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Abstract:
In light of its superior performance in microanalysis, 

fi eld emission-transmission electron microscopy (FE-
TEM) is a useful experimental apparatus to study 
advanced steels. After a briefl y reviewing the recent 
progress in TEM and its functions for elemental analy-
sis, the authors used FE-TEM for the analysis of a hot-
rolled steel with a tensile strength of 780 MPa. Accord-
ing to the results of the authors, the fi ne precipitates of 
an MC type (composition: (Ti0.54Mo0.46)C) was effective 
in improving the strength of the ferrite matrix. This pre-
cipitation strengthening was estimated to be around 
250 MPa, based on an analysis of the density of these 
precipitates. Next, we conducted an EF-TEM experiment 
on a series of heat-resistant steels that had been 
strengthened by MX. Fine (V, Cr)N was found to be dis-
persed in a tempered martensitic steel with superior 
creep properties. The spatial resolution in elemental 
mapping of EF-TEM was close to 3 nm in this case.

1. Introduction

The behavior of inclusions and precipitation in steels 
sometimes directly affects on not only the mechanical 
properties, but also on microstructural formation and 
various physical properties. During the production of 
high-strength low-alloyed steels (HSLA steels), it is 
important to carefully control the microstructure and 
precipitation behavior by thermo mechanical processing. 
For this reason, transmission electron microscopy (TEM) 
has been used to intensively study the behavior of car-
bides containing Ti or Nb1), alloying elements widely 
used in HSLA steels of the 1980’s. The average diameter 

of typical precipitates in the late 1970s was about 20 nm. 
This made it fairly simple to ascertain the size and com-
position of each precipitate solely using a conventional 
TEM with instruments attached for elemental analysis. 
On the other hand, important experimental results have 
reported the existence of very fi ne precipitates or atomic 
clusters with diameters of less than nm. Direct observa-
tion using fi eld ion microscopy2) and indirect experimen-
tal approaches such as calorimetric measurement3) have 
provided strong indications of the presence of very fi ne 
structures in materials.

Dramatic progress in the analytical capabilities of 
commercialized TEM, especially fi eld emission TEM 
(FE-TEM), has recently made it possible to perform 
elemental analyses with high spatial resolutions of less 
than several nanometers (and accordingly, with high 
image resolution). Conventional TEM alone is still 
diffi cult to use for the study of very fi ne precipitation 
behavior in steels. Recently, however, an advanced TEM 
with various analytical apparatus attached has made it 
easier to conduct these types of studies. In this paper the 
author briefl y explain a distinct feature of the advanced 
TEM used for microstructural analysis in steel research 
and then describe typical applications for precipitation 
analysis using this technique. 

2. A Distinct Feature of Advanced TEM

2.1 High-Brightness Electron Source

The most remarkable and enabling technical devel-
opment for the analysis of precipitates within diameters 
of several nanometers is TEM with the fi eld emission 

Analysis of Nanometer-Sized Precipitates 
Using Advanced TEM†

YAMADA Katsumi*1  SATO Kaoru*2  NAKAMICHI Haruo*3

† Originally published in JFE GIHO No. 13 (Aug. 2006), p. 18–24

JFE TECHNICAL REPORT 
No. 9 (Mar. 2007)

*2 Ph.D.,
General Manager, Analysis & 
Characterization Res. Dept.,
Steel Res. Lab.,
JFE Steel

*3 Dr.Eng.,
Senior Researcher Deputy Manager,
Analysis & Characterization Res. Dept.,
Steel Res. Lab.,
JFE Steel

*1 Dr.Eng.,
Senior Researcher Staff Manager,
Analysis & Characterization Res. Dept.,
Steel Res. Lab.,
JFE Steel



6 JFE TECHNICAL REPORT No. 9 (Mar. 2007)

Analysis of Nanometer-Sized Precipitates Using Advanced TEM

electron gun (FEG). This method was applied practically 
from the latter half of 1980’s to the fi rst half of 1990’s. 
A scanning transmission electron microscope (STEM) 
with a cold-type FEG was already available for special-
purpose analysis at that time, but diffi culties in opera-
tion prevented its popularization.

A convenient, easily operable FE-TEM with superior 
stability and various peripheral equipments has been 
used commercially for both structural and elemental 
analyses of local areas in materials, in combination with 
a nanometer electron probe with high brightness. 

