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a b s t r a c t

Pure Fe and model Fe–Cr alloys containing 5, 10 and 14%Cr were irradiated with Fe+ ions at a maximum
energy of 2 MeV to the same dose of 0.6 dpa at temperatures of 300 �C, 400 �C and 500 �C, and at dose
rates corresponding to 6 � 10�4 dpa/s and 3 � 10�5 dpa/s. All materials exhibited an increase in hardness
after irradiation at 300 �C. After irradiation at 400 �C, hardening was observed only in Fe–Cr alloys, and
not in the pure Fe. After irradiation at 500 �C, no hardening was observed in any of the materials tested.
For irradiations at both 300 �C and 400 �C, greater hardening was found in the Fe–Cr alloys irradiated at
the lower dose rate. Transmission electron microscopy and atom probe tomography of Fe 5%Cr identified
larger dislocation loop densities and sizes in the alloy irradiated with the high dose rate and Cr precip-
itation in the alloy irradiated with the low dose rate.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction and background

Ion-implantation enables the production of radiation damage
within a matter of hours to doses equivalent to several years in
modern nuclear power technologies. This accelerated rate of irradi-
ation is widely considered an advantage for research into the ef-
fects of radiation on microstructure and mechanical properties;
however, little is known regarding any dose-rate dependence of
the characteristics of the radiation damage at a given dose and
temperature.

1.1. Irradiation dose rate

The irradiation dose rate may be expressed in the units of dpa/s;
the local density of elementary displacement defects (interstitial –
vacancy pairs) per atom (dpa) per unit time. The rate of interaction
between these defects is dependent on their mobility and is pro-
portional to the square of their density [1]. The types of interaction
and fate of these defects can be classified into three possible reac-
tion paths [2]:

(i) Loss of defects at extended sinks such as dislocations and
grain boundaries.

(ii) Growth or shrinkage of defect clusters by the capture of
point defects.
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(iii) Mutual annihilation by the recombination of a vacancy and
interstitial.

At low dose rates and/or high irradiation temperatures, reaction
path (i) (sinks) dominates and at a high dose rates and/or low irra-
diation temperature reaction path (iii) (recombination) dominates
[2]. The evolution of radiation damage such as dislocation loops
and voids and phenomena such as radiation induced segregation,
swelling and creep, depend on the fraction of point defects which
migrate to sinks, recombine or cluster within the lattice and will
be influenced by the reaction path that dominates the microstruc-
tural evolution of the material under irradiation.

The relative proportions of these reaction types are directly
dependent on the density and mobility of the defects, and hence
dependent on dose rate and temperature. In iron, vacancy type de-
fects are generally found to have significantly higher activation en-
ergy for migration compared to interstitial type defects; and defect
migration in a material depends strongly on the presence of impu-
rity atoms [3]. In iron the migration energy for a vacancy is 0.67 eV
and that of an interstitial 0.34 eV; carbon forms strongly bound
complexes with vacancies and a vacancy–carbon complex has
migration energy of 1.08 eV [3]. Depending on temperature, this
may result in unequal fluxes of mobile interstitials and vacancies,
known as a production bias [4], and thus influence the relative
fractions of the various reaction paths described above.

