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The precipitation of carbides in F82H steel and its model steel (Fe-0.2TaC) were investigated by trans-
mission electron microscopy (TEM) and extracted residue tests (ERT). The effects of tempering on the
precipitation in F82H steels were elucidated on the basis of the characterization of carbides, as well as

Keywords: . . . o . .
FS}Z/H steel the quantitative estimation of precipitation strengthening at room temperature. Firstly, the number den-
Carbide sity of precipitates was measured by extracted residue test in Fe-0.2TaC and tempered F82H steel, and

TEM compared with the TEM observation. It was found that the ratio of volume fraction between the TEM and
Extracted residue test (ERT) the ERT was respectively 1.84 and 0.54 for Fe-0.2TaC and tempered F82H steel, revealing that the collec-
Precipitation strengthening tion probability of ERT strongly depends on the precipitate features, size and number density. Effects of
annealing on the precipitation in F82H steels were investigated by ERT. The amount of carbide showed
a non-linear relationship to tempering parameter, TP = T(20 + logt). It steeply increased in the TP range
from 15.3 to 16.2. The precipitation strengthening in F82H steel was estimated to be about 5-10% rel-
ative to its proof strength, suggesting that the carbides in F82H steel have a minor role on the tensile
strength at room temperature, though these precipitates are greatly beneficial for improving the creep

and radiation resistance at elevated temperatures.

© 2016 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Among the various reduced activation ferritic/martensitic steels
(RAFMs), F82H (Fe-8Cr-2W-V-Ta) steels have been considered as
one of the promising candidate materials for the Japanese test
blanket module (TBM) system in ITER, because of their excel-
lent heat resistance and good irradiation resistance [1,2]. The sat-
isfactory mechanical performance of this material in terms of
strength, creep and toughness, is due to their unique microstruc-
ture. The microstructural of F82H steel is described as tempered
ferritic/martensitic structure composed of lath martensite and pre-
cipitates such as My3Cs (M=Cr, W and Fe) and MX (M =Ta, V;
X =C, N). These carbides are apparently of great importance to in-
fluence the mechanical properties, therefore, many studies on the
precipitates in F82H steel have been investigated [3-7].
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On the other hand, it is easy to notice that the characteri-
zations of the carbides, including particle size, number density,
chemical composition and so on, were carried out via transmission
electron microscope (TEM) observations in most of the investiga-
tions [3,4]. Owing to the very high resolution and unique crystal-
lographic structure determination ability, TEM is a very powerful
tool to characterize the fine particles in a wide variety of materials.
In terms of macro-scale characterizations, however, the shortage of
view field and less efficiency are the weaknesses of TEMs. It is not
suitable to measure coarse sized particles such as inclusions, which
generally possess the size of several pm [5]. Further, TEM has dif-
ficulty in the quantitative estimation of precipitate and dislocation
densities in F82H steels, because of the complicated and relatively
large scale microstructure due to tempering and martensitic trans-
formation [1]. This results in a large margin of error in the es-
timated data. Thus, TEM observation is insufficient to well build
the microstructure database for F82H steel. A more precise esti-
mation of carbide density is expected by macroscale experiments
like extracted residue test (ERT) combined with other techniques.

2352-1791/© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. Thermal history of F82H steels. A.C. denotes air cooling. Heating and cooling
rates were 2 and 3 K/s, respectively.

Nagasaka et al. [6] proposed a combination of ERT, X-ray diffrac-
tion (XRD) and inductively coupled plasma (ICP) analyses to ana-
lyze the precipitation in the thermally aged F82H steels. Since the
average sizes of MX and M,3Cg in the steel were 60 and 118 nm
[3,7], respectively, they were successful in filtering the carbides.
However, they underestimated the amount of carbides, especially
MX, which our range size is less than 50 nm [8-10]. The purpose
of the present study is, therefore, to investigate the precipitation
of carbides in F82H steels by TEM and ERT. The precipitation will
be investigated tempered and annealed F82H steels and its model
alloys to get insights into the corresponding precipitation strength-
ening.

