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High-Cr martensitic steel HT-9 is one of the candidate materials for advanced nuclear energy systems. Thanks to its
excellent thermal conductivity and irradiation resistance, ferritic/martensitic steels such as HT-9 are considered for in-core
applications of advanced nuclear reactors. The harsh neutron irradiation environments at the reactor core region pose a unique
challenge for structural and cladding materials. Microstructural and microchemical changes resulting from displacement
damage are anticipated for structural materials after prolonged neutron exposure. Consequently, various irradiation effects on
the service performance of in-core materials need to be understood. In this work, the fundamentals of radiation damage and
irradiation effects of the HT-9 martensitic steel are reviewed. The objective of this paper is to provide a background
introduction of displacement damage, microstructural evolution, and subsequent effects on mechanical properties of the HT-9
martensitic steel under neutron irradiations. Mechanical test results of the irradiated HT-9 steel obtained from previous fast
reactor and fusion programs are summarized along with the information of irradiated microstructure. This review can serve as
a starting point for additional investigations on the in-core applications of ferritic/martensitic steels in advanced nuclear

reactors.
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1. INTRODUCTION

Alloy HT-9 is a 12%-chromium and 1%-molybdenum
steel initially developed in Europe for fossil-fired power
generation industry.[1] With a nominal composition of
Fe-12Cr-1Mo-0.5W-0.5Ni-0.25V-0.2C (in wt%), the HT-
9 steel is a high-strength martensitic stainless steel. Owing
to its good creep-rupture strength and oxidation resistance,
the HT-9 steel has been widely used since 1960s for com-
ponents of turbines and boilers in fossil-fired power plants.
[1] Besides its non-nuclear applications, the HT-9 steel has
also become an attractive candidate material for various
nuclear energy systems since 1970s. Alloy HT-9 has been
considered for both in-core and out-of-core applications
of fast breeder reactors, [2,3] and for the first wall and
blanket structures of fusion systems.[4,5] The HT-9 steel
has also been used successfully in the Fast Flux Test Facility
(FFTF) as fuel cladding and ducts.[6] For nuclear energy
applications, the HT-9 and other ferritic/martensitic steels
have a number of advantages compared with austenitic
stainless steels currently used in light water reactors. Typi-
cally, ferritic/martensitic steels have high thermal conduc-
tivity, low thermal expansion coefficient, good high-tem-
perature strength, and most importantly, very low void
swelling rate under neutron irradiations.[7-9] The excellent
thermal properties and dimensional stability make the HT-
9 steel one of the most promising candidate materials for
future advanced nuclear energy systems, which will un-
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doubtedly be operated at much higher temperatures and
harsher irradiation environments than the current light
water reactors.

Despite various advantages, some serious challenges
do exist for the usage of HT-9 in severe irradiation environ-
ments. The most critical issue is low-temperature irradiation
embrittlement which affects the fracture resistance of ferritic
/martensitic steels considerably after neutron irradiations.
With a body-centered cubic (bcc) crystal structure, ferritic
/martensitic steels undergo a transition from ductile to brittle
fracture with decreasing temperature. It has been shown
that the ductile-brittle transition temperature (DBTT) in-
creases rapidly with neutron irradiation at temperatures
below 0.3 Tm (absolute melting temperature).[9,10] The
upper-shelf energy also decreases significantly along with
a reduced strain hardening coefficient and higher degree
of flow localization in irradiated ferritic/martensitic steels.
[11] This irradiation-induced embrittlement is a critical
concern for nuclear energy systems where temperature
transients are inevitably present during operation. In addi-
tion to the low-temperature embrittlement, high-temperature
creep property and rupture strength are another important
issue for the applications of HT-9 in nuclear energy systems.
[12,13] While a wide range of mechanical properties can
be obtained through thermal-mechanical treatments, the
high-temperature strength of ferritic/martensitic steels relies
on the stability of heat treatment microstructures and sec-
ondary phases under neutron irradiations at operating
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temperatures. Since irradiation-enhanced diffusion and
segregation are important factors for the formation and
stability of new phases in ferritic/martensitic alloys, irra-
diation-induced degradations of the high-temperature perfor-
mance are of critical concern. Unless the hardening phases
can be stabilized, the maximum service temperature of HT-
9 may be limited for in-core applications. The importance
of the high-temperature strength is reflected in the history
of the development of ferritic/martensitic steels, which is
essentially a continued effort in improving the creep rupture
strength and maximum service temperature.[14] More
recently, it has been demonstrated that oxide dispersion-
strengthened high-Cr steels may be a potential solution
for elevated-temperature strength, [9] but the irradiation
embrittlement of these materials needs further investigations.

This review will be focused on the irradiation effects
of the HT-9 martensitic steel. The current understanding on
the radiation damage, irradiation microstructure evaluation
and irradiation induced mechanical property changes in
HT-9 will be presented. Since many high-Cr steels share
common features and have often been studied alongside
with HT-9, other high-Cr (9-12% Cr) ferritic/martensitic
steels will also be referred occasionally in the discussion.

