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MICROSTRUCTURAL  ANALYSIS OF FERRITIC-MARTENSITIC STEELS
IRRADIATED AT LOW TEMPERATURE IN HFIR - N. Hashimoto (Oak Ridge National
Laboratory), E. Wakai (Japan Atomic Energy Research Institute), J. P. Robertson (ORNL), and A.
F. Rowcliffe (ORNL)

OBJECTIVE

The purpose of this work is to investigate the microstructural evolution of ferritic/martensitic steel
irradiated at low temperatures to damage leveis of about 3 dpa in order to relate the microstructure
to the mechanical properties, in particular the fracture toughness and the yield strength.

SUMMARY

Disk specimens of ferritic-martensitic steel, HT9 and F82H, irradiated to damage levels of ~3 dpa at
irradiation temperatures of either ~80°C or ~250°C have been investigated by using transmission
electron microscopy. Before irradiation, tempered HT9 contained only M,,C, carbide. lrradiation
at 90°C and 250°C induced a dislocation loop density of 1x102 m™® and 8x10%' m®, respectively. In
the HT9 irradiated at 250°C, a radiation-induced phase, tentatively identified as o, was observed
with a number density of less than 1x10%° m3. On the other hand, the tempered F82H contained
MxCs and a few MC carbides; irradiation at 250°C to 3 dpa caused minor changes in these
precipitates and induced a dislocation loop density of 2x102 m®. Difference in the radiation-
induced phase and the loop microstructure may be related to differences in the post-yield
deformation behavior of the two steels. ‘

PROGRESS AND STATUS
1. Introduction

Ferritic/martensitic steels are aftractive candidate structural first wall materials for fusion reactors
[1]. Neutron irradiation at low temperature can cause an increase in the yield stress and a
decrease in the uniform elongation, as determined by tensile test. Additionally the ductile-brittie
transition temperature (DBTT) may increase and the upper shelf energy may decrease,, as
determined by a Charpy impact test. It was previously reported [2] that irradiation of HT9 to ~3 dpa
in HFIR at 250 °C resulted in an increase in yield stress of about 450 MPa accompanied by a -
reduction in uniform elongation from 12% to 6% when tested at the irradiation temperature.
Although the F82H underwent somewhat less hardening (AYS=350 MPa) at 250°C, the uniform
elongation was reduced to less than 0.5%. In spite of the loss of strain hardening capacity
observed for the F82H, the fracture toughness values of both alloys were similar at 250°C. in
addition, the F82H maintained good toughness at room temperature; on the other hand, the HT9
exhibited lower-shelf brittle behavior at room temperature.

The objective of the this study is to investigate microstructure of ferritic/martensitic steels, HT9
and F82H, irradiated at low temperatures and to damage levels of about 3 dpa in order to relate
the microstructure to the mechanical properties, in particular the fracture toughness and the yield
strength.
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2. Experimental Procedure
HT9 and F82H were included in this experiment; the compdsitions are given in Table 1. Standard

3-mm diameter transmission electron microscopy (TEM) disks were punched from 0.25-mm thick
sheet stock, and then these disk were normalized and tempered as indicated in Table 2.

Table 1. Chemical compositions of F82H and HTS (wt%). (Balance Fe)

Steel Cr Ni Mo Mn Si C N \ w Ta P S

HT2 12.1 051 1.04 057 0.17 0.20 0.027 0.28 0.45 - .016 .003
F82H 7.65 0.05 - 049 0.08 0.093 0.002 0.18 1.98 0.038 .001 .001

Table 2. Normalizing and tempering conditions for F82H and HT9.

Steel Normalizing Tempering
HT9 1.0 hat 1050°C/AC 25hat780°C/AC
F82H 0.5 hat 1040°C/AC 1.5 h at 740°C/ AC

The disks were irradiated in HFIR in the capsules of HFIR-MFE-JP-17 and JP-18 at nominal
irradiation temperatures of either 90°C or 250°C to neutron fluences producing ~3 dpa. The
helium concentration was about 2 and 30 appm in F82H and HT9, respectively.

TEM specimens were thinned using an automatic Tenupol electropolishing unit located in a hot
cell. TEM disks were examined using a JEM-2000FX (LaB,) transmission electron microscope
equipped with a special objective lens polepiece that lowers the magnetic field at the ferro-
magnetic specimen. The foil thicknesses were measured by thickness fringes in order to evaluate
quantitative defect density values.