Variations in the fraction of reaction paths with dose rate have
been inferred from the swelling and creep behaviour of several
materials [2,5,6]. The majority of research regarding the dose rate
dependence of radiation damage was conducted by using fission
reactors in the 1980s, which focused on the swelling and creep
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rates of austenitic stainless steels and their variation with neutron
flux. For example, swelling of 316 stainless steel cladding and the
creep rate of numerous steels under irradiation has been shown
to decrease with increasing dose rate [7,8]. This decrease in swell-
ing and creep is believed to be due to a reduction in the density of
active point defects, resulting from heightened rates of defect clus-
tering or a higher fraction of recombination [6]. Muroga et al. [9]
compared the saturated dislocation loop densities in Fe–Cr–Ni
austenitic alloys after irradiation with high flux electron, fast neu-
tron and fusion D–T neutron sources, showing a considerable in-
crease in saturated dislocation loop density in the irradiated
alloys as the dose rate increased from �10�9 dpa/s (D–T neutron
source) to �10�4 dpa/s (electrons). In a subsequent investigation,
Fe–15Cr–16Ni irradiated with 4 MeV nickel ions at a dose rate of
10�4 dpa/s exhibited even higher loop densities than those from
high energy electron irradiation at a comparable dose rate [10].
This difference may be attributed to heightened rates of defect
recombination, resulting from the low PKA energy spectrum char-
acteristic of electron radiation [9] and the corresponding lower rate
of production of defect clusters directly by collision events.
1.2. Irradiation temperature

In addition to the variations found with dose rate, a decrease in
dislocation loop density at higher irradiation temperatures can be
observed in data from neutron irradiation and from ion implanta-
tion [9]; this indicates a higher defect mobility and increased
recombination at higher irradiation temperatures. In-situ TEM
studies have found similar behaviour with increasing irradiation
temperature along with changes in dislocation loop morphology
and type [11–13]; however, loop losses to the surface and electron
beam-stimulated defect mobility have influenced these results
[14]. The increase in irradiation temperature results in higher de-
fect mobility, which causes heightened rates of recombination or
annihilation at sinks and accelerated growth/shrinkage of clusters
(the three reaction paths discussed in Section 1.1).

Rate theory equations have been derived in an attempt to calcu-
late the shift in irradiation temperature required to produce equiv-
alent damage levels for differing dose rates [5,15]. However,
damage evolution in a material depends on multiple reaction pro-
cesses, each with characteristic activation energies and rates; thus,
these equations are usually constricted to a single radiation phe-
nomenon such as swelling.

It has also been observed that the exposure to neutrons during
reactor start up and shut down (differing irradiation tempera-
tures), can result in up to 100% difference in final defect structure
for a given neutron fluence in some cases [16]. This suggests that
microstructural evolution is influenced by the pre-existing radia-
tion damage microstructure, such as the density of stable defects,
which effectively act as sinks and may shrink or grow by the
absorption of mobile defects. Therefore, in addition to the initial
composition and microstructure of a material, it is also important
to take the irradiation history into account when predicting the ef-
fects of subsequent radiation damage.

This paper reports a study of the irradiation hardening response
of Fe and Fe–Cr alloys, subjected to Fe+ irradiation to a dose of
0.6 dpa at temperatures of 300 �C, 400 �C and 500 �C and dose rates
of 6 � 10�4 dpa/s and 3 � 10�5 dpa/s. Irradiation hardening of each
alloy was characterised by nanoindentation. For material irradi-
ated at 300 �C, tests were carried out within single grains to study
any influence of crystallographic orientation on the results. Trans-
mission electron microscopy (TEM) and atom probe tomography
(APT) of selected Fe 5%Cr samples were conducted to investigate
the radiation damage microstructure and Cr distribution after irra-
diation at the different dose rates.
2. Methods and materials

2.1. Materials and preparation

Ultra High Purity polycrystalline Fe and Fe–Cr alloys containing
5, 10 and 14%Cr were produced by EFDA under contract EFDA-06-
1901. Table 1 shows their impurity content after hot forming and
in the delivered state [17]. All specimens were annealed at temper-
atures up to 830 �C for up to 24 h in a vacuum <10�4 Pa, to produce
large grains (�100 lm) and remove cold work deformation from
the manufacture of the materials. Specimens were lapped (final
stage: FEPA P4000 SiC abrasive paper) followed by a chemo-
mechanical polish using a suspension of colloidal silica (0.05 lm)
to remove polishing damage from previous steps.
2.2. Ion implantation

Ion implantation of the materials was performed at the Surrey
Ion Beam Centre in the UK. All specimens were mounted flat
against a base plate using a custom built sample holder and fixed
into position against a heating element. The temperature was con-
trolled and measured by a thermocouple embedded in the sample
clamp alongside the specimens. The Monte Carlo code TRIM was
used to calculate the damage distribution [18]. These calculations
used an average of 1000 ions in pure iron and the recommended
displacement energy of 40 eV [19]. Chromium has the same dis-
placement energy as iron and has minimal influence on density
[19]; therefore, any differences in these damage calculations due
to chromium content are expected to be minimal.