2. Experimental procedure

Two kinds of experimental materials were used in the present
study. One is F82H steel (Fe-0.098C-7.81Cr-1.88W-0.44Mn-0.19V-
0.037Ta), and the other is the ternary model alloy (Fe-0.015C-
0.19Ta), which will be called Fe-0.2TaC hereafter. The carbon con-
centration of F82H steel is slightly lower than that of the original
F82H-IEA (0.1 wt.%C) [5]. In order to prevent carburizing and decar-
burizing, the specimens were acidized using a solution of 20% hy-
drochloric acid and balanced methanol for 43.2 ks. Then, the speci-
mens were capsuled into clean quartz tubes with high purity argon
gases. Thermal history of the three-step heat treatment of F82H
steel is shown in Fig. 1. The specimens firstly underwent the solu-
tion annealing at 1523 K for 86.4 ks to homogenize the alloying el-
ements. Subsequently the specimens were normalized at 1313 K for
2.4 ks. Afterwards, the specimens were tempered at 573, 773, 823,
873, 973 and 1023 K for 1.8 ks, or 1023 K for 3.6 ks, respectively.
In all of the heat treatments, the heating and cooling rate were
respectively set as 2 and 3 K/s, also, the occurrence of martensitic
transformation in this cooling rate was confirmed from the thermal
expansion measurement. For the F82H steels, the one tempered
at 1023K for 3.6 ks is named as tempered F82H, as this heating
regime is the same with F82H-IEA tempering process; the rest of
the specimens (annealed at 573, 773, 823, 873, 973 and 1023 K for
1.8 ks) are named as annealed F82H. For the Fe-0.2TaC, the speci-
mens were tempered at 1123 K for 3.6 ks, after a solution annealing
at 1523 K for 43.2 ks followed by water quenching.

The ERT was conducted using an AA solution, the mixture
of 10% acetyl acetone, 10% tetra methyl ammonium chloride and
balanced methanol, with keeping the electric current of roughly
100 mA at room temperature [6,7]. At this electric current, it
was examined that the matrix could be electrochemically dis-
solved and precipitates were stably remained in the etchant solu-
tion [11,12]. The remained precipitates were collected on a mem-
brane filter with 50 nm pore size by vacuum percolation. The ex-
tracted residues were, then, weighed using an electronic balance
with an accuracy of +0.1 mg, which was roughly equivalent to
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Fig. 2. (a) TEM bright field image of Fe-0.2TaC model alloy, and (b) the size distri-
bution of TaC. N and ave. stand for the number of measurement and the averaged
size.

Table 1
Weight percentage of extracted residue
in Fe-0.2TaC model alloy.

Test No.  Extracted residue, W (%)
1 0.242
2 0.234
3 0.251
AVE 0.242

0.1% of the total weight of residue obtained in each test. After-
wards the XRD analysis was performed on the extracted residues
on an X-ray diffractometer (Rigaku, Ultima IV) with a Cu target at
40kV and 40 mA. The size and number density of carbides were
also investigated by TEM, so as to compare to the results attained
from ERT. Twin-jet electro-polishing to achieve electron transpar-
ent F82H specimens was carried out in a solution containing 8%
perchloric acid and acetic acid at room temperature.

3. Results and discussion

3.1. Comparison of particle volume fractions obtained by TEM
observation and ERT

3.1.1. Fe-0.2TaC

Fig. 2 shows the bright field (BF) image of Fe-0.2TaC and the
size distribution of carbides. It is noticed from the BF image (Fig.
2(a)) that numerous fine TaC particles were dispersed in the ma-
trix, appearing in either spherical or thin foil shape, which is con-
sistent to a previous study [13]. The thickness of the observed re-
gion was determined by the thickness fringe technique, and the
number density of carbides was estimated as 7.9 x 102! m=3. As
shown in Fig. 2(b), the unimodal size distribution was observed
ranging from roughly 2 to 20 nm with a peak at around 6-8 nm.
Also, average particle size, which is defined as the length of the
major axis, was estimated as roughly 8.9 nm, which is consistent
with our previous study [14]. Thereby, the volume fraction of TaC
was calculated as 0.289%, assuming the particles were spherical.