3. Results

3.1 Microstructure of tempered HT9 and F82H

Figure 1 shows the microstructure of tempered HT9 and F82H. In both of them, dislocations were
observed with a density of about 1x10™ m2. The tempered F82H contained M,C; and a few MC
carbide, while tempered HT9 contained only M,;C, carbides. The summary of the microstructure,
dislocation and precipitates, in HT9 and F82H are given in Table 3. The tempered HT9 contains
M,;C; carbides with a number density of 7.0x10" m®and mean diameter of 310 nm. In F82H, the
number density and mean diameter of M,;Cs carbides are higher and smaller than that of tempered
HT9, as shown in table 3.

Table 3. The summary of microstructure in HT9 and F82H before irradiation.

Steel Dislocation Precipitates
Density (m?) ppt. Mean diameter (nm) Number density (m™®)
HT9 1x10"% M.sCe 310 7.0x10"®
F82H 1x10" M,,Cs 73 6.0x10®

MC 14 <1x10%°
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Fig. 1 Microstructures of HT9 (a) and F82H (b) before irradiation.

3.2. Microstructural evolution of HT9 irradiated to ~3 dpa

Figure 2 shows the dislocation segments and loops, which were obtained in HT9 after. irradiation
at 90°C and 250°C to 3 dpa using the diffraction conditions: B=[001], g= (011), (g, 5g). For HT9,
the irradiation induced dislocation loop densities of 2.5x10*' m® and 1.7x10%2 m® with mean
diameters of 5 nm and 5 nm, respectively. The dislocation loops in the specimen irradiated at
90°C were perfect types of b = a,<100> on {100} , while irradiation at 250°C induced loops of
perfect types of not only b = a,<100> on {100} but also b = (ay,/2)<111> on {111}. The total
dislocation density, which means the total line length of the dislocation loops, irradiated at 250°C
is larger than that at 90°C. Table 4 summarizes the gquantitative results for dislocation loops and
total dislocation density.

Table 4. The disloéation density of HT9 before and after irradiation at 90°C and 250°C o 3 dpa.

Condition Dislocation loop Total

' Number density (m™®) Mean diameter (nm)  Dislocation density {(m®)
Before irradiation - - <Ix10™

ir. at 90°C 2.5x10% 5 4.0x10™

Irr. at 250°C 1.7x10% 5 2.6x10%

3

HTQ contained M,,C, carbide before irradiation, the irradiation at 90°C caused minor changes in
these precipitates, but induced no other carbides. In the HT9 irradiated at 250°C, a radiation-
induced phase, tentatively identified as o/, was observed with a number density of 1x10%° m?®. Fig.
3 shows a microgragh of o precipitates, which was taken by using the 2.5 dimension method on
weak beam dark-field conditions: B=[133], g= (110), (g, 5@). The summary of precipitates before
and after irradiation at 90°C and 250°C to 3 dpa is given in Table 5.



Fig. 2 Microstructures of the dislocation segments and loops in HT9 after irradiation
at 80°C (a) and 250°C (b}, the diffraction conditions: B=[001], g= {011}, {g, 5g).

Fig. 3 A stereo-pair of o precipitates in HT9 irradiated at 250°C to 3 dpa. (a) and (b) are
taken with overfocus and underfocus conditions, respectively, on weak beam dark-field
conditions: B=[133], g= (110), (g, 59).
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Table 5. Precipitate statistics in HT9 before and aifter irradiation at 90°C and 250°C to 3 dpa.

Steel ppt. Before irradiation After irradiation (90°C) After irradiation (250°C)
Mean Number Mean Number Mean Number
diameter density (m®) diameter density (m®) diameter density (m?)
(nm) (nm) (nm)
HT9 MG, 310 7.0x10'® 310 6.8x10'8 313 6.4x10"
o - - - - <4 <1x10%°

3.3. Microstructure of F82H irradiated to ~3 dpa

Figure 4 shows the dislocation segments and loops, which formed on {111} planes with
(a/2)<111> Burgers vectors, in F82H after irradiation at 250°C to 3 dpa. The irradiation at-250°C
induced a higher dislocation loop density of 2x10%2 m*® with a larger mean diameter of 8 nm in
F82H than that in HT-9 (5x10%' m® with 5 nm). Table 6 summarizes the quantitative results of
dislocation loops and total dislocation density.

Table 6. The dislocation density of F82H before and after irradiation at 250°C.