2. BACKGROUND OF RADIATION DAMAGE

Radiation damage of crystalline materials arises from
the interactions between impinging particles (i.e. neutrons,
ions and electrons) and lattice atoms. Along the path of
an intruding particle, the kinetic energy of the particle
dissipates in the host matrix through electron excitations,
elastic collisions and inelastic interactions with the target
nuclei.[15] When the energy of elastic collisions is suffi-
ciently high, lattice atoms can be displaced from their origi-
nal sites, giving rise to primary knock-on atoms (PKAS).
The PKAs often have energies exceed the lattice displace-
ment threshold (Es) by many orders of magnitude, and
thus can displace a large number of neighboring atoms,
forming displacement cascades.[15-17] Consequently, an
avalanche of self-interstitials and vacancies (Frenkel pairs)
are produced within the displacement cascades. Most of
these point defects annihilate quickly in the cooling phase
of the displacement cascades. However, due to crystallo-
graphic symmetries, atoms at a considerable distance from
the core of a cascade can be displaced via focusing, replace-
ment collisions or by propagation as crowdions. Thus, a
vacancy rich core surrounded by an interstitial rich shell
is formed by the displacement cascade.[10] At irradiation
temperatures, the surviving vacancies and interstitials evolve
into crystalline defects through point defect aggregation
or cascade core collapsing.

To assess the extent of radiation damage, displacements
per atom (dpa) is often used as a measure of irradiation
dose in nuclear materials research. Using dpa as a damage-
based exposure unit, displacement damage resulting from
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different irradiation sources can be compared, and irradi-
ation-induced property changes can also be correlated. The
most popular method to calculate dpa is a model proposed
by Norgett, Robinson and Torrens [18] (NRT model), in
which the number of displaced atoms produced by a PKA
is given by:

K(T - Ee) == KT(’/iam s ];al" > 2Ed
2E, 2E,
N, = 1 E,<T, <2E, D
O’ 0 < Tdam < Ed

where T is the recoil energy of a PKA, E. is the total energy
lost by electron excitation, x is the damage efficiency, Taam
is the damage energy available for elastic collisions, and
Eq is the threshold displacement energy averaged over all
crystallographic directions. It was found that the displace-
ment efficiency (x) is independent of the PKA energy
(except around 2E,) and is about 0.8 for most metals. The
recoil energy T can be easily expressed in a center-of-mass
system as:
2Mm

T:WE(I—COSG) (2)

where M and m are the masses of the impinging particle
and the target atom respectively, E is the impinging particle
energy, and @ is the scattering angle. Given the differential
cross section of a particle of energy E to create a recoil of
energy T as do(E,T), the dpa can be obtained by:

Tinax
dpa= [N, —d(’;’;’T ) ar ©)

where @ is the fluence, and T is the maximum energy
can be transferred.

Following the initial elastic collision phase, the point
defects resulting from cascade damage migrate towards
various defect sinks (dislocations, grainboundaries, inter-
faces, etc.), and annihilation and aggregation of interstitials
and vacancies take place. The typical time and energy scales
of this cooling phase are in the ranges appreciable to the
traditional rate theory. Thus, the kinetics of point defects
clustering and microstructural evolution can be characterized
by the continuity equations: [19]

v[pve +25 vy v, -rec -k .0, =25
kT or
S @)
v[pve + 25 vy v -rec -k =25
kT or

where v and i denote vacancies and interstitials respectively.
C., are the concentrations of point defects, R is the coeffi-
cient of point defect recombination, and K,; is the reaction
rate constant, which is defined as the product of sink strength
S.; and diffusion coefficient D,;. U,; are the interaction
energies of point defects with sinks, and G,; are the effec-
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tive point defect generation rates that account point defects
both from displacement and from sinks by thermal emission.
The difference in sink strength, that is the sink capture
efficiency for point defects, gives rise to a biased partition
of surviving point defects among different types of sinks.
As a result, irradiated microstructure evolves with these
unbalanced excess fluxes of point defects at irradiation
temperatures, leading to various irradiation effects, such
as void swelling, irradiation creep, radiation-induced seg-
regation, etc.

3. IRRADIATION INDUCED MICROSTRUCTURAL
AND MICROCHEMICAL CHANGES IN HT-9

3.1 Dislocation Loops

Transmission electron microscope (TEM) is the most
common tool used to characterize irradiation defects in
structural materials. Limited by the resolution of TEM,
irradiation defect clusters less than 1 to 2 nm are difficult
to resolve even with the best quality TEM foils.[20] The
smallest visible damage structure under TEM in martensitic
steels appears as small black or white dots depending on
the imaging condition. For irradiated iron-based bcc mate-
rials, interstitial dislocation loops with Burgers vectors of
a/2<111> and a<100> are often observed.[21] Defects
larger than 5 nm in the HT-9 steel can be identified as
dislocation loops or second-phase particles. In a neutron
irradiation study conducted at the High Flux Isotope Re-
actor (HFIR), Hashimoto et al. [22] reported that the mean
diameters of a<100> and a/2<111> loops were 14 nm and
10 nm, respectively, at 400°C and 7.4 dpa. The density of
a<100> dislocation loops was about 1x10%? m™ and was a
factor of three higher than that of a/2<111> loops. To sim-
ulate the high helium production in fusion reactors, the
HT-9 steel doped with %Ni and ®°Ni were also investigated
in this study. A slightly higher loop density was obtained
in the specimens doped with *Ni. This was attributed to a
higher helium production during irradiation which facil-
itated the nucleation of dislocation loops in the HT-9 steel.
With the increase of irradiation dose and temperature, the
average size of dislocation loops increases.