The number density of TaC was also examined by the ERT.
The results are listed in Table 1. Weight percentage of extracted
residue, W, is calculated according to the following equation [11]:

_ Whepr o
= Sy X 100% (1)

where, Wppr is the weight of precipitates and AW is the weight
difference of specimen between before and after ERT. The ERT
was repeated three times, and the average weight percentage of
the extracted residue was 0.242%, corresponding to a volume frac-
tion of TaC of 0.157%. The volume fraction is obtained by mul-
tiplying the weight fraction with the density ratio (Dpq¢rin/Dppe),
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Table 2

Precipitate characterizations by TEM and ERT in tempered F82H steel.

TEM Extracted residue test

MX MypCs SUM  MX  MxCs  SUM
Weight percentage of extracted residue, W (%) - - - 0.07 1.91 1.98
Average diameter (nm) 24 55 - - - -
Number density (x10' m~3) 9.8 135.5 - - - -
Volume fraction (x10~4) 0.7 118 1187 3.6 212.6 216.2

where Dpqpix=7.87 g/cm? [15] is the density of the matrix and
Dppr =14.48 g/cm? [16] is the density of the precipitates. Compared
to the TEM observation result, it is noticed that the volume fraction
of TaC was underestimated by ERT. The ratio between the volume
fractions measured respectively by TEM and ERT methods in Fe-
0.2TaC (VTEM|VERT) was estimated as 1.84, indicating that roughly
~46% of the TaC particles were not counted in ERT tests.

The ERT was conducted using membrane filters whose pore size
was 50 nm in the present study. Carbides possessing a size smaller
than the pore size might leak through the membrane filter. There-
fore, it is necessary to compare the number density of TaC evalu-
ated by ERT to the one by TEM, in order to assume the loss ratio
and improve the data reliability. Assuming the shape of TaC in ex-
tracted residue is spherical, the precipitate number density evalu-
ated by ERT, Nppr, can be calculated from the following equation:

WPPT Dmatrix (2)
AW DpprVppr

where, Vppr is volume of a particle. Accordingly, the average num-
ber density of TaC is calculated as 3.58 x 102! m~3. It is found that
the value evaluated from ERT is nearly half of that examined by
TEM; ie. 7.9 x 1021 m—3.

As revealed above, the ERT underestimated the amount of pre-
cipitates in Fe-0.2TaC in comparison to the TEM observation, pre-
sumably due to some carbide leakage through the filter, as the av-
erage size of TaC is much smaller than the filter pore size. The par-
ticles with size less than 50 nm simply pass through the filter. Nev-
ertheless, TaC particle residues were indeed collected in each test,
despite the fact that the number density of the particles were un-
derestimated. This means that particles less than 10 nm can to be
filtered using the ERT, even if the pore size in the filter is 50 nm.
The mechanism of this phenomenon still remains unclear, but it
may be related to the clogging of the filter pores and the agglom-
eration of the fine carbide powders. The 11 nm average sized fine
Y, Ti, 0, particles in an ODS martensitic steel had also been report-
edly collected by a filter with 100 nm pore size in ERT in a previ-
ous study [17].

Nppr =

3.1.2. Tempered F82H steel

Similar estimations were also conducted on the tempered F82H
steel which is tempered at 1023 K for 3.6 ks. Fig. 3 shows the re-
sults of the TEM observation. The lath martensitic structure was
clearly observed as shown in Fig. 3(a). Two types of precipitates
with distinct specifications were observed. Some of the carbides as
indicated by solid triangles, were found to be preferentially located
on the lath grain boundaries. Such precipitates generally were rel-
atively larger in size which was about 55 nm. By the selected area
electron diffraction (SAED) analysis, as shown in Fig. 3(c), these
precipitates were analyzed to have a fcc structure and a lattice pa-
rameter of 1.06 nm. They are thus identified as M,3Cg type carbide.
On the other hand, the other type of precipitates denoted by open
triangle was only found within the lath grains. These precipitates
were much smaller compared to M,3Cg. These fine intra-granular
precipitates are believed to be MX type carbides; namely TaC as
shown in Fig. 4. The size and number density of carbides were es-
timated based on TEM observations and summarized in Table 2.