Ion beam and environmental conditions for the six implanta-
tions used are shown in Table 2. The vacuum during implantation
was maintained below 5 � 10�4 Pa and there were no visible dif-
ferences in the sample surfaces after implantation. Fe+ ions were
implanted successively with energies of 2 MeV, 1 MeV and
0.5 MeV to produce a roughly uniform damage profile with depth
as shown in Fig. 1a. The beam current was maintained for each
of the energies used during implantation by adjusting conditions
at the source (for a coarse control) and adjusting the size of the
beam scan area (for control to within 1 lA/m2). This enabled beam
currents to be held constant for all energies, giving constant peak
dose rates shown in Fig. 1b. The ion beam was focused to a diam-
eter of 5 mm and spread over the implantation area by a beam
scanning; this produced a localised pulsing of the beam with in-
crease in damage rate. The frame rate for scanning the beam over
the samples was 4 kHz, resulting in a displacement damage with
each frame of 1.5 � 10�7 dpa for the high dose rate implantations
and 7.5 � 10�9 dpa for the low dose rate implantations. This is a
small fraction of the dose required for cascade overlap, �0.01 dpa
[14]; thus localised flux is not considered to influence dose rate.
Essentially the radiation environment was held constant apart
from varying dose rates of 3 � 10�5 dpa/s and 6 � 10�4 dpa/s and
temperatures of 300 �C, 400 �C and 500 �C.
2.3. Nanoindentation

After ion implantation at 300 �C, the region of the sample ex-
posed to the beam was evident by a darker contrast in secondary
electron imaging produced by both electrons and ions in the fo-
cused ion beam microscope (FIB). This enabled the FIB-milling of
marker lines at the implanted/unimplanted boundary, visible un-
der an optical microscope and which allowed nanoindentation
testing of the implanted and un-implanted regions of the same
grain in a given specimen. This contrast difference was not clearly
visible in the materials subjected to irradiation at higher tempera-
tures, and so the implanted/unimplanted boundary could not be so



Table 1
Chemical analysis of the alloys after hot forming and in the as-delivered final metallurgical condition (in brackets) [17].

Alloy C wt (ppm) S wt (ppm) O wt (ppm) N wt (ppm) P wt (ppm) Cr

Fe 3 (4) 2 (2) 5 (4) 2 (1) <5 <2 ppm
Fe 5%Cr 3 (4) 3 (3) 4 (6) 3 (2) <5 5.40 wt.%
Fe 10%Cr 4 (4) 6 (4) 3 (4) 3 (3) <5 10.10 wt.%
Fe 14%Cr 4 (5) 6 (7) 4 (4) 5 (5) <10 14.25 wt.%

Table 2
Irradiation conditions used at Surrey Ion Beam Centre, UK.

Irradiation temperature (�C) Dose rate (dpa/s) Energy (MeV) Dose (ions/m2) Dose rate (ions/m2/s) Beam current (lA/m2)

300, 400 and 500 6 � 10�4 0.5 5 � 1017 1.87 � 1015 299
1 7.5 � 1017 2.16 � 1015 345
2 2.5 � 1018 2.28 � 1015 366

3 � 10�5 0.5 5 � 1017 9.35 � 1013 15
1 7.5 � 1017 1.08 � 1013 17.3
2 2.5 � 1018 1.14 � 1014 18.3

Fig. 1. TRIM calculations showing displacement damage with implantation depth: (a) displacement damage level for all implantations and dose rates, and (b) damage rates
for high dose rate (6 � 10�4 dpa/s) and low dose rate (5 � 10�5 dpa/s) for each implantation energy.
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accurately delineated. In these specimens, nanoindentations in im-
planted and un-implanted regions were performed within differ-
ent grains well away from the edge of the irradiated regions (two
indentation arrays were made in different grains in both the irradi-
ated and un-irradiated regions of each sample).

