
Journal of Nuclear Materials 367–370 (2007) 440–445

www.elsevier.com/locate/jnucmat
Microstructure of helium-implanted and proton-irradiated
T91 ferritic/martensitic steel

Z. Jiao *, N. Ham, G.S. Was

University of Michigan, Department of Nuclear Engineering and Radiological Sciences, Ann Arbor, MI 48109, United States
Abstract

In the effort to understand the effect of helium on the irradiated microstructure, the ferritic/martensitic steel T91 was
implanted to three helium concentrations of 720 appm, 1260 appm and 1800 appm. The alloy with and without helium
pre-implantation was irradiated with 2.0 MeV protons to doses of 2.2 dpa, 7 dpa and 9.2 dpa at 450 �C. The irradiated
microstructure, consisting of dislocation loops and bubbles, was characterized using transmission electron microscopy
(TEM). Small bubbles were found in helium pre-implanted samples. No cavities were observed in irradiated samples with-
out helium pre-implantation. Helium was found to promote swelling in T91. Irradiation may not be sufficient for cavity
nucleation. However, when combined with helium pre-implantation, irradiation plays a role by assisting bubble growth
and promoting swelling.
� 2007 Elsevier B.V. All rights reserved.
1. Introduction

Ferritic/martensitic alloys are proposed as candi-
date structural materials for fusion reactors, Gener-
ation IV reactors, and accelerator-driven spallation
neutron transmutation systems (ADS). Understand-
ing radiation effects in these alloys is critical for
their success in advanced reactor and transmutation
systems. An excellent summary of the status of
knowledge of ferritic/martensitic steels for applica-
tion in fusion and spallation systems can be found
in reference [1].

One primary concern about the F/M steels’
application in a fusion or spallation environment
is swelling. Experiments [2–5] have shown that
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F/M steels are highly resistant to swelling, with
swelling rates that are much lower than those in
austenitic steels. A potential aggravating factor is
the production of He due to transmutation reac-
tions. Experiments described in [6–9] have been
conducted to simulate the effect of helium produc-
tion in fusion and spallation systems on swelling
and microstructural evolution by doping with He
producing elements or via helium pre-implantation.
Maziasz, et al. [6] found that when 2% Ni was added
to HT9, the incubation dose for void formation
decreased from �150 dpa to �50 dpa. Although it
is becoming clear that helium may have significant
effects on the performance of this alloy for spalla-
tion applications, the full extent of this effect is
not fully understood.

The objective of this research is to study the effect
of helium pre-implantation and proton irradiation
.
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on the microstructure of T91. Proton irradiation has
already proven to be effective at emulating neutron
damage in austenitic stainless steels [10]. When com-
bined with helium pre-implantation, proton irradia-
tion is expected to be an excellent technique to study
helium effects in T91.
2. Experimental

The composition of T91 used in this study is
Fe–8.37Cr–0.9Mo–0.21Ni–0.45Mn–0.22V–0.28Si–
0.1C. The as-received T91 was normalized at
1066 �C for 46 min and then tempered at 790 �C
for 42 min. The result of the processing is a
ferritic/martensitic microstructure with a grain size
of �10 lm. The carbides are preferentially located
on grain boundaries. Samples with a dimension of
2 mm · 1.5 mm · 20 mm were fabricated from the
bulk T91 alloy. Prior to helium implantation, the
sample surface was first ground to a final finish
using #4000 SiC grit paper, then electropolished in
a 10% perchloric acid in methanol solution at
�30 �C. The helium implantation was done in the
Tandetron Accelerator at the Michigan Ion Beam
Laboratory. Three helium concentrations of
720 appm, 1260 appm and 1800 appm were
achieved using 3.0 MeV He++ with the sample at
room temperature. Implantations were done using
a custom-designed energy degradation wheel to
evenly distribute the He over the range 1–4 lm.
The samples with and without helium pre-implanta-
tion were then irradiated to three doses of 2.2 dpa,
7 dpa and 9.2 dpa using 2.0 MeV protons at
Fig. 1. TEM photographs of microstructures in unirradiated and heliu
He, bright field, (c) 1260 appm He, weak beam dark field with B = 001, g

with 720 appm He and (f) bubbles in 1260 appm He T91.
450 �C. The dose rate was 2 · 10�5 dpa/s. During
irradiation, the sample temperatures were moni-
tored using a Stinger thermal imager and the sample
temperatures were kept well within 450 ± 10 �C.
The helium concentrations and irradiation doses
were specially selected to meet a He/dpa ratio of
�180 appm/dpa. This concentration ratio is
expected in an ADS environment.