200 nm

o =

a00 2=[011]

— My;C -2

422

Fig. 3. TEM observation results of tempered F82H steel. (a) Low magnification of
bright-field image. Lath grain boundary (G.B.) is indicated. (b) Magnified image from
the inset rectangular in (a). Solid and open triangles indicate My3Cs and MX par-
ticle, respectively. (c) Selected area electron diffraction (SAED) pattern in (a). (d)
The corresponding indices. Solid circles, triangles, squares denote diffractions from
matrixX, M3Cs-1 and My3Cs-2, respectively. Open symbols indicate background.
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Fig. 4. XRD pattern of extracted residue from the tempered F82H steel. Si single
crystal was used as reference. Standard diffractions of Cry3Cg (ICDD No. 01-089-
2724) and TaC (ICDD No. 01-089-2724) were also shown.
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As pointed out above, there are two types of carbides in F82H
steel. In order to estimate the amounts of My3Cg (Cry3Cg) and
MX (TaC) quantitatively, XRD measurements were performed on
the extracted residue. An example of the XRD pattern of extracted
residue from tempered F82H is shown in Fig. 4. The most intense
diffraction peaks in TaC (ICDD No. 01-089-2724) and Cry3Cg (ICDD
No. 01-089-2724) are (111) and (511), respectively [18]. The inten-
sity of diffracted peak shown in XRD pattern can be described by
[19]:

2n P

I =F°N m ANA (3)
where F is the structure factor (Fyy=233.29, Fyx=502.79), N is
the number of unit cell, y/p is the mass absorption coefficient, A is
the atomic number and N, is the Avogadro constant. The depen-
dence of X-ray scattering intensity on the Bragg angle is not taken
into consideration in the present study, because the TaC (111) peak
is quite close to Cry3Cg (511) peak. In general, the intensity of X-
ray diffraction is determined by the number of unit cells and in-
tensity derived from crystal structure. Although the crystal struc-
ture or space group of MX and M,3;Cg is the same: Fm3m, the
number of atoms need to form an unit cell is varied. These fac-
tors were consulted from the literature [20]. In the case of the p/p,
it depends on the weight ratio between MX and M,3Cg in the ex-
tracted residue. However, the weight of MX was vanishingly small
compared to the M,3Cg as seen in Table 2. Hence, 1/p is approx-
imately regarded as Lypo3cs/0m23cs- Therefore, the weights of MX
(Wux) and My3Cs (Wppo3cs) are calculated from the weight ratio
(Wyx: Whascs), which is described as follows:

Wux @ Wizsce = WunxNux - WmzsceNum23cs

Ivx Iv23ce
=Wmx ¢ WMo g (4)
MX M23C6

where w is the weight of a unit cell (wyyx=1.83x10"2!g and
Wi23cs = 8:45 x 10721 g). Results of the extracted residue are sum-
marized in Table 2. The weight percentage of extracted residue was
1.98%, agreeing well with a previous study [7]; the weight ratio of
MX and M,3Cg was estimated as 0.07:1.91. The volume fraction of
precipitates (MX and M,3Cg) was then respectively calculated from
the weight ratio; the density of My3Cg used is 7.07 g/cm? in Cry3Cg
[21], and the density of F82H matrix used is 7.87 g/cm3 [16]. The
ratio between the precipitate volume fractions measured by TEM
and ERT in tempered F82H (VIEM|VERT) was evaluated as 0.54. It
is worth noting that the ratio VIEM|VERT jn Fe-0.2TaC steel is dis-
tinctly different from that of F82H, indicating that the collection
probability of carbides on the membrane filter is greatly influenced
by the particle features, especially the size of particle. The size of
TaC in Fe-0.2TaC model alloy is averaged as 8.9 nm, which is much
smaller than the average size of MX (24 nm) and M,3Cg (55 nm)
in tempered F82H, thus the probability of the carbides passing
through the filter is higher in fine carbide containing specimens.
It is also noted, in the case of F82H that the volume fraction of
particles obtained by TEM (V'EM) is less than that by ERT (VERT),
which is opposite to what occurred in the Fe-0.2TaC model al-
loy, where VIEM - VERT This inconsistency is believed to originate
from the particle features. The reason why VEM > VERT jp Fe-0.2TaC
may be ascribed to the following two aspects: on the one hand,
the size of TaC particles (averaged ~8.9 nm) is much smaller com-
pared to the size of pores in the filter (50 nm), resulting in the
high loss rate of particles in the ERT test; on the other hand, the
microstructure of Fe-0.2TaC comprising of coarse grain and rare
dislocations is fairly simple and clean (as revealed from Fig. 2(a)),
making the TaC particles easily distinguishable from TEM micro-
graphs. Thereby, the quantitative characterization of fine TaC parti-
cles by TEM observation is more reliable in comparison to ERT test
in Fe-0.2TaC model alloy. On the contrary, the VIEM < VERT is found