Nanoindentation was performed using a NanoIndenter-XP (MTS
Systems Corp.) and NanoSuite 6.0 software. A diamond Berkovich
tip was used with the Continuous Stiffness Measurement (CSM)
method [20]; this allowed the continuous measurement of both
hardness and elastic modulus as a function of indenter depth.
The tip geometry was calibrated by indenting a fused silica refer-
ence sample with known mechanical properties. For each material
condition, load–displacement data from arrays of 8 or more in-
dents were produced with a strain rate of 0.05/s and analysed
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according to the method developed by Oliver and Pharr [20]. For
samples irradiated at 300 �C the crystallography at the position
of each indent was analysed by Electron Back Scatter Diffraction
(EBSD). Indents which fell outside the grain in which the main ar-
ray was located or were within 20 lm of a grain boundary were
omitted from the analysis.

2.4. Transmission electron microscopy (TEM)

Before irradiation, the as-received Fe 5%Cr alloy was mechani-
cally polished to a thickness of approximately 150 lm by SiC abra-
sive paper (final stage: FEPA P4000 SiC). 3 mm diameter TEM discs
were punched from this material and the discs were further
mechanically polished to a thickness less than 100 lm. All discs
were heat treated at 800 �C for 4 h followed by slow cooling
(>10 h) in a vacuum <10�4 Pa. After the treatment all specimens
were examined by TEM and found to have a simple ferritic micro-
structure with grain size larger than 5 lm and low dislocation den-
sity. The TEM samples were irradiated alongside the bulk samples
for mechanical testing, with the same conditions described in
Section 2.2.

After irradiation, the foils were electro-polished for a few sec-
onds in order to access the peak damage region. This was achieved
by a bath polishing technique with accurate temporal control. The
samples were then electro-polished into TEM thin foils using a
Tenupol 5 Jet-electropolisher.

TEM observations were made using a Phillips CM20 microscope
with an operating voltage of 200 kV. TEM characterisation tech-
niques such as kinematical bright-field (KBF) and dynamical two-
beam diffraction conditions were used to characterise radiation
damage.

2.5. Atom probe tomography

APT specimens were prepared from the ion-implanted bulk
samples by focused ion beam milling (FIB) using a Zeiss NVision
40 with a Kleindiek micromanipulator according to the ‘lift-out’
method outlined by Saxey et al. [21]. APT data acquisition was car-
ried out using a Cameca LEAP 3000HR instrument operating in la-
ser-pulsing mode. The specimen base temperature was maintained
at �223 �C (50 K) with a laser energy of 0.5nJ. A 8 lm laser spot
size was used at a repetition rate of 200 kHz.

3. Results

Fig. 2 shows representative hardness versus indenter displace-
ment data for implanted and unplanted regions in two different
Fig. 2. Average hardness versus indenter displacement into the test surface for
indentation arrays in Fe 5%Cr. Data are for the irradiated and un-irradiated regions
of two grains in each of low and high dose rate samples. Error bars represent +/�
one standard deviation.
grains in Fe 5%Cr samples irradiated at a temperature of 300 �C.
The increase in hardness due to radiation damage near the surface
of the irradiated region is evident at small indenter displacements;
at greater depths, the hardness of the irradiated region tends to-
wards that of the un-irradiated bulk of the grain. The variation of
hardness with composition, dose rate and temperature was stud-
ied using the mean hardness between indenter displacements of
50 and 200 nm. The 200 nm limit was chosen with reference to
cross-sectional TEM observations of indent plastic zone sizes at
Fig. 3. Average hardness values for data produced between indentation depths of
50 and 200 nm for irradiation temperatures of (a) 300 �C, (b) 400 �C and (c) 500 �C.
Data are for indentation arrays within the same grain at low dose rate (LDR: solid
blue), high dose rate (HDR: solid red) and the un-irradiated counterpart (open
symbols). Data for each %Cr are laterally spread for ease of visibility. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)