Table 1 compares the characteristic values in elec-
tron emission sources among Cold-FEG, Schottky FEG 
and conventional thermal electron emitter (single crys-
tal of LaB6)4,5). The source of the FEG is considerably 
brighter than that of LaB6 (Table 1), which gives it a 
strong advantage in the use of the small electron probe. 
Moreover, the electron wave emitted from the FEG is 
based on a unique principle of electron emission which 
makes it intrinsically coherent and iso-chromatic. This 
improves both image resolution and energy resolu-
tion when the FEG is applied in combination with the 
advanced analytical TEM.

2.2 High-Resolution Electron Energy Loss 
Spectroscopy

Electron energy loss spectroscopy (EELS) is a 
technology for the analysis of light elements. EELS 
is especially useful for analyzing the chemical states 
of particular elements with high energy resolutions of 
under several electron volt (eV). The technology has 
been widely used since the commercialization of paral-
lel detection systems in the latter half of 1980’s6). The 
performance of EELS analysis has progressed dramati-
cally. The spatial and energy resolution of EELS have 
been improved by combination with a newly developed 
FE-TEM with an initial electron energy spread of under 
1 eV (Table 1). Thus, the technique is mainly applied to 
chemical state analyses at well-defi ned interfaces within 
nm areas for semiconductor materials. Energy fi ltering 

TEM (EF-TEM), a technology developed in the latter 
half of 1990’s based on this EELS technique, is achiev-
able by attaching post-column energy fi ltering systems 
to the existing TEMs7). 

2.3 Advanced Energy Dispersive X-ray Spectral 
Mapping

Energy dispersive X-ray spectroscopy (EDXS) with 
TEM has used mostly in the fi eld of materials science 
since 1980’s. The spatial resolution and signal-to-noise 
ratio of this analytical method has also been improved in 
the spectra using a FE-TEM. Multipoint, a line and map-
ping analysis under STEM mode also become practical 
with the availability of better statistics on each spectrum 
and fast data-processing capabilities of recent computer 
systems. EDXS mapping used to be a method of relative 
X-ray intensity mapping. Now, however, quantitative 
data- processing is available by saving whole spectra in 
the mapping fi eld by the so-called “spectral mapping 
function.”8) 

3. Analysis of Fine (Ti, Mo)C in 
High-Tensile-Strength Steel with 780 MPa9)

3.1 Nanometer-Sized Precipitation Hardening 
Steel

High-tensile-strength steel (TS�350 MPa, TS: Ten-
sile strength), is now used in manufacturing processes 
in many industries such as automobiles, construction, 
and shipbuilding. High-tensile-strength steel is particu-
larly useful for reducing the weights of automotive parts 
while simultaneously improving collision safety. The 
thin-walled components produced with such steels are 
very effective in reducing the total emission of carbon 
dioxides by improving gasoline mileage. 

Thus, researchers are fervently studying ways to 
design and develop steel materials with optimized form-
ability and strength, properties which rarely coexist.

The methods for strengthening steels using solution 
elements, dislocation, grain refi nement and dispersion 
of fi ne particles are well known. Combinations of these 
various methods are thus used in commercially produced 
steels10,11). Steel usually passes through an austenite 
phase with a face-centered cubic structure at high tem-
perature before passing through the hot deformation 
process and changing to a ferrite phase a with body-
centered cubic structure during or after hot-rolling. The 
characteristic temperature of the phase transformation 
can be determined by alloying elements with representa-
tive carbon contents. And the cooling condition is also 
important to control various transformed microstructures 
such as pearlite, bainite, martensite, and mixtures of 
them. Highly controlled steels with appropriate micro-
structures and precipitation are stably produced by a 

Table 1  Comparison of specifi c values among different 
types of electron source (Energy width are gen-
eral values at acceleration voltage 200 kV.)

Thermo ionic 
emission 
(LaB6)

Cold Fe 
W: (100)

Schottoky FE 
W: (310) with 
ZrO2

Brightness 
(A·cm�2·sr�1)

1 to 5 � 105 1 � 107 to 109 5 � 108 to 109

Energy width (eV) 2 � 0.4 � 0.8

Minimum probe 
diameter (nm)

10 to 20 � 1.0 1.0

Life time (h) 150 to 200 Permanent � 9 000

Required vacuum 
 (Torr)

10�5 to 10�6 � 10�10 10�8 to 10�9
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thermo mechanical controlled process (TMCP) based on 
the above scientifi c knowledge12). 