Table 3

ERT results on weight percentage of extracted residue of MX
and Mj3;Cs in annealed and tempered F82H steels exposed to
various annealing.

Annealing conditions Extracted residue (%)

Temperature TP=T(20+logt) MX My3Cg
Normalized 5.46 <0.01 0.13
573 K 11.29 <0.01 0.07
773 K 15.23 <0.01 0.15
823 K 16.21 009 185
873 K 17.39 0.10 1.97
1023 K 20.15 0.01 217
Tempered 20.46 0.07 1.91

in F82H steel, which may also be explained by two reasons: firstly,
the size of particles in F82H, either the averagely 24 nm-sized MX
type carbides or the averagely 55 nm-sized M,3Cg type carbides,
are comparable or even larger than the pore size of the ERT em-
ployed filter, thus the vast majority of the precipitates is collected
on the filters; secondly, the martensitic based microstructure in
F82H is highly strained and possess high amounts of dislocations,
which makes difficult to provide a clear particle-distinguishing im-
age due to the overlapped contrast of dislocation cells and parti-
cles. What is more, F82H is not composed of coarse grains, but the
messy and fine lath domains, along whose interfaces the My3Cq
type carbides are precipitated (see Fig. 3). Thus, the full view of
M,3Cg particles is hardly possible be observed, involuntarily result-
ing in the under-estimated particle numbers in TEM micrograph.
Consequently, the ERT test is a better approach to quantitatively
characterize the precipitates in tempered F82H steel. In brief, it is
the particles’ specifications, such as the size and distribution, that
greatly influence the method to quantitatively characterize them.

3.2. Effects of tempering on precipitation in F82H steel

As revealed from the comparison results above, ERT is regarded
as an appropriate way to quantitatively analyze the precipitates in
F82H, where the microstructure of matrix is complicated and the
size of particles is comparable to the pore size of filter. Therefore,
the effects of tempering on the precipitation in F82H steel were
evaluated by ERT, with the combined application of XRD analysis.
The weights of MX and M,3Cg for F82H steels annealed at various
temperatures and their proportions were calculated and summa-
rized in Table 3. The tempering parameter (TP), which is a com-
monly used factor to show the integrated effect of both tempera-
ture and holding time in tempered steels, is defined by the follow-
ing equation [22]:

TP = T (20 + log t) (5)

where T is temperature in Kelvin and t is the holding time in
hours. The TP for the tempered F82H steels was also summarized
in Table 3.

Fig. 5 shows the weight percentage of extracted residue in an-
nealed and tempered F82H steels as a function of TP. The open
squares present the weight of extracted residue. The error bars in-
dicate the standard deviations derived from three measurements
of ERT for each specimen. Fig. 5 shows that the weight percent-
age of extracted residue was estimated as 0.2% when TP is lower
than 15. Then the steep increase up to 1.8% was observed at the
TP ranging from 15.3 to 16.2. Finally, it saturated at around 2.0%
when TP is higher than 18. This indicates that the precipitation is
very sensitive to the value of TP, which is presumably ascribed to
the occurrence of a nucleation barrier for fine particles, especially
for M,3Cg in F82H steel at TP ranged between 15.2 and 16.2 [23].
Furthermore, it was found that the weight ratio between MX and
M23C5 (WER, MX/WER, M23C6) decreased with the increase in TP. This
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Fig. 5. Weight percentage of extracted residues in F82H steels as a function of tem-
pering parameter. Error bars indicate the standard deviations.

result can be explained by the formation energy of the carbide; the
binding energy of chromium with carbon is much lower than tan-
talum [24]. Therefore, precipitation of M,3Cg is presumed to pro-
ceed more easily during tempering compared to MX.