Fig. 4. Average irradiation hardening (DGPa) for materials subjected to high dose
rate (a) and low dose rate (b) for irradiation temperatures of 300 �C (solid black),
400 �C (solid grey) and 500 �C (open symbols). The reference value (DH = 0) is that
for un-irradiated material of the same composition.

Fig. 5. TEM kinematical bright-field (KBF) micrograph for the Fe 5%Cr alloy
irradiated at 300 �C with low dose rate and high dose rate. Both micrographs were
taken near the [001] zone axis with g = 1–10.

Table 3
Composition measured by APT of Fe 5%Cr samples after irradiation at 400 �C with the
low dose rate and high dose rate.

Element Low dose rate (at.%) High dose rate (at.%)

Fe 94.74 94.7
Cr 5.26 5.31
N 0.045 0.02
C 0.02 0.02
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various indentation depths, in a comparable irradiated material
[22], so that the indentation plastic zone was wholly contained
within the damage zone in tests on irradiated material. The
50 nm limit was used to avoid errors due to tip bluntness and
any possible surface contamination layers. Two grains in both irra-
diated and un-irradiated regions of each sample were tested; data
for all samples are shown in Fig. 3.

The range of variation due to differences in crystallographic ori-
entation of the grains in which the indentation arrays were made
can be seen by comparing hardness data in un-irradiated areas
(covering several grains) over all samples of the same composition.
Average values for hardness (and standard deviation) for all tests in
the un-irradiated material were 1.61 GPa (0.09 GPa) for pure Fe,
1.67 GPa (0.08 GPa) for Fe 5%Cr, 1.93 GPa (0.08 GPa) for Fe 10%Cr
and 2.27 GPa (0.16 GPa) for Fe 14%Cr. Hardness data in the irradi-
ated material also exhibited little scatter. Differences in hardness
due to crystallography were found to be minimal compared to
those caused by irradiation.

After irradiation at 300 �C (Fig. 3a), irradiation hardening was
clearly observed in all samples. The radiation hardening effect
was greatest in Fe 5%Cr subjected to the low dose rate. The differ-
ence in hardness between low and high dose rates decreases with
increasing Cr content and is not evident in Fe 14%Cr. There were no
effects of dose rate on irradiation hardening in pure Fe. After irra-
diation at 400 �C at both dose rates (Fig. 3b), irradiation hardening
was clearly observed in all Fe–Cr alloys, but not in pure Fe. Similar
to the irradiation at 300 �C, irradiation hardening in Fe 5%Cr was
greater at the lower dose rate, and this dose rate effect decreased
with increasing Cr content. Fig. 4 shows the difference between
the average hardness for all indentation tests between the un-irra-
diated and irradiated material for all irradiation temperatures and
dose rates.

Fig. 5 shows TEM micrographs of the radiation damage for Fe
5%Cr specimens irradiated at 300 �C with the high dose rate
(HDR) and low dose rate (LDR). The samples had a similar thick-
ness of approximately 145 nm measured by using a convergent
beam technique and analyses were based on measurement of
542 loops (HDR) and 327 loops (LDR). Damage observed in all
TEM specimens was in the form of dislocation loops with average
diameters of 6.7 nm (HDR) and 6.5 nm (LDR) and corresponding
densities of 16.1 � 1021/m3 (HDR) and 9.72 � 1021/m3 (LDR).

