensional atom probe technol-
ogy was used as an example of one of the extremes in nano-level
observation or analytical technologies. The flow is summarized in
Fig. 6.

The recent advancements attained in nano-level technology are
making it possible for higher analytical methods that will enable dis-
cussions that focused directly on elucidating phenomena that occur
at the atomic level even for steel materials. Furthermore, these dy-
namic observation technologies are taken to be an access for under-
standing changes that occur materials in their environment of use
and under the manufacturing conditions, to maintain superior char-
acteristics in their actual usage environments, and as a way to create
direction for creation of even the more superior material characteris-
tics.

Nano- level analytical technologies raise the theoretical dimen-
sion to materials to provide an effective viewpoint for the correct
understanding of phenomena and direction for the design of materi-
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Fig. 6 Future trend of nano-level materials characterization
techniques

als. On the other hand, as long as the final product has a functional
expression at the macro level, the structure of the elemental tech-
nologies from the nano-level to the macro-level as well as the over-
all combining of a variety of the available methodologies will be-
come very important. For that reason, while making efforts to the
development of materials in nano-level observation technologies, it
is important to apply even more efforts into the development of un-
derstanding of phenomena that occur at the nano-level at the macro
level.

Although not covered in this special issue, the computational
material sciences are also an important field of nano-level analytical
means as a means for filling in gaps between the results of experi-
ments and phenomena that actually occur. According to the first prin-
ciple calculation, it is possible to obtain the final analysis without
having to use parameters that are free. For that reason, nano-level
can take us up to where it is limited number of atoms that can be
handled, but now, where experimentation is already at the nano-level,
it is believed that the hurdle is being lowered by combining the first
principle calculating method with actual testing data. There are also
direct calculation models for properties and characteristics such as
point defects, dislocation, diffusion, grain movement, transforma-
tion, structural change, strain states, deformation, and forming. Thus,
it is thought that there will be advancements to the understanding of
materials that incorporate unified and dynamic changes from the nano-
level to the macro level.
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