When the heat is high enough, some alloying ele-
ments in a solid solution state in steel making process 
form precipitate, nitrides, carbides, sulfi des, carbosul-
fi des, and inter-metallic compounds in the lower tem-
perature region. The strong carbide former in interstitial 
free steels scavenges light elements such as carbon and 
nitrogen thereby changing the matrix to almost pure 
iron. A dispersion of fi ne precipitates in the matrix is 
achieved by adding suitable alloying elements for high-
strength steels. 

This section describes the results of TEM analysis 
on fi ne complex carbonitrides of less than 10 nm in 
diameter within the steel. This steel was developed using 
mainly dispersion strengthening techniques. It has a ten-
sile strength of over 780 MPa (80 kgf/mm2).

3.2 Sample and Experimental

The authors studied a newly designed Ti and Mo 
bearing hot-rolled steel with a basic composition of 
0.04C-1.5Mn(mass%). This steel has been developed by 
optimization of TMCP in which timing of cooling after 
hot-rolling and a specifi c coiling temperature relevant to 
the suffi cient precipitation are controlled accurately, in 
addition to hot-rolling and cooling condition before coil-
ing procedure. The perfect controllability of this TMCP 
makes it possible to produce materials with an excellent 
balance between strength (over 780 MPa) and ductility 
or formability13,14). This advanced high-tensile strength 
steel is now used for the underbody components of auto-
mobile15). 

The steel used in the analysis of precipitates was 
coiled at 923 K after hot-rolling procedure. Both speci-
mens for SEM and TEM observation were prepared by 
electro-chemical polishing using a twinjet-polishing 
method. The Electrolytic solution was mixture of per-
chloric acid, methanol, and 2-n-butoxyethanol (blend 
ratio of 1:10:6). The foil specimens were polished at 
25 V and 243 K for FE-SEM and FE-TEM experiments. 
An elemental analysis was conducted on each fi ne pre-
cipitate using an EDXS attached to the FE-TEM. 

3.3 Results

3.3.1 SEM observation

Photo 1 shows a backscattered electron image 
of Ti and Mo bearing steel with tensile strength of 
807 MPa using FE-SEM at an acceleration voltage of 
5 kV. Crystallographic channeling contrast is clearly vis-
ible. The grain size of the matrix is somewhat coarse, 
at over 5 µm in diameter and no strong microstructures 
such as martensite or pearlite can be seen. Based solely 
on the evidence from Photo 1, we estimate that this steel 

has a tensile strength of up to 500 MPa.

3.3.2 Characterization of precipitates 
using TEM and elemental analysis

The TEM micrographs shown in Photos 2(a) and 
(b) clearly show why this steel has a high strength of 
over 800 MPa. 

An abundance of particles in an average diameter 
range from about 3 nm to less than 10 nm are observed 
in the matrix of the steel, as shown in these bright fi eld 
and dark fi eld images. Large particles with diameters up 
to 20 nm are also present, but only scarcely. In contrast, 
the dominant diameter of carbide was reported to be 
30 nm in another Ti and Nb bearing high-tensile strength 
steel with the same tensile strength (780 MPa) and a 
basic composition of 0.12%C-1.8%Mn16). The dispersion 
of fi ner particles is specifi c in the steel used in experi-
ment of the authors. Most fi ne particles are thought to be 
precipitated in steel when an isothermal transformation 
from γ to α occurs at the coiling temperature, i.e., at 
around 923 K. The specifi c precipitation feature in this 
case frequently appears as a series of regular, equally 

5 µm

Photo 1  A backscattered electron image of the Ti and 
Mo bearing steel with tensile strength over 
800 MPa

20 nm

100 nm

(a)

(b)

Photo 2  TEM images obtained from the steel of Photo 1 
under slightly defocused condition ((a) A bright 
fi eld image and (b) A dark fi eld image with spe-
cifi c diffraction spot from precipitate)
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spaced rows as shown in a Photo 3. This arrangement 
presumably indicates that the precipitation occurs at the 
interface when γ phase transforms to α phase. Honey-
combe have already reported this phenomenon, what 
they referred to as “interphase precipitation,” in relation 
to VC in high V steel17).

Figures 1(a) and (b) show EDX spectra obtained 
from a fi ne precipitate and matrix in this steel. It is 
clearly found that Ti, Mo, and C concentrate in the pre-
cipitate rather than in the matrix, and this precipitate 
appears to consist of carbides containing both Ti and 
Mo. The average atomic ratio between Ti and Mo is esti-
mated to be 0.54:0.46 by a quantitative analysis using Ti 
and Mo-Kα lines. 