Specimens of Fe 5%Cr irradiated with the high and low dose
rates at 400 �C were then analysed by APT. Table 3 shows the over-
all composition measurements for both types of alloy, including C
and N interstitial impurities which may have been introduced dur-
ing irradiation. Fig. 6 shows the 3-D atom maps generated from the
APT analysis with a corresponding proximity histogram showing
the concentration of Cr from the core of the enriched region, out-
wards into the matrix. Segregation of Cr is clearly observed in
the alloy irradiated with a low dose rate (Fig. 6a). There are also
traces of nitrogen in the regions of enrichment, but other elements
do not show evidence of segregation.

The high concentration of Cr in the matrix made defining Cr
segregation difficult, due to artifacts in the areas near major crys-
tallographic poles in the APT data. The presence of N highlighted
several areas of Cr segregation, thus the CrN ion counts were used
to identify the regions with Cr enrichment.

Regions of Cr enrichment in the alloy irradiated at the low dose
rate were roughly 5–10 nm in diameter and were measured to
have Cr contents up to 15 at.%. The number density of Cr-enriched
regions identified by APT is �2 � 1021 m�3, which is just below the
dislocation loop density of 9.72 � 1021 m�3 measured by TEM. This
suggests that these Cr clusters may be associated with the disloca-
tion loops; however spatial correlation of the two defect types was
not possible, and so this conclusion remains tentative. Some segre-
gation of Cr was also observed in the alloy irradiated with a high



Fig. 6. APT data for the Fe 5%Cr alloy irradiated at 400 �C with the low dose rate (a)
and high dose rate. (b) The figure includes an atom map showing Fe atoms and a
0.5 at.% CrN isoconcentration surface (i) and proximity histograms showing the
variation in composition from the centre of enrichment outwards into the matrix
(ii). Centre of enrichment is defined as the region of highest CrN concentration.
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dose rate, though the size and number density of enriched Cr re-
gions was significantly smaller than the alloy irradiated with the
lower dose rate.
4. Discussion

The elementary defects which exist after a cascade event and
their corresponding mobility are the primary factors which deter-
mine the evolution of radiation damage in a crystalline material.
Molecular Dynamic (MD) simulations provide means to study
picosecond cascade events and have indicated the surviving defect
formation for various energies and temperatures in iron. Simula-
tions of cascade damage in iron have been performed studying
the effects of parameters such as the primary knock-on atom
(PKA) energy and temperature of the target material [23–25].
Vacancies in iron have high migration energy relative to that of
SIAs, thus many vacancies remain as point defects directly after a
cascade event. Interstitials have higher mobility, resulting in the
surviving fraction of interstitials forming clusters. Cascade damage
in high energy cascades at a temperature of 600 K consists of single
vacancies or di-vacancies at the cascade core, with a ‘shell’ of sev-
eral self interstitial atoms (SIAs) and SIA clusters consisting of up to
tens of SIAs [26].

TEM observations of iron and its alloys subjected to self ion-
implantation have identified that the agglomeration of defects into
visible clusters does not occur until doses at which cascade vol-
umes begin to overlap, corresponding to �0.01 dpa [14]. At the rel-
atively high dose rates corresponding to ion irradiation
experiments, damage generated from a single cascade event re-
mains in the form of point defects and clusters smaller than
�1 nm (invisible in the TEM) until interaction with additional cas-
cades. Assuming a cascade overlap dose of 0.01 dpa and using
damage calculations produced by TRIM, the average duration be-
tween cascade overlap in the experiments reported here was
�17 s for the high dose rate and �5.5 min for the low dose rate.
Therefore the observed differences in hardening between both
dose rates indicate that defect migration and subsequent micro-
structural evolution occur over timescales greater than at least
17 s.