Dislocation microstructural study was also performed
with fast neutron spectra on the HT-9 steel. The specimens
were irradiated in the Materials Open Test Assembly
(MOTA) of the FFTF at 420°C up to 35 dpa.[23] The size
of dislocation loops observed was about 100 nm and the
loop density was about 5x10% m. In another fast neutron
irradiation study carried out at Phenix fast breeder reactor,
[8] Dubuisson et al. observed a high density of dislocation
loops in a group of high-Cr ferritic/martensitic steels, includ-
ing HT-9, irradiated to ~100 dpa. Although no quantitative
measurements were reported in the study, it was found that
the dislocation structure became unstable above 500°C in
high-Cr martensitic steels and the dislocation density re-
duced rapidly with increasing irradiation temperature. More
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Fig. 1. Number Density and Average Diameter of Dislocation
Loops Versus Irradiation Temperature for the HT-9
Martensitic Steel Irradiated by 14 MeV Nickel lons (after Kai
and Kulcinshi [25])

recently, Sencer et al. [24] examined the HT-9 fuel assembly
duct material irradiated in FFTF at 443°C to 155 dpa. They
found the network dislocation density was about 3x10%
m. The majority of network dislocations were a/2<111>
type, and a<100> type were about 1/4 of the total population.
The density of dislocation loops (predominant a<100> type)
was 5x10% m™ and the mean size was about 18 nm.

Irradiation induced dislocation structure was also re-
ported in several researches with ion irradiations on the
HT-9 steel. In a study conducted by Kai and Kulcinshi,[25]
the HT-9 steel was irradiated using 14 MeV nickel ions
up to a fluence of 8x10% ions/cm? The post-irradiation
TEM observation at the 40-dpa area of the specimen showed
that the pre-existing dislocations in tempered martensite
structure were replaced by dislocation loops. Most of the
dislocation loops were identified as intestinal a<100> type.
The loop density and loop size varied with irradiation tem-
perature as shown in Fig. 1. Above 600°C, no difference
can be observed between the irradiated and unirradiated
regions, suggesting a recovery stage at this temperature.
This temperature dependent behavior can also be seen in
another “dual-beam” ion irradiation study carried out by
Gilbon and Rivera.[4] In this study, 500 keV iron irradiation
was performed along with helium injection. At ~100 dpa
and 500°C, the network dislocation density was about
4x10% m similar to that in tempered high-Cr martensitic
steels. The study showed that a significant recovery started
to occur in the HT-9 steel at about 550°C.

3.2 Radiation-induced Segregation and Precipitation

Irradiation-induced transport processes involve two
basic mechanisms: ballistic transport (i.e. atomic mixing)
and radiation-enhanced diffusion. In a multiphase system,
pre-existing precipitates could be dissolved by ballistic
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transport during irradiation, but can also be coarsened by
radiation-enhanced diffusion.[26] While the ballistic
transport depends on the energy density transferred to
PKAs, the radiation-enhanced diffusion is correlated well
with displacement rate and irradiation temperature. Along
with the flow of point defects towards the sinks, the flux
of defect-solute complexes gives rise to the diffusion of
alloy constituents. The difference in the diffusion rates by
vacancy or interstitial mechanisms leads to an enrichment
of fast moving species near sinks. This phenomenon is
termed inverse Kirkendall effect and is of critical importance
of radiation-induced segregation (RIS).[27] At a given
damage rate, the inverse Kirkendall effect peaks around
an intermediate irradiation temperature. If the irradiation
temperatures are too low, a low vacancy mobility will result
in high defect recombination rates. At high irradiation
temperatures, the recombination rates are also high because
of the enhanced back diffusion of solutes. Thus, the RIS
is only effective at an intermediate temperature range where
defect recombination rates are minimum. This minimum
is understandably a function of damage rate and shifts
toward lower temperatures with reducing damage rates.
Therefore, irradiation temperature and dose rate are coupled
experimental variables, and the effective ranges of RIS
can be shown schematically in Fig. 2.[27]
Radiation-induced segregation of alloy elements at
grainboundaries in austenitic alloys is well understood with
the inverse Kirkendall mechanism. Cr depletion and Ni
enrichment are widely observed in austenitic Fe-Cr-Ni
systems after neutron irradiation. In ferritic/martensitic Fe-
Cr alloys, however, the results of RIS are inconsistent, and
Cr can be either enriched or depleted at grainboundaries.
In a study of proton irradiation at 400°C, Cr enrichment
was found at 3 dpa, but depletion at 7 and 10 dpa.[28]
Complicated interactions between point defects and Cr are
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Fig. 2. Temperature and Damage Rate for Radiation-induced
Segregation (after Okamoto and Rehn [27])
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believed to contribute to this inconsistency.[29] Was et al.
[28] showed that due to interstitial-vacancy recombination,
Cr depletion would be anticipated at high temperatures for
the HT-9 steel.