Specimens for transmission electron microscopy
(TEM) were made from the irradiated samples by
first grinding off the excess material from the unirra-
diated side. Then 3 mm disks were cut using an
ultrasonic slurry cutter. The disks were mechani-
cally thinned to less than 100 lm to reduce the
amount of magnetic material and then jet-thinned
until perforation in a 2% perchloric acid, 15% butyl
cellusolve and 83% methanol solution at �40 �C.
The microstructure of the irradiated T91 was char-
acterized using a JOEL 2010F analytical transmis-
sion electron microscopy at the Michigan Electron
Microbeam Analysis Laboratory at University of
Michigan.
3. Results

3.1. Helium pre-implantation microstructure

Unirradiated T91 has a martensite lath structure
as shown in Fig. 1(a). Carbide precipitates were
found at grain boundaries and lath and subgrain
boundaries. A tangled dislocation network and dis-
location cells were also found in the unirradiated
T91. After helium implantation, the line dislocation
m pre-implanted T91 (a) unirradiated, bright field, (b) 1260 appm
= 020, (d) and (e) underfocus and overfocus bubble image in T91



Fig. 2. Bright field TEM photographs of irradiation microstructure in T91 at various doses and helium concentrations (a) 0 appm He:
2.2 dpa, (b) 720 appm He: 2.2 dpa, (c) 1260 appm He: 2.2 dpa, (d) 0 appm He: 7 dpa and (e) 1800 appm He: 7.0 dpa. Photographs were
taken near [111] zone axis with g = 1�1 0.

Fig. 3. Bright field TEM photographs of bubbles in T91 at various doses and helium concentrations (a) 720 appm He: 2.2 dpa, (b)
720 appm He: 7 dpa, (c) 1260 appm He: 7 dpa, (d) 1800 appm He: 7 dpa and (e) 1260 appm He: 9 dpa.
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density decreases while the irradiation-induced
defect density increases (Fig. 1(b)). A weak beam
dark field TEM image (Fig. 1(c)) shows a high den-
sity of small defect clusters and dislocation loops
(�3 nm in diameter) in the helium pre-implanted
T91. Helium bubbles were observed at all three
helium concentrations. Fig. 1(d) shows a bubble
image taken in an underfocus condition in a
720 appm He sample with defocus Df = � 500 Å
and (Fig. 1(e)) shows a bubble image in an overfo-
cus condition with Df = +500 Å in the same area.
As indicated by the arrows, bubbles change from
bright to black dots, which is a characteristic image
of small bubbles under and over focus. Bubble size
slightly increases as the helium concentration
increases (Fig. 1(f)) and the average bubble size is
1.0 nm in 720 appm He samples and 1.2 nm and
1.4 nm in 1260 appm and 1800 appm He samples,
respectively. The bubble density was found to be
on the order of 1023 m�3. The swelling increases
with helium concentration. It is <0.01% in
720 appm He samples and �0.02% in 1800 appm
He samples.

3.2. Proton irradiation microstructure

Fig. 2 shows the microstructure evolution of T91
irradiated to various doses at 450 �C with and with-
out helium pre-implantation. Figs. 2(a) and (d)
show the microstructure of T91 irradiated to
2.2 dpa and 7 dpa, respectively, without helium
pre-implantation. Dislocation loops are a major



Table 1
Calculated na/nmax ratios

0 dpa 2.2 dpa 7 dpa 9.2 dpa

720 appm 1.2 0.6 0.4 0.3
1260 appm 1.4 0.6 0.5 0.4
1800 appm 1.3 0.7 0.7 0.6
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feature for these conditions. Figs. 2(b) and (c) show
the microstructure of T91 irradiated to 2.2 dpa with
720 appm and 1260 appm helium concentration,
respectively. A low density of line dislocations was
observed in these samples. As the irradiation dose
increases, the dislocation loop density increases
(Fig. 2(e)).

Fig. 3 shows the bubble structure in T91 irradi-
ated to various doses at 450 �C with different helium
concentrations. Figs. 3(a) and (b) show the effect of
irradiation dose on bubble growth in 720 appm He
samples. As the dose increases from 2.2 dpa to
7 dpa, the bubble size increases from 1.3 nm to
1.9 nm. Figs. 3(b), (c) and (d) show the helium con-
centration effect on bubble structure in samples irra-
diated to 7 dpa. As seen in these three figures, the
bubble size in 720 appm He samples is smaller than
that in samples with higher helium concentration.
Fig. 3(e) shows the bubble structure in 1260 appm
He samples irradiated to 9 dpa at 450 �C. Com-
pared to those irradiated to 7 dpa with the same
level of helium concentration (c), no significant dif-
ference in bubble structure was observed.

4. Discussion

4.1. State of helium in bubbles

The state of helium contained in the bubbles at
the end of the implantation and subsequent irradia-
tion can be evaluated by comparing the average
number of the helium atoms (na) in a bubble to
the maximum number of helium atoms allowed
(nmax) in the bubble under thermodynamic equilib-
rium conditions. If the ratio of na/nmax is greater
than one, the bubbles are overpressurized. If the
ratio is less than one, the bubbles are in a more sta-
ble state. Assuming all the helium atoms are in the
bubbles after implantation, na can be calculated by
dividing the total number of implanted helium
atoms by the total number of bubbles. The maxi-
mum number of helium atoms allowed in a bubble
can be estimated using the equation of the state of
dense gas: nmax = PV/ZKT, where P is the maxi-
mum helium pressure allowed in the bubble, V is
the bubble volume, Z is the compressibility factor
and K is the gas constant. Under thermodynamic
equilibrium, P = 2c/r, where c is the surface energy
and r is the bubble radius.