It needs to mention here that the experimental data measured
via ERT are believed to be reliable at the annealing range from
823 to 1023 K. As seen from Table 3, sufficient amounts of parti-
cles were precipitated by high temperature annealing, the features
of these particles were considered to be similar to the particles in
tempered F82H steel. Nevertheless, the reliability of the data for
Normalized, 573- and 773 K annealed specimens is not guaranteed.
As revealed from Table 3, much less amount of particles was ex-
tracted in these specimens compared to the tempered one, sug-
gesting that the precipitation process occurring in these specimens
was still in an early stage. Thereby the particles probably possess
a relatively smaller size, which may result in a greater loss ratio
in the ERT test. However, even if the weight percentage of parti-
cles in Normalized, 573- and 773 K annealed specimens is under-
estimated, it is possible to speculate the actual value as per the
loss ratio measured in Fe-0.2TaC model alloy. For example, to an
upper bound, the actual precipitate weight fraction may be close
to the value observed by TEM, i.e., nearly 2 times that measured
by ERT test. Due to the significantly lower amount of precipitates
in lower temperature annealed specimens (Normalized, 573- and
773 K), doubling the ERT measured precipitate weight still makes
no obvious influence on the aforementioned trend.

The carbon concentration in the matrix was calculated by sub-
tracting the carbon concentration in carbides from the nominal
chemical composition. Fig. 6 shows the calculated carbon concen-
tration in the matrix (denoted as open squares) as a function of
TP. The error bar of each data indicates the standard deviation.
The solid line is provided to guide the eye and the dot-and-dash
line denotes the nominal chemical composition of carbon in F82H
steel. One can note that the carbon concentration was 0.09 wt.%
at TP below 15.3, then it sharply dropped down to nearly zero at
the TP range from 15.3 to 16.2. As per the Thermo-Calc calculation,
the carbon concentration in the matrix of well-tempered F82H was
extremely low, which is roughly consistent with the solid solubil-
ity of carbon in o phase of Fe-8Cr system, i.e.: 0.0035wt.%. On
account of the fact that the carbon concentration in the matrix
is estimated close to zero, it is inferred that the nominal crystal
structure of tempered F82H steel is bcc, rather than bct. Here, the

Tempering parameter, 7(20+log?) , (x107)

Fig. 6. Evaluation of dissolved carbon concentration in F82H matrix. The error bars
indicate the standard deviation.

uncertainty of the measured carbon concentration should be no-
ticed, which mainly stems from the following factors: (a) not high
enough resolution on carbon concentration of ERT method, and (b)
not accurate enough carbon concentration in this material. This is
also the reason why the estimated carbon concentration was even
slightly lower than zero and a quite large error bar was present.

3.3. Estimation of precipitation strengthening in F82H specimen

Thus far, it is believed that F82H steels exhibit excellent me-
chanical properties, mainly profiting from the lath martensitic
structure and the fine particles embedded in the matrix. Since the
quantitative characterizations of carbides in tempered F82H steel
is successfully attained in this study, a quantitative estimation of
the precipitation strengthening at room temperature can be per-
formed.