Radiation-induced segregations play a significant
role in the formation and stability of irradiation-induced
phases in ferritic/martenistic steels.[30] Without irradiation,
various secondary phases are present in the HT-9 steel
after heat treatments or long-term exposures at elevated
temperatures. Klueh and Harries provided a detail discus-
sion on thermal precipitates in high-Cr steels in reference
[31]. The most stable carbide in unirradiated high-Cr steels
is M2Cs which usually forms at prior austenite grain and
martensite lath boundaries. Small amount of MC, M,X
and n-carbide (MsC) can also be found in some high-Cr
steels. Laves and chi () phases may develop by prolonged
thermal aging at elevated temperatures. After irradiation,
a’, G-phases, n and x phases have been reported in HT-
9.[9] In a low-dose (~7 dpa) HFIR irradiation at 400 °C,
[22] Cr-rich o’ and m were identified along with the dislo-
cation loops in HT-9. The authors suggested that dislocation
loops provided sites of Cr segregation and therefore played
an important role in the precipitation development in mar-
tensitic steels. It is believed that the formation of o’ is due
to radiation-enhanced spinodal decomposition of Fe-Cr
alloys,[8] and m precipitation is attributed to radiation-
induced segregation of Ni and Si.[30]

In another HFIR irradiation, it was found that the orig-
inal precipitate structure in HT-9 was coarsening consid-
erably at 500°C, and the as-tempered M,;Cs was replaced
by irradiated-produced n phase.[32] Fine MC precipitates
evolved and coarsened during irradiation at 300 and 500°C.
Occasionally, fine G-phase particles were also reported.
In contrast to this HFIR irradiation, another irradiation in
the FFTF at 420°C did not alter the size and density of pre-
existing M3Cs in the HT-9 steel considerably. Instead, fine
a’(~5 nm) and % (~13 nm) phases were identified at 35
dpa.[23] Precipitate microstructure in HT-9 was also studied
in a Phenix irradiation up to 110 dpa below 530°C.[8]
Apparently, the original MzCs and MC were not affected
by irradiation in this study. Again, new fine precipitates (n-
carbide) were induced by the irradiation. These precipitates
were uniformly distributed at low temperature (420°C)
and narrow denuded zones could be seen along lath and
grain boundaries. At 460°C, the precipitates coarsened and
denuded zones widen and larger particles were produced
along dislocation lines. More recently, Sencer et al. [24]
and Anderoglu et al. [33] examined an HT-9 duct after long-
term exposure at FFTF up to 155 dpa between 380 and
460°C. A high density of o’ and G-phase precipitates were
observed. The precipitation was more sensitive to the
irradiation temperature than neutron dose.

Radiation induced precipitation was also reported in
an irradiation conducted at the Experimental Breeder
Reactor Il (EBR-II) [34] and some ion irradiation studies
[25]. Klueh and Harries [31] reviewed a large amount of
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Table 1. Major Radiation-induced Precipitation in HT-9 (after

[31]).

Irradiation . Temperature Dose
Facility Precipitate C) (dpa) Reference

o’ % 420 35 23
FFTF n 407 47 35

o’ G 380-440 20-155 24,33

) o’ 400-530 30-116 | 8

Phenix

n 419 79 8
EBR-II o’ % G | 400, 425 25-60 34

o’y m 400 7.4 22
HFIR

G 300, 400, 500 | 10-12, 38 | 34,35
14 MeV Ni| o’, % 300-600 200 25

work on precipitates in various high-Cr ferritic/martensitic
steels. Table 1 summarizes the information concerning
HT-9.

3.3 Void Swelling

Void swelling is another irradiation effect resulting
from irradiation microstructural evolution. The interactions
between point defects and dislocations provide the funda-
mental driving force of void nucleation and growth. It is
well accepted that elastic interactions between interstitials
and dislocations are stronger than those between vacancies
and dislocations.[36] This difference is due to a relatively
larger strain field surrounding a self-interstitial than a va-
cancy. A biased attraction between interstitials and dis-
location loops leads to a preferential flux of interstitials
toward dislocations.[37] Subsequently, excess vacancies
become supersaturated, and void nucleation and growth
take place at temperatures between 0.3-0.5 Tpy,.[38] Signif-
icant volumetric dilation can be observed in austenitic
stainless steels and increases with irradiation dose. After an
initial incubation period of slow swelling rate, a constant
swelling rate about 1%/dpa can be achieved in a wide range
of austenitic stainless steels independent of irradiation
temperature. In contract, much less void swelling can be
observed in ferritic /martensitic steels after neutron exposure.
The superior swelling resistance is one of the most important
advantages of ferritic/martensitic steels for nuclear appli-
cations. As shown in Fig. 3, very little volumetric change
can be detected in ferritic/martensitic steels compared to
austenitic stainless steels after extended neutron exposure.