4.1. Defect mobility

In these experiments, all materials were annealed producing
large grains with a low initial dislocation density. The low density
of defect sinks and the relatively high dose rates used suggest that
all materials were likely to have been irradiated under a recombi-
nation-dominated regime. An increase in defect mobility with irra-
diation temperature is evident in all irradiated materials as a
reduction in irradiation hardening caused by a higher fraction of
defect recombination (as shown in Fig. 4). The effect of an increase
in irradiation hardening in Fe–Cr alloys with decreasing dose rate
is reduced with increasing Cr content. It is likely that the pinning
of defects by Cr [13,14,27,28] reduces defect mobility and sup-
presses the differences in the evolution of damage between the
two dose rates. Thus, a ‘dose rate effect’ was not observed in Fe
14%Cr irradiated at 300 �C, but was observed after irradiation at
the higher temperature of 400 �C, which can be attributed to an in-
crease in defect mobility with temperature. In Fe 14%Cr irradiated
at the low dose rate, the increased defect mobility at an irradiation
temperature of 400 �C resulted in slightly greater irradiation hard-
ening than at 300 �C. This was not observed in Fe 14%Cr irradiated
at 400 �C with the high dose rate.

At an irradiation temperature of 300 �C there was no effect of
dose rate on hardening in pure Fe. Pure Fe irradiated at 400 �C
exhibited no irradiation hardening, which suggests that the major-
ity of radiation induced defects may annihilate by recombination
at 400 �C in pure Fe. At an irradiation temperature of 500 �C, neg-
ligible hardening was observed in all materials, which suggests
that at this temperature the majority of defects annihilate by
recombination in the Fe–Cr alloys also. Thus defects may overcome
pinning by Cr at this temperature.

4.2. Irradiation hardening

Irradiation hardening is seen for indentation depths less than
200 nm, when the ‘‘plastic zone’’ of the indent is predominantly
within the damaged layer [22]. Once the plastic zone expands be-
yond the damaged layer, the observed hardness tends towards that
of the un-irradiated material.

A previous study has identified that plastic deformation in Fe+

irradiated Fe–Cr alloys progresses via the annihilation of radiation
induced defects by glissile dislocations, causing dislocation chan-
nelling [22]. This was associated with the annihilation of defects
by reaction with glissile dislocations [29] and may result in a
reduction in the observed irradiation hardening. At irradiation
temperatures of 300 �C and 400 �C, irradiation at a lower dose rate
resulted in an increase in irradiation hardening of many Fe–Cr al-
loys. Despite this, the radiation damage microstructure observable
in the TEM had a lower dislocation loop density in Fe 5%Cr irradi-
ated with the low dose rate, compared to the same alloy irradiated
with the high dose rate. Thus, the observed increase in irradiation
hardening at the lower dose rate is likely to be due to the evolution
of defects more complex than simple dislocation loops, which
more strongly resist penetration and annihilation by glissile dislo-
cations. The Cr-rich regions observed to be present at a high den-
sity in the Fe 5%Cr alloy irradiated with the low dose rate are
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likely to present such barriers to glissile dislocations. This is similar
to the significant hardening associated with Cr-rich precipitate for-
mation in ‘‘475 �C embrittlement’’ in steels with >12%Cr [30–32].
The contribution of Cr-rich precipitates to hardening is also consis-
tent with the lack of a dose rate dependence for hardening in pure
Fe, where no Cr is present.

In a recombination – dominant system, a lower dose rate re-
sults in a smaller density of defects per unit volume per unit time
and interaction between radiation induced defects will occur less
frequently. This is likely to result in a smaller density of extended
stable defect nucleation points (e.g. clusters and dislocation
loops), with a larger number of defects migrating to each point.
This is likely to have caused the observed reduction in loop den-
sity with decreasing dose rate (also observed elsewhere [9]) and
Cr precipitation caused by heightened rates of radiation induced
precipitation (RIP). RIP may be suppressed by an increasing dose
rate, due to heightened rates of recombination resulting in a high-
er density of mobile defects which migrate over smaller dis-
tances. This compares well to the suppression of swelling and
creep with increasing dose rates observed in austenitic stainless
steels [7,8].