The tensile strength contributed from precipitation strengthen-
ing (oppr) is generally interpreted by Orowan [25] and/or Ashby-
Orowan strengthening mechanism [26], the strength increase by
Orowan (o) and Ashby-Orowan (o 4.o) mechanism is given by Eqs.
(6) and (7), respectively:

0.8MGb
0o =—7 (6)

0.8MGb ( X ) )

Op_g = —————— - IN| =—
A0 AL 2b

where M, G, b, v, L and x are Taylor factor (=3.06 for random
textured bcc metals [27]), shear modulus (=81.6 GPa [28]), burg-
ers vector (=0.248 nm), Poisson’s ratio (=0.293 in bcc iron [28]),
average inter-particle spacing and average particle diameter on the
slip planes, respectively. Also, L and x are given by the following
equations, assuming that particles are randomly distributed in the
matrix:

2 T
L= 3< f—2>r (8)

2
x=2,/5-r1 9
5 ()
where f and r are volume fraction and particle size of carbides,
respectively. The value of o is derived assuming that the energy
of dislocation per length is approximated to be Gb?/2, while the
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0 a0 is derived by taking the energy of bowed-out edge or screw
dislocations around the carbide into consideration.

The proof strength (o) of tempered F82H at room temper-
ature was 525+25MPa [29]. Assuming a random dispersion of
the carbides, the calculated oo was 8.0 and 44.1 MPa for MX
and M,3Cg, respectively. The total precipitation strength from both
MX and M,3Cq (O'pprzo'pp[Mx+O'ppIM23C6) was 52.1 MPa. The ra-
tio between precipitation strength and overall proof strength (o ppr
|0 0.2) was approximately 9.9% in the case of Orowan mechanism.
On the other hand, the values of the calculated o4 were 3.8
and 21.8 MPa for MX and M,3Cg, respectively. The o ppr [0g2 Ta-
tio was 4.9% in the case of Ashby-Orowan mechanism. Kamikawa
et.al. [30] reported that the Orowan mechanism is predisposed
to overestimated the precipitation strengthening from nanometer-
scale particles while the Ashby-Orowan mechanism can reason-
ably explain the strengthening at least in the average particle di-
ameter range of 3-20 nm. Taking the microstructure into consid-
eration, where M,3Cg particles of 55nm average size are prefer-
ably located along the grain boundary as shown in Fig. 3(a), the
precise estimation may not be able to be deviated from Ashby-
Orowan model; The frequency to pin the dislocation motion by
grain boundary particle is lower than the intragranular one. How-
ever, in any case, the actual strength increment by precipitates is
lower than that assumed from Orowan model. Therefore, the ac-
tual precipitation strengthening is presumed to lie between o 4.¢
and o g: i.e. 4.9% < o ppr [0 92 <9.9%. It obviously demonstrates that
the fine particles in F82H steel do not greatly improve the ten-
sile strength at room temperature. Nevertheless, the presence of
these precipitates is believed to play a significant role on the ma-
terials’ other mechanical performance. For example, Tamura et.al.
[9] reported the effect of tantalum on creep properties. The creep
strength surely increased by ~ 17% within the range of 0.04 wt.% in
tantalum concentration in F82H steel. Thus, they carbides play an
indispensable role as obstacles to impede the dislocation motion,
when it comes to dislocation movement happening during creep
deformation and thermal aging.

4. Conclusions

The precipitation in F82H steels and Fe-0.2TaC model alloy were
investigated by both TEM observation and extracted residue tests.
The precipitation strengthening and its effect on tensile strength
at room temperature was quantitatively estimated based on the
Orowan and the Ashby-Orowan mechanism. In summary, the fol-
lowing results were obtained.

(1) TEM observation and extracted residue test combined with
XRD analysis were conducted to characterize the carbide in Fe-
0.2TaC and tempered F82H. The ratio between the total volume
of carbide evaluated by TEM and extracted residue test in Fe-
0.2TaC was estimated approximately as1.84; in contrary, this ra-
tio was 0.54 for tempered F82H steel. This inconsistency is con-
sidered to originate from the microstructural features, such as
particle size and shape.

(2) Effects of tempering on the precipitation in F82H steels were
further investigated by extracted residue tests, combined with
XRD analysis. It was found that the amount of carbides rapidly
increased in the TP range from 15.3 to 16.2.

(3) Tensile strength increment contributed by carbides in F82H
steel, o ppr, was estimated based on the Orowan and the Ashby-
Orowan mechanism. The oppy in F82H steel was between
4.9~9.9% of its overall o(,, demonstrating that the carbides
in F82H steel are less effective to improve the tensile strength
at room temperature, although its advantageous effect on creep
strength has been clarified previously.
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