The void swelling behavior of HT-9 has been reported
in many neutron and ion irradiation studies. Hashimoto et
al. [22] showed no void formation in standard and Ni-doped
HT-9 steels irradiated in HFIR at 400°C and 7.4 dpa.
Dubuisson et al. [8] also reported there was no void in HT-
9 irradiated in Phenix up to 110 dpa below 530°C. No voids
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Fig. 3. Schematic of the Swelling Behavior of

Ferritic/martensitic Steels vs. 316 Stainless Steel Irradiated in
EBR-I11 at 420°C. (after Klueh [9])

were observed in the HT-9 steel irradiated to 70 dpa in
EBR-I1I. Toloczko and Garner [39] examined two heats of
HT-9 irradiated in FFTF at 400 °C, and they found that only
after 90-100 dpa, the two heats began to swell at relatively
small but constant rates of 0.01%/dpa and 0.002%/dpa,
respectively. At 165 dpa, the maximum swelling of the
two heats reached 0.9%. In a dual beam ion irradiation
(He*/Fe*) at 500°C to 100 dpa,[4] both bubbles and voids
were observed in the HT-9 steel with average sizes of 2.6
nm and 8.1 nm, respectively. The calculated swelling was
about 0.056%. In a recent study by Anderoglu et al. [33]
on an HT-9 duct material irradiated at FFTF, voids were
observed in two regions, 100 dpa at 410°C, and 155 dpa
at 440°C. The calculated void swelling was 0.02% and
0.3% for 100-dpa and 155-dpa regions, respectively. No
void, however, was detected at a higher irradiation tem-
perature (466°C) at 96 dpa.

Nearly all experimental results show that the incubation
period of void swelling for HT-9 is over 100 dpa, and the
steady-state swelling rate is less than 0.1%/dpa. Despite
the generally observed low swelling rate of HT-9, Garner
et al. [40] pointed out that the steady state swelling rate of
ferritic/martensitic steels may reach as high as 0.2%/dpa.
The onset of swelling can also be accelerated
significantly by applied stress. [39-42] Even with the
highest swelling observed to date, [41] the swelling rates of
HT-9 and other ferritic/martensitic steels are still
considerably lower than that of austenitic stainless steels.
The excellent swelling resistance of HT-9 and other ferritic
/martensitic steels can be attributed to their bcc crystal
structure and complicated defect-sink interactions. The
proposed mechanisms responsible for the good swelling
resistance of ferritic/martensitic steels summarized by
Klueh and Harries [31] are: (1) solute trapping caused by
weak interactions between Cr and vacancies, (2) the char-
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acter of dislocation loop structure, (3) a lower dislocation
bias related to bcc structure, and (4) the extensive subgrain
and lath boundaries in tempered martensite microstructure.
In addition, a high density of second phase precipitates
(thermal or irradiation-induced) may also help suppress the
void swelling. The interfaces of these particles can serve
as point defect sinks which further enhance recombination
in ferritic /martensitic steels.

4. IRRADIATION INDUCED MECHANICAL
PROPERTY CHANGES

4.1 Tensile Properties

Tensile properties of ferritic/martenistic alloys are
strongly affected by neutron irradiation. At low irradiation
temperatures (<0.3Tm), the irradiated HT-9 steel shows
an increased yield strength (i.e., irradiation hardening) and
reduced ductility. Figure 4 shows two typical engineering
stress-strain curves of HT-9 irradiated in HFIR at 90°C and
250°C along with an unirradiated control sample. [43]
While the increase in yield strength is moderate for HT-9
(less than 100%) compared with other ferritic/martensitic
steels, a significant loss of ductility can be observed. The
unirradiated HT-9 undergoes extensive strain hardening
after yielding, and the typical uniform elongation is above
10%. At ~3 dpa, the strain hardening capability of HT-9 is
retained to some extent at 250°C, but is completely absent
at 90°C (see Fig. 4). The lack of strain hardening leads to
an early onset of plastic instability, and the uniform elon-
gation is virtually zero after low-temperature irradiations.
Obviously, this plastic deformation behavior is of serious
concern for the structural applications of HT-9 in nuclear
energy systems.

Irradiation hardening at low temperatures is caused
by dislocation loops and defect clusters resulting from
displacement damage. Thus, the degree of hardening is
expected to increase with irradiation dose but eventually
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Fig. 4. Typical Engineering Stress-strain Curves of HT-9
Irradiated in HFIR at 90°C and 250°C (after Rowcliffe et al. [43])
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saturate when defect overlapping starts to occur. Some
tensile test results of HT-9 obtained from low-
temperature irradiations at HFIR [43] and FFTF [44] are
plotted as a function of dose in Fig. 5. While the HFIR
irradiation was carried out at several temperatures between
90 and 400°C, the FFTF irradiation was performed at a
narrower temperature range of 373-400°C. Despite a large
scatter, the dataset clearly shows that irradiation hardening
increases sharply at low doses but saturates around 10 dpa
for the HT-9 steel.

