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thermo mechanical controlled process (TMCP) based on 
the above scientifi c knowledge12). 
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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 
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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 
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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