Mo generally never forms MoC, given that Mo2C is 
the more stable carbide in steels at lower temperature. 
The carbides containing Ti and Mo observed in this 
experiment were thought to be complex carbides com-
posed of TiC and Mo2C. With the exception of MC (NaCl 

type structure), however, the other carbides were not 
consistent with the direct nanoprobe electron diffrac-
tion pattern from the precipitate and an X-ray diffraction 
measurement for extracted residues.

Figure 2(a) is an annular dark fi eld image of the 
(Ti, Mo)C in this steel and Fig. 2(b) is an EDXS line 
profi le with a 1 nm pitch across it. Both were obtained 
under the STEM mode and using a 1 nm electron probe. 
The EDXS line analysis is conducted over a distance of 
about 20 nm crossing a fi ne precipitate along the line 
shown inside Fig. 2(a). The rectangular area shown on 
the right-hand side of Fig.2(a) is used to compensate for 
the specimen drift during the collection of the spectra in 
this EDXS line analysis. As the intensities of the char-
acteristic X-rays of Ti-Kα and Mo-Lα switch with each 
other, the ratio of Ti to Mo seems to be constant within 
the precipitate. Finally, the authors conclude that the fi ne 
precipitate in this steel is an MC type carbide in which 
M contains both Ti and Mo. The typical composition is 
(Ti0.54Mo0.46)C. 

3.3.3 Estimation of precipitation-hardening

To estimate the precipitation-hardening, the 
authors use TEM micrographs to calculate the density 
of the precipitates identifi ed in the previous section. If 
the authors can obtain a specimen from the extraction 
replica, the authors can easily measure the precipitates 
using simple mass absorption contrast. The preparing of 
the replica specimen is not reliable because the precipi-
tates are too small (about 3 nm in diameter). As an alter-
native the author use a thin foil specimen. 

The method to measure the density of the second 
phase particles has already been established. In general, 
we need to consider two points in order to accurately 
account for the thickness of the observed area: fi rst, the 
size of the surface precipitate refl ects a random cross 
section; second, there is counting loss of particles along 
the projected direction of the specimen17).

Both the surface and overlapping effects are 
neglected, however, as the particle diameter is less than 
10 nm and the thickness of the observed area is less than 
50 nm. Another point to note on measuring the density 
of the second phase in the thin foil specimen is the impor-
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Fig. 2  (a) An annular dark fi eld STEM image of fi ne (Ti, 
Mo)C (Line profi les of X-ray intensity of Ti-Kα (b) 
and Mo-Lα (c) along with a while line inside (a))
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Fig. 1  EDX spectra obtained from (a) matrix and (b) fi ne 
precipitate which are embedded in a thin foil spec-
imen

100 nm

Photo 3  A typical defocused TEM bright fi eld image of the 
Ti and Mo bearing steel representing periodic 
line feature which is resulted from interface pre-
cipitation during γ / α transformation at coiling 
temperature



JFE TECHNICAL REPORT No. 9 (Mar. 2007) 9

Analysis of Nanometer-Sized Precipitates Using Advanced TEM

tant infl uence of the diffraction conditions on the con-
trasts of the small particles. EF-TEM is capable of dis-
tinguishing the concentrated areas of specifi c elements 
such as Ti or Mo in steels without particle counting loss. 
Regrettably, however, the method still has limited accu-
racy and fl aws related to the selectivity of the elements. 
Thus, the author use a simple defocused TEM method 
for measuring the particle density in this analysis. The 
application of EF-TEM is to be described in the next 
chapter. 

The second phase particles can be easily detected 
by a defocused TEM method. In this technique, a clear 
Fresnel fringe appears at the interface between the 
matrix and the second phase or void of materials due 
to drastic change in the electron scattering factor18). 
Photos 4(a) and (b) show a focused image and a defo-
cused image with an amount of 2 µm under-focused 
condition from the same area, respectively. Some of the 
fi ne precipitates missing in Photo 4(a) can be detected in 
Photo 4(b) as shown by the arrows. Though some of the 
counting loss might be reduced, we must consider the 
degree of counting loss when the diffraction condition 
changes in order to ensure a more accurate analysis.