Condition Dislocation loop Total

Number density (m®)  Mean diameter (nm)  Dislocation density (m®)
Before irradiation 1x10%
Irr. at 250°C 2x10% 8 5x10'¢

Fig. 4 Microsgraphs of the dislocation segments and loops in F82H after irradiation at
250°C to 3 dpa. (a) is a bright-field image and (b) is a dark-field image on weak beam
dark-field conditions: B=[133], g= (110}, (g, 3g).
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Before irradiation, the tempered F82H contained M,,C, and a few MC carbides. The irradiation at
250°C to 3 dpa caused minor changes in these precipitates. Table 7 shows summary of
precipitates in F82H before and after irradiation at 250°C to 3 dpa. lrradiation at 250°C to 3 dpa
caused only minor changes in these precipitates.

Table 7. Precipitate statistics in F82H before and after irradiation at 250°C up to 3 dpa.

Before irradiation After irradiation (250°C, 3 dpa)

ppt. Meandiameter Number density ppt. Mean diameter Number density
(nm) (m*®) (nm) (m®)

M..Cs 73 6.0x10"° M,.Cq 73 5.8x10"°

MC 14 <1x10%° MC 13 1x10%°

4. Discussion

It is well known that ferritic steels have excellent swelling resistance among the alloys considered
for fusion structural applications. In this study, the neutron irradiation induced no cavities in both
the HT9 and the F82H because of the low irradiation temperatures and low dose.

Before irradiation, there was a significant difference in the distribution of precipitates between the
HT9 and the F82H. The HT9 contained a larger amount of M,;C, carbides than the F82H, which is
attributed to the HT9 having twice as much carbon. There were no MC carbides in the HT9. The
irradiation caused little change in the M,,C; and the MC carbides in both alloys, while, in the HT9
irradiated at 250°C, a low density of precipitates, tentatively identified of, formed in the matrix.
These small particles were detected by using the 2.5 dimension méthod on weak beam dark-field
conditions. It is generally believed that in high-chromium ferritic steels, there is a possibility to form
aging emblittiement due to the formation of o’-phase through either spinodal decomposition or
nucleation and growth, depending on the aging temperature [3]. Under irradiation, however, the
critical content of chromium necessary to form o’-phase may be lower than that during thermal
aging. Previous studies of irradiated 12Cr steel [4-6] also reported the particles and identified
them as chromium-enriched o’-phase. Mechanical property studies indicate that the HT9 showed
a large shift in ductile-brittle transition temperature (DBTT) and a reductions of fracture toughness
after irradiation to 3 dpa at 250°C. On the other hand, in the F82H irradiated at 250°C to 3 dpa, the
shift of DBTT and the decrease in fracture toughness were less than that in HT9. As discussed in
a previous paper [7], it is believed that this phase formed in HT9 may contribute to the decrease in
toughness.

The irradiation of HT9 at 90°C and 250°C induced dislocation loops which were perfect types of
b= a,<100> on {100} and/or b = (a,/2)<111> on {111}. Total disiocation density irradiated at
250°C is larger than that at 90°C because of the higher number density. On the other hand,
irradiation of F82H at 250°C induced dislocation loops on {111} planes with (ay/2)<111> Burgers
vectors. In Fe-Cr binary alloys, with respect to dislocation evolution in an initially almost
dislocation-free condition, interstitial type dislocation loops with an a,<100> and/or (a,/2)<111>
Burgers vector develop during irradiation [8,9]. According to an investigation of dislocation loop
evolution in ferritic alloys irradiated to high fluence [10,11], the a,<100> type dislocation loops
were sensitive to chromium content and a number of a,<100> type disiocation loops were
present in Fe-12Cr alloy irradiated at 420°C to 140 dpa, while in the Fe-6Cr and Fe-9Cr alloys, their
number density was extremely low. This difference of the nucleation of interstitial loops could be
explained by chromium stabilization of interstitial clusters, and/or o' precipitation promotes the
loop nucleation in Fe-12Cr alioy. On the other hand, according to previous paper which
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investigated a relationship between type of dislocation loop and content of interstitial impurities,
there is a tendency for a,<100> type loop to form in low-purity alloys [12]. The HT9 used in this
study has twice as much carbon and ten times as much nitrogen as the F82H, and there is a
possibility that the difference in impurity content affects loop formation. The growth rate of loops
should be controlled by not only dislocation bias for interstitials and vacancies but also the
stability, i.e., the strain energy, of loops [12], the differences of the growth rate and the number
density between a,<100> and (a/2)<111> type loops at lower temperature - should be
investigated. It is possible that these differences. in evolution of dislocation loops and radiation-
induced phases during irradiation could be related to the different post-yield deformation
behavior observed in the two alloys.

FUTURE WORK

Further analysis will be carried out of the relationships between the microstructural parameters and
the measured flow and fracture properties.
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