The effects of neutron irradiation on the tensile prop-
erties depend on irradiation temperature. While significant
hardening can be seen in low-temperature irradiations,
irradiation hardening does not occur above 425°C in HT-9.
As the irradiation temperature increases, the magnitude of
hardening decreases, and the uniform elongation increases
to about a half of the unirradiated value at 400°C. [46] The
decline of radiation-induced hardening becomes more evi-
dent above 400°C, as shown in Fig. 6. Enhanced softening
can occur in the temperature range between 425 and 500°C
as dislocation recovery takes place. [9] Above 0.3Tm, ir-
radiated microstructure evolves gradually with the rear-
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Fig. 5. Dose Dependence of Yield Strength for HT-9
Irradiated at HFIR and FFTF below 400°C. (after Rowcliffe et
al. [43], Maloy et al. [44], Klueh [45])

1200
After Robertson et al.
© 1000 - -
5 ~3-30 dpa
2 " Irradiated in HFIR
£ 800 - 4
(@)}
c
o Unirradﬁated
+= 600 AN
(7] 5
ke] N ,
° |
S 400 ! =
200

I ) Il
0 100 200 300 400 500 600 700
Temperature (°C)

Fig. 6. Temperature Dependence of Yield Strength of HT-9
Irradiated to ~3-30 dpa (after Roberson et al. [46])
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rangement of dislocations and precipitate coarsening. Ir-
radiation enhanced diffusion and precipitation can further
accelerate the microstructural evolution and thus increase
the rate of softening. Beyond a certain dose, irradiation
hardening vanishes at these temperatures for HT-9. The
temperature sensitivity around 0.3Tm (~400°C) was demon-
strated in a recent study by Maloy et al. with the HT-9 duct
material irradiated in FFTF. [47] Several specimens cut
from different locations of the duct were tested in compr-
ession. While a significant increase in yield strength was
observed for the sample irradiated at 383°C to a dose of 28
dpa, no hardening was detected in the specimens irradiated
at 443°C and 505°C to 155 and 4 dpa, respectively. It is
clear that the impact of irradiation on the tensile properties
is limited to temperatures below 400°C.

4.2 Irradiation Creep

Irradiation creep is a time-dependent plastic deforma-
tion phenomenon and is attributed to the supersaturation
of point defects resulting from displacement damage. By
altering the flux of point defects toward sinks, dislocation
absorption, nucleation, climb and glide behaviors are af-
fected by applied stresses, leading to a stress-induced
microstructural evolution under irradiation. Various mecha-
nisms have been proposed to explain irradiation creep.
Since both irradiation creep and void swelling involve
the redistribution of point defects during microstructural
evolution, the two irradiation phenomena are coupled.
Details of the theoretical treatments of irradiation creep and
the correlation with void swelling are beyond this review
and can be found in references [10,48-53].

The irradiation creep of HT-9 was first studied in the
U. S. fast rector program in the late 1970s. [54-56] A more
comprehensive irradiation creep database was established

Table 2. Irradiation Creep Test Conditions for HT-9.
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in the U. S. fusion reactor materials program in 1990s. [41,
42,57-59] The majority of irradiation creep experiments
were performed in EBR-II and FFTF. Grossbeck studied
the HT-9 steel in the Oak Ridge Research Reactor (ORR)
and HFIR, [12,59] and another irradiation experiment by
Toloczko was carried out in the Prototypic Fast Reactor
(PFR). [42] The irradiation temperature ranged from 60
to 650 °C and the dose went up to 208 dpa in these tests.
Table 2 summarizes the irradiation creep test conditions
of these studies.

The creep deformation of HT-9 under neutron irradiation
was evaluated using pressurized creep tube specimens. In
a creep tube experiment, creep deformation was character-
ized by measuring the changes of a tube diameter before
and after irradiation. The contribution of swelling was de-
termined from measuring diametrical changes of stress-
free creep tubes and destructive immersion density meas-
urements of stressed tube specimens to examine the stress-
dependence of swelling. The irradiation creep strain rate,
£, can be expressed in terms of stress, o as:

é=(B, +DS)c" (5)

where B, is the creep compliance coefficient in MPa™ dpa,
D is the creep-swelling coupling coefficient, and S is the
volumetric swelling rate per dpa, and n is the stress expo-
nent, often around 1. The irradiation creep compliance
coefficients, creep-swelling coupling coefficients, and
swelling rates reported in the literature are also included
in Table 2.

Figure 7 are representative plots showing diametrical
strain as functions of irradiation dose and hoop stress of
the HT-9 steel irradiated in FFTF at 403-426°C by Garner
and Puigh. [7] The zero-stress curve indicates that there is
a long incubation period before swelling occurs. The creep
strain rate exhibits a linear relationship with stress above

reactor | TP | ey (ooMPacpa’) | (10%1MPa) 061dpa) Ref.
EBR-II 540-565 10-20 0-120 3 0.3 54
EBR-II 595 10-20 0-60 55
EBR-II 400-650 50 56
FFTF 403-426, 520 | 155 0-200 2.19 <1 0.015 7
FFTF 400 208 0-200 0.5 0.7-1.0 0.012 41
FFTF 400 165 0-200 0.87-1.2 0.46-1.2 39
0.95 FFTF
FFTF/PFR 400 50 0-200 0.59 FFTF 42
1.7-1.9 PFR
FFTF 400-670 50-165 0-200 57
ORR 60, 330,400 | 8 0-500 12
ORR/HFIR | 330 19 0.5 59
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a hoop stress of 50 MPa at ~400 °C. At higher irradiation
temperatures, a nonlinear stress dependence was observed,
as shown in Fig. 8. [58] At 600°C both the creep compliance
and the magnitude of the creep transient for HT-9 increased
significantly, where thermal creep would be expected to
dominate.