The calculated na/nmax ratios for various helium
implantation and irradiation conditions are listed
in Table 1. The ratios for the samples without pro-
ton-irradiation (first data column) are all greater
than one, which means that the bubbles after the
helium implantation are overpressurized. The for-
mation of overpressurized bubbles is probably due
to the lack of thermal vacancies as the implantations
were performed at room temperature. The subse-
quent proton-irradiations produce a large number
of vacancies, some of which are absorbed by
the overpressurized bubbles resulting in a lower
pressure and more stable bubbles (na/nmax < 1).
The helium pressure inside the bubbles decreases
dramatically at a dose of only 2.2 dpa. Higher irra-
diation doses further decrease the helium pressure,
but less significantly.
4.2. Effect of helium on microstructure

Prior to proton irradiation, T91 samples with He
pre-implantation have high density of small bubbles
and interstitial clusters. This is consistent with the
literature [11], in which T91 was implanted with
23 MeV a particles to a He concentration of
5000 appm at 550 �C and voids and black dot inter-
stitial clusters were discovered in the samples.
However, in that study, voids were found to form
on prior austenite grain boundaries, lath and
subgrain boundaries, at dislocations inside the lath
structure and at carbide-matrix interfaces. In the
present study, bubbles were found to nucleate uni-
formly throughout the sample and no preferential
sites were observed. The likely reason for this dis-
crepancy is that our helium implantation was done
at room temperature instead of high temperature
(550 �C), so that helium could not diffuse over long
distances in the matrix. In an earlier study of the
same alloy at the same temperature, no bubbles
were formed in samples with a helium concentration
of 100 appm [12]. Also at this low dose, the data in
the literature indicates that several hundred ppm He
is required for bubbles to form.

Fig. 4 shows the effect of helium concentration
on dislocation loops, bubbles and swelling in irradi-
ated T91. As shown in Figs. 4(a) and (b), with
increasing helium concentration, dislocation loop



Fig. 4. Helium effect on (a) average dislocation loop size and density, (b) average bubble size and density and (c) swelling in T91 irradiated
at 450 �C.
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size decreases while bubble size increases. Disloca-
tion loops appear to be larger in the sample without
pre-implanted He. It is likely that the He bubbles
act as defect sinks and impede the growth of dislo-
cation loops. Bubble density does not show a strong
dependence on helium concentration and loop den-
sity is insensitive to He concentration except at the
highest level. As shown in Fig. 4(c), helium pro-
motes swelling in T91. Stronger dependence of
swelling on helium concentration was found in
lower dose samples. The mechanism by which
helium promotes swelling is yet to be understood.
4.3. Effect of irradiation dose on microstructure

Fig. 5 shows the effect of irradiation dose on dis-
location loops, bubbles and swelling in irradiated
T91. Loop size is relatively independent of dose
but loop density increases with increasing dose.
Irradiation has little effect on loop size but higher
density is expected in higher dose samples. The bub-
ble size increases while the number density decreases
with dose for all He levels and they appear to
Fig. 5. Irradiation dose effect on (a) average dislocation loop size and d
irradiated at 450 �C.
approach saturation by 9.2 dpa. However, much
higher dose may be needed to examine bubble
growth behavior.

Swelling shows a strong dependence on irradia-
tion dose (Fig. 5(c)) in helium pre-implanted T91.
The swelling in the 720 appm He sample tripled
when it was irradiated to 9.2 dpa. Although the
overall swelling rate is smaller in the 1800 appm
He samples, the swelling still doubles over the
course of less than 10 dpa. It is noteworthy that
irradiation alone may not be sufficient for cavity
nucleation as no cavities were identified in T91 irra-
diated to 10 dpa [12]. However, once bubbles are
nucleated with the help of helium implantation,
irradiation will play a much more important role
by assisting bubble growth and promoting swelling.
5. Summary

Prior to proton-irradiation, bubbles were
observed in helium-implanted T91. The average
bubble size was found to be 1.0 nm in 720 appm
He samples and 1.4 nm in 1800 appm He samples.
ensity (b) average bubble size and density and (c) swelling in T91
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The bubble density was found to be on the order
of 1023 m�3. The swelling slightly increases with
increasing helium concentration from <0.01% at
720 appm He to �0.02% at 1800 appm.

No cavities were observed in irradiated samples
without helium pre-implantation. The average bub-
ble size slightly increases while density decreases
with helium concentration. The pre-implanted
helium promotes swelling in T91. The average dislo-
cation loop size is the largest in samples without
helium and it slightly decreases as the helium con-
centration increases. He bubbles induced by
helium-implantation may act as defect sinks and
impede the growth of dislocation loops.

No significant effect of irradiation on dislocation
loop size was observed regardless of helium concen-
tration, but the loop density increases by about a
factor of 2 between 2.2 dpa and 9.2 dpa. Irradiation
alone may not be sufficient for void nucleation.
However, irradiation does affect bubble growth
and promote swelling when combined with helium
pre-implantation.
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