In order to calculate the particle density in an 
observed area, the authors measures the specimen thick-
ness by the EELS method. This general approach is 
applied to the thickness measurement in which the inten-
sity ratio between elastic scattering and inelastic scatter-
ing is calculated from an EELS spectrum in the observed 
area19). In the area shown in Photo 2(a), for example, the 
specimen thickness is estimated to be 30 nm. 

Next, by measuring a randomly selected area, the 
authors estimate that the nanoparticles in this steel have 
a dispersion density of 1.7 � 1023 m�3. The amount of 
precipitation hardening, σ, is estimated using an above 
value for dispersion density and the calculated mass 
density of this precipitate. The Average mass density of 
this precipitate is calculated based on the composition 
of the precipitate, (Ti0.54Mo0.46)C, and the well-defi ned 
NaCl type structure. Finally, the Ashby-Orowan formula 
is applied to estimate σ, as follows20).

σ(MPa) = 5.9��f  ln(X/0.00025)/X

f: Volume fraction of the precipiatss
X: Diameter of the precipitate(µm)

Consequently, σ is estimated to be 250 MPa by 
applying the value of f and the average diameter X to the 
above formula.

It remains controversial which model, the Ashby-
Orowan mechanism or cutting one21), applies more rel-
evantly to the handling of this precipitation hardening. 
Moreover, the limited TEM observation on which the 
estimated values are based compromises the accuracy 
in determining the size and dispersion density of the 
precipitates. We may require fi ndings on the size dis-
tribution as well as the average size in order to more 
accurately estimate σ. However, the difference in tensile 
strength between similar steels with and without pre-
cipitation hardening is almost 300 MPa. The authors can 
thus conclude that the estimated value of hardening in 
this steel is consistent with the difference of these two 
steels. 

4. Analysis of Precipitates in Steels 
Using EF-TEM

4.1 High-Strength Heat-Resistant Steels 
Under Controlled MX Precipitation

The so-called heat-resistant steels are used for 
the components of turbine and boiler tubes in power-
generating plants. Excellent fatigue and creep resistance 
are required for all components used under the high-
temperature and high-pressure conditions of these appli-
cations. The energy effi ciency can be improved and coal 
consumption can be reduced when the coal-fi red electric 
power plant runs under higher temperature conditions. 
Researchers in Japan, the U.S., and Europe have been 
energetically working to meet these requirements by 
developing advanced ferritic heat-resistant steels.

Various strengthening factors must be accurately 
controlled in order to improve high-temperature creep 
resistance as described in section 3.1. As far back as 
the 1970’s and 1980’s, Fujita et al. used a metallurgical 
approach to show the validity of MX type precipitates 
containing Nb and V in 9–12mass% Cr heat resisant 
steels22,23). Their results strongly infl uenced subsequent 
studies. The basic design concept of these steels is to use 
the precipitation of M23C6 at martensitic lath boundaries 
and MX within matrix grains to obtain excellent creep 
resistance for the present ferritic heat-resistant steels. 
This type of microstructure can be obtained by temper-
ing at over 1 023 K after normalization. In our study, the 
EF-TEM observation and analysis are applied to a model 
heat-resistant steel in order to optimize the precipitation 

20 nm

(a) (b)

Photo 4  Bright field images of the Ti and Mo bearing 
steel with tensile strength over 800 MPa ((a) A 
just focused image and (b) An under focused 
image of the same area)
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hardening of MX. 

4.2 Experimental

The author studied a model heat-resistant steel with 
the following basic composition: 0.08C-9Cr-3.3W-
3.0Co-0.2V-0.05Nb-0.05N-0.005B (mass%). The steel 
was tempered at 1 043 K following water quenched by 
a solution treatment at 1 473 K. Earlier studies have 
confi rmed that this steel has a superior creep resistance 
at 923 K under 120 MPa loading condition, presumably 
because of the fi ner distribution of MX in comparison to 
that normally observed in the usual process, and that the 
steel is normally air cooled from solution treatment24). 

Transmission electron microscopy specimen prepara-
tion was conducted by a twinjet electro-chemical pol-
ishing technique. The solution was 10% perhrolic acid 
methanol and the polishing was conducted at 253 K and 
20 V. Field emission TEM observation was conducted 
using a FE-TEM attached post-column energy fi lter-
ing system. This EF-TEM observation has drawn keen 
attention for its effectiveness in visualizing precipitate 
without counting loss when the visibility of the fi ne 
precipitate depends strongly on the diffraction condi-
tion. A group of Austria reported many applications of 
this method in steel research25). In this study, the authors 
obtains elemental mapping images of alloying elements 
such as Cr, V, C, and N using a general three-window 
method26).