An inverse temperature effect on the irradiation creep
of HT-9 was discovered by Grossbeck et al. in a low tem-
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perature irradiation. [12,59] In this work, the HT-9 steel
was irradiated to 8 dpa at 60, 330 and 400 °C in the ORR.
There was little difference in the creep coefficients at 330
and 400°C in agreement with previous work. However, for
the specimens irradiated at 60°C, the creep rates were a
factor of 6 to 18 higher than that at two higher temperatures.
This inverse temperature dependence was attributed to an
extended transient dose regime caused by the difference in
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mobility of vacancies and interstitials at low temperatures.
The excess interstitials over vacancies at lower temperatures
gave rise to dislocation climb, leading to additional glide
and plastic deformation. In addition, irradiation history was
also found to have a strong effect on the irradiation creep
and swelling behavior of HT-9. [42] The FFTF-irradiated
HT-9 showed a slight positive volume change transient and
the PFR-irradiated HT-9 showed a large negative volume
transient. The creep compliance of PFR-irradiated HT-9
was 1.7-1.9x10° MPa*dpa™ higher than typical values
observed in ferritic alloys.

Based on the creep parameters of HT-9 available in the
literature (Table 2), the average creep compliance is about
0.5x10° MPa*dpa™before thermal creep becomes signifi-
cant. This relatively low creep compliance is consistent with
the fact that the irradiation creep rate of ferritic/ martenistic
alloys is significantly lower than austenitic stainless steels
(the creep compliance for austenitic stainless steels is in the
order of ~10° MPa*dpa™). The creep compliance coefficient
of HT-9 is found to increase with temperature above 550°C.
The void swelling rate for HT-9 is about 0.012-0.015%/dpa.
A recent analysis of experimental data suggests that steady
state swelling rates for ferritic/martensitic steels may be as
high as 0.25 to 0.5% /dpa. [40] The creep-swelling coupling
coefficient D has a value of ~0.006/MPa for both austenitic
and ferritic steels. The projected impact of the creep-swelling
mechanism is lower (but still important) for ferritic/ mar-
tensitic steels due to their lower swelling rates compared
to austenitic steels.

4.3 Fatigue

Fatigue is a material degradation developed under
cyclic stress. While the general fatigue behavior of HT-9
can be found in literature, [60] very limited data are available
for its fatigue response under neutron irradiation. In a
study by Grossbeck et al., the HT-9 steel doped with Ni
was irradiated in HFIR to 10-25 dpa at 55°C. [61] Cyclic
strengthening was found in the irradiated HT-9 steel and
was attributed to the helium production by transmutation.
At room temperature, the cyclic hardening resulted in a
slightly decline of low-cycle fatigue life of irradiated HT-
9. Nevertheless, the measured fatigue life was still higher
than that of the unirradiated cold-worked 316 stainless steel.

4.4 Fracture
4.4.1 Ductile-Brittle Transition Temperature

As a bec structure alloy, HT-9 exhibits a sharp transition
from ductile to brittle fracture mode at a certain temperature
in impact tests. The DBTT of unirradiated HT-9 is below
room temperature. However, the low-temperature irradiation
embrittlement could shift this transition to a much higher
temperature and reduce the upper shelf energy considerably.
A comparison of unirradiated and irradiated Charpy impact
test results from reference [9] is shown in Fig. 9. This low-
temperature embrittlement is the greatest concern for the
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Fig. 9. Charpy Impact Test Results of HT-9 Irradiated in FFTF
at 365 °C (after Klueh [9]).

applications of HT-9 in nuclear systems.

In a recent study on the FFTF fuel duct, Byun et al.
[62] performed some impact tests on the HT-9 specimens
sectioned from different positions. The irradiation doses
and temperatures of these specimens ranged from 3 to 148
dpa and from 378 to 504°C, respectively. The measured
upper-shelf energy was about 2-5 J after irradiation, sig-
nificantly lower than that of unirradiated control samples.
The DBTT shift was found to be insensitive to irradiation
dose, suggesting a saturated behavior among these samples
above 3 dpa.

The shift in DBTT for HT-9 reported in reference [2]
was about 124°C after irradiations in EBR-1Il and FFTF
to about 26 dpa at 375-390°C. This temperature shift was
more than a factor of two higher than that for a modified
9Cr-1Mo alloy. A larger amount of carbides in the HT-9
steel was to blame for this considerable DBTT shift. The
presence of delta ferrite can also affect the strength and
toughness of high-Cr martensitic steels. These influences of
pre-irradiation microstructures suggest that the normalizing-
and-tempering treatment can affect the DBTT shift for
the HT-9 steel.