The reduction of an irradiation hardening dependence of dose
rate with increasing Cr content may be the result of reduced
mobility of radiation induced defects by pinning at Cr atoms in
the lattice (see Section 4.1). Cr pinning may suppress RIP in alloys
with increasing Cr content. This dependence on defect mobility is
consistent with the onset of a hardening dependence on dose rate
in Fe 14%Cr as irradiation temperatures rises from 300 �C to
400 �C.
4.3. Fe–Cr phase stability

The enthalpy of mixing in Fe–Cr alloys changes sign from a neg-
ative to a positive at a composition of 8–10%, although the exact
composition where phase decomposition occurs (especially at
low temperatures) is a subject of debate [33]. During irradiation
at 300–400 �C there should be no thermodynamic driving force
for Cr segregation in the Fe 5%Cr alloy and very little if any in
the Fe 10%Cr alloy. Hence, 475 �C embrittlement only occurs in al-
loys with >12%Cr. Despite this, there have been a small number of
experimental observations of Cr clustering and enrichment at dis-
location loops in Fe–Cr alloys with 610%Cr [34–37]. The mecha-
nisms which cause Cr precipitation in irradiated materials are
not fully understood, however recent modelling has shown that
Cr solubility in Fe changes under hydrostatic pressure in the lattice
[38]. This may provide the driving force for precipitation/segrega-
tion at the stressed regions surrounding radiation induced defects
such as dislocation loops within the lattice. Evidence of precipita-
tion of Cr at dislocation loops has been identified in an Fe 9%Cr al-
loy irradiated at 673 K to 1 dpa, by the observation of moiré fringes
within the loops in the TEM [39]. At present, it is not clear whether
the Cr precipitates are associated with the dislocation loops and
further work is required to understand this behaviour.

In the alloys with P10%Cr, alpha prime (a0) precipitation may
cause increased hardening ‘‘475 �C embrittlement hardening’’
[31]. The Fe 14%Cr sample irradiated at 400 �C at the low dose rate
exhibited a slight increase in hardness in the un-irradiated region.
This sample was held at 400 �C for approximately 11 h during the
implantation, which may have initiated the early formation of a0,
however further analysis is required to confirm this behaviour.
The combination of RIP of Cr in alloys with a low Cr content, and
a0 formation in alloys with a high Cr content, may give rise to
the observed minimum increase in ductile to brittle transition tem-
perature in alloys containing approximately 9%Cr [40].
5. Summary and conclusions

For the Fe–Cr alloys investigated in this study, ion implantation
with a relatively low dose rate caused significantly higher irradia-
tion hardening compared with the same alloys irradiated with a
higher dose rate. This effect appears to be associated with radia-
tion-driven clustering of chromium atoms into Cr-rich precipitates,
which may be associated with the dislocation loops resulting from
displacement damage.

This variation of irradiation hardening in Fe–Cr alloys with dose
rate emphasises that effects of irradiation on materials’ micro-
structure and properties for a given total dose will be influenced
by the characteristic dose rate of the radiation source used, and
illustrates the possible complexities of the dependence of irradia-
tion hardening on irradiation temperature, dose rate and alloy
composition. The ion implantation dose rates used here
(3 � 10�5–6 � 10�4 dpa s�1) are several orders of magnitude great-
er than dose rates typical of components in power plants (10�12–
10�7 dpa s�1). Thus changes in microstructure and mechanical
properties after ion implantation to a given dose and their depen-
dence on alloy composition will not be simply related to the effects
observed after irradiation to the same dose in nuclear reactors with
a much slower dose rate. This highlights both the need for caution
in application of ion-irradiation data to reactor materials, and the
need for a better understanding of the basic processes involved,
so as to improve the interpretation and correlation of such data.
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