4.3 Results

4.3.1 Visualizing various precipitates in 
a tempered steel

Photos 5(a)–(e) are typical EF-TEM images 
representing the usual precipitation state in an ordinal 
tempered martensitic steel. Precipitates around 100 nm 
in diameter are easily observed in an elastic scattering 
image that almost corresponds to a conventional TEM 
image. Photos 5(b) and (e), the C-K edge and Cr-L edge 
images, indicate that these large precipitates are M23C6 
type carbides. Smaller MX type precipitates are located 
at interfaces of the lath martensitic structure noticed in 
the N-K edge and V-L edge mapping images of Pho-
tos 5(c) and (d). It is diffi cult to fi nd homogeneous dis-
persion of fi ne MX , this state thought be very effective 
at improving creep resistance within grains.

4.3.2 EF-TEM image of fi ne MX 
and its spatial resolution 

Although total amount of precipitate of MX 
increases according to simple increasing elements of 
MX former such as N, the creep strength seems to be 
saturated. A coarsening of MX causes this trend in creep 
properties.

It can be challenging to avoid or prevent the follow-
ing: the insoluble large MX after solution treatment, the 
rapid formation of Nb(C, N) during cooling, and the 
second precipitation of VN to these Nb(C, N) in the tem-
pering process27). Thus, the authors need to reconsider 
a conventional heat treatment in order to improve creep 
resistance by optimizing the MX precipitation.

Photos 6(a), (b), and (c) show EF-TEM images 
of MX observed in the material crept at 923 K with 
120 MPa loading. Fine dispersion of MX in this material 
was achieved at an initial tempering stage by appropriate 
MX control. Photo 6 visualizes specifi c crystallographic 
relationship between thin platelet MX and martensitic 
matrix. The elastic image shown in Photo 6(a) provides 
only an indistinct view of some of the precipitates. 
The view is clear, however, in Photos 6(b) and (c), the 
images of the N-K edge and V-L edge. 

(a) Elastic (b) C-K

(d) V-L (e) Cr-L

(c) N-K

0.2 µm

Photo 5  EF-TEM images representing a typical precipita-
tion in a tempered martensitic steel ((a) An elas-
tic scattering, (b) C-K Edge mapping. (c) N-K 
Edge mapping, (d) V-L Edge mapping, and (e) 
Cr-L Edge mapping images, respectively)

(a) Elastic

(c) V-L

(b) N-K

50 nm

Photo 6  EF-TEM images obtained from a creep rup-
tured martensitic steel in which fi ne MX distri-
bution is achieved ((a) An elastic scattering, 
(b) N-K Edge mapping, and (c) V-K Edge map-
ping images, respectively)
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Some of the authors have already reported that 
EF-TEM is very powerful when a platelet precipitate 
such as this MX aligns in parallel to the direction of 
specimen thickness28). The results are poorer, however, 
with the embedded spherical precipitates of around 
several nanometers in diameter analyzed in section 3.1. 
Figure 3 shows line profi les of image intensity across 
the MX with 20 nanometers distance shown earlier in 
Photo 6. As we clearly see, the spatial resolution of 
EF-TEM method is close to 3 nm even in the Nitrogen 
mapping image.

5. Conclusions

After briefl y reviewing a recent method of FE-TEM 
performed in combination with an advanced TEM tech-
nology for elemental analysis, the author analyzed the 
precipitation in steels and obtained the following results.
(1) The spatial resolution of single nanometers was 

practically obtained by elemental analyses such as 
EDXS and EELS performed in combination with 
FE-TEM.

(2) The composition of fi ne MC type carbide was deter-
mined to be (Ti0.54Mo0.46)C from an FE-TEM analysis 
of steel strengthened to over 800 MPa by fi ne disper-
sion of the MC type precipitates.

(3) Precipitation hardening was estimated to be about 
250 MPa, based on an analysis of the average size 
and distribution of the above fi ne MC in this Ti and 
Mo bearing steel.

(4) A spatial resolution of 3 nm could be achieved 
even in the Nitrogen mapping of MX when EF-TEM 
was applied to fi ne platelet MX observed in a heat-
resistant steel with fi ne dispersion of MX.
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