As discussed in the section of tensile properties, radiation
hardening can be offset by softening when irradiation
temperature is higher than 425°C. Irradiation embrittlement
is recovered to some extent thanks to a dislocation recovery
process and precipitate coarsening. As a result, the shift
in DBTT decreases with the increase of irradiation temper-
ature. Byun et al. [62] showed a sharp decline in the DBTT
between 400 and 450°C. However, the DBTT shift does
not approach zero at high irradiation temperatures when
irradiation hardening is completely absent. The remaining
DBTT shift is attributed to the MC precipitates in HT-9.
Dubuisson et al. [8] found that the temperature shift in-
creases with density of M¢C precipitates in HT-9. At high
temperatures, irradiation-induced precipitates contribute
to the embrittlement of HT-9.
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4.4.2 Fracture Toughness

A large body of fracture toughness data on HT-9 was
produced in the EBR-II and FFTF irradiations at temper-
atures and neutron doses ranged from 390-600°C and 35-
100 dpa, respectively. From a summary paper by Huang
and Hamilton,[63] the measured J values for the irradiated
specimens were slightly lower than the values for the unirra-
diated condition, while the tearing modulus showed a
significant reduction after irradiation, especially at the
lowest temperature.

As the tensile properties of HT-9 irradiated at temper-
atures below 250°C exhibited a significant irradiation hard-
ening and a complete loss of uniform elongation, a low
fracture toughness value is anticipated after low temperature
neutron irradiation. Rowcliffe et al. [43] summarized the
fracture toughness data from several sources for HT-9
irradiated to 1.5-2.5 dpa at 80-90°C and 250-300°C. The
fracture toughness of unirradiated HT-9 falls in the range
of 200-300 MPa vim over the temperature range of 20 to
300°C, and the transition temperature at 100 MPa vim for
unirradiated HT-9 is about -75°C. A low-dose irradiation
at ~80°C increases the K; transition temperature for HT-9
by about 100°C, whereas an irradiation at ~300°C increases
the transition temperature by about 275°C. In addition, the
higher irradiation temperature results in a significant re-
duction in the upper shelf fracture toughness. For the test
temperature of 250°C, the upper shelf regime has a K; value
of 164 MPa vm for HT-9. At room temperature, the HT-
9 steel exhibits a lower shelf behavior and a K; of 31
MPavm.

A recent fracture toughness J-R curve testing study
conducted by Byun et al. [64] on the FFTF fuel duct con-
firmed the previous results on HT-9. Among the samples
tested, no clear dose-dependence could be found between
3 and 148 dpa. The irradiation temperature in the range
be-tween 378 and 504°C, however, had a dominant effect
on the post-irradiation fracture toughness. While a fracture
toughness value less than 50 MPa vm could be seen for
the specimens irradiated below 400°C, all specimens irra-
diated above 430°C had a fracture toughness value well
above 100 MPa vim. This post upper-shelf behavior sug-
gested that the DBTTs are below room temperature for
the specimens irradiated at high temperatures.

4.4.3 High Temperature Helium Embrittlement

Helium is a transmutation product from (n, o) reaction
whose cross-section is higher in thermal spectrum. The
role of helium in irradiation hardening and embrittlement
is a long standing question for ferritic/martensitic steels.
Based on the fact that HFIR irradiation produced larger
degradation in both toughness and tearing modules than that
of FFTF irradiation, Huang and Hamilton [63] suggested
that helium played a significant role on radiation hardening.
In a recent study using a HT-9 steel doped with Ni, Klueh
et al. [65,66] also observed increased hardening due to
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helium. It is suggested that the helium may stabilize vacancy
clusters and contribute to the formation of interstitial loops.
With the increase of helium content, the intergranular
fracture can occur at high temperatures leading to helium
embrittlement. It is believed that the helium-filled cavities
or bubbles could become nuclei for fracture at elevated
temperatures.

5. SUMMARY

The HT-9 martensitic steel is a promising candidate
material for various advanced nuclear energy systems with
high operating temperatures and severe irradiation envi-
ronments. Its excellent swelling resistance and adequate
high-temperature properties have been confirmed in various
irradiation experiments carried out with fast and mixed
spectrum reactors or ion accelerators. The adequate in-
core performance of HT-9 has also been demonstrated by
its successful applications as fuel cladding and ducts in
FFTF. The most critical issue that may limit the usage of
HT-9 in the future nuclear energy systems is its irradiation
embrittlement at low temperatures. A significant shift in
DBTT above 120°C can be observed after neutron irradi-
ation below 400°C. Irradiation hardening, radiation-induced
precipitation and helium production are all important
factors for the low-temperature irradiation embrittlement.
A satisfactory creep performance can be achieved up to
650°C with the HT-9 steel. The average creep compliance
is about 0.5X10° MPa* dpa?, about a half of the creep
compliance of austenitic stainless steels.

While the current information on the irradiation effects
of HT-9 is more comprehensive than that of other ferritic
/martenistic steels, the existing database is far from complete.
Long-term irradiation creep data are required for the in-
core applications. The current understanding on phase
stability and precipitation under extreme irradiation
environments needs also be improved. To address the issue
of low-temperature embrittlement adequately, systemic
investigations on the fracture behaviors of HT-9 are needed
at a wide range of doses and temperatures relevant to the
in-core conditions of advanced nuclear energy systems.
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