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Abstract: Several open issues remain concerning the quantitative understanding of irradiation
hardening in high-Cr steels. One of these issues is addressed here by correlating yield points that
are observed in stress-strain curves with dislocation decoration observed by TEM for
neutron-irradiated Fe-Cr alloys. It is found that both higher neutron exposure and higher Cr
content promote irradiation-induced loops to arrange preferentially along dislocation lines.
Consequently, the activation of dislocation sources requires unlocking from the decorating loops,
thus resulting in a yield drop. This process is considered within the source hardening model as
opposed to the dispersed barrier hardening model, the latter aimed to describe dislocation slip
through a random array of obstacles. Microstructure-informed estimates of the unlocking stress are
compared with measured values of the upper yield stress. As functions of neutron exposure, a
cross-over from the dominance of dispersed-barrier hardening accompanied by smooth
elastic-plastic transitions to the dominance of source hardening accompanied by yield drops is
observed for Fe-9% Cr and Fe-12% Cr.

Keywords: iron-chromium alloy; neutron irradiation; hardening; tensile test; dislocation loop; TEM

1. Introduction

Neutron irradiation gives rise to hardening, which, for bcc metals, causes embrittlement.
Therefore, irradiation hardening is of vital relevance to structural applications, e.g., in future fission
and fusion devices. High-Cr ferritic/martensitic steels are promising materials for such applications.
However, a full quantitative understanding of the origin of irradiation hardening in these steels has
still to be achieved. Neutron-irradiated Fe-Cr-based model alloys of varying Cr contents are used
here to address open issues related to the influence of Cr and neutron exposure on the initiation of
plastic deformation in terms of smooth elastic-plastic transitions versus pronounced yield points.
The aim of the study was to link TEM observations at the nm length scale with results from tensile
tests in order to uncover the role of the spatial distribution of irradiation-induced defects in terms of
preferential arrangement along dislocations versus random distribution. The results will allow for
the observation of yield drops in tensile stress-strain curves to be rationalized.
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Two essentially different types of models have been suggested to account for irradiation
hardening in bec alloys: dispersed-barrier hardening (DBH) [1-4] and source hardening (SH) [4-6].
According to the DBH model, hardening is the consequence of arrays of randomly distributed
irradiation-induced defects that act as obstacles for dislocation slips [2]. DBH is typically associated
with a smooth elastic-plastic transition. In its simplest dimensionally correct form, the yield stress oy
arising from DBH is given as [1-4]:

oy = aMGb-(Nd)12 1)

Here, o, M, G, b, N, and d denote the dimensionless obstacle strength, the Taylor factor (which
accounts for the averaging of the grain orientations over all grains in the sample), the shear modulus,
the Burgers vector (magnitude of the lattice distortion resulting from dislocations in a crystal lattice),
the number density of obstacles and the mean diameter of obstacles, respectively.

In contrast, SH is attributed to defects, such as dislocation loops, that accumulate along
grown-in dislocations [5,7,8]. These dislocations have to unlock from the rows of defects (e.g., rows
of loops) before being capable of multiplication and slip initiation. Ideally, unlocking gives rise to a
yield point followed by a pronounced yield drop, as reported in [9] for neutron-irradiated Fe. The
extreme result of this process is slip localization via the formation of dislocation channels with a
subsequent drastic reduction of uniform elongation and an apparent loss of work-hardening [10,11].
The unlocking stress oun for a grown-in dislocation from a row of dislocation loops can be estimated
according to [4]:

oun = 0.1MG(b/1)(d/y)? (2)

The spacing of the loops measured along the dislocation line and the stand-off distance of the loops
from the dislocation are denoted by [ and y, respectively. The underlying assumptions were
discussed in [4,5]. The phenomenon of SH is similar to the yield drop caused by Cottrell
atmospheres of carbon atoms forming, for example, in plain carbon steels in the strain field of
dislocations [12].

Previously reported engineering stress-strain curves [13] for neutron-irradiated Fe-Cr alloys
have exhibited yield drops in some cases but not in others, suggesting a non-trivial contribution of
SH. Nonetheless, a three-feature DBH model relating the observed irradiation-induced nanofeatures
to the measured yield stress increase was applied in [14]. The present analysis was aimed at
considering the SH model on the basis of dedicated TEM observations and clarifying the role of
source versus dispersed-barrier hardening as functions of Cr content and neutron exposure. The
resulting insight will add a significant value to prior work [13,14] focused on DBH.

The irradiation-induced nanofeatures in the neutron-irradiated, industrial-purity Fe-Cr alloys
considered here have been previously characterized by TEM [13,15], atom probe tomography (APT)
[16], small-angle neutron scattering (SANS) [17], and positron annihilation spectroscopy (PAS)
[18,19], revealing the formation and evolution of irradiation-induced dislocation loops [13,15],
NiSiPCr-rich clusters [16], o’-phase particles (for Cr > 9%) [16,17], and sub-nm vacancy clusters
[18,19]. These studies have indicate da complex interplay of chemical composition and
microstructure (ferrite versus martensite) in defect formation under neutron irradiation. While clear
contributions to hardening arising from NiSiPCr-rich clusters, small vacancy clusters, and a'-phase
particles have been established [16,19], the role of loops remains elusive. As compared to previous
work [13,15], a more detailed and quantitative analysis was performed in this study based on
extended TEM observations of loops in alloys that were irradiated to 0.6 displacements per atom
(dpa). Special emphasis is placed on the arrangement of loops with respect to grown-in dislocations.
This allows for unlocking stresses to be estimated in the framework of the SH model.

It is important to note that the above-mentioned formation of dislocation channels and loss of
work hardening are also crucial phenomena occurring upon the continued deformation of irradiated
Fe-based alloys. The present work, however, is focused on the elastic-plastic transition. Unlocking is
a prerequisite for dislocation multiplication and channel formation to occur at later stages of plastic
deformation.
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2. Materials and Methods

The composition of the alloys, designated as Fe-5Cr, Fe-9Cr and Fe-12Cr below, measured by
means of inductively coupled plasma mass spectrometry (ICP-MS) is given in Table 1 in units of at%
[16]. Fabrication, heat treatment, irradiation conditions, and measured stress-strain curves were
reported in [13]. Samples of these materials were irradiated at 300 °C up to neutron exposures of 0.06
and 0.6 dpa. The displacement damage in units of dpa was calculated from dosimetry data
according to the standard procedure that was suggested by Norgett, Robinson and Torrens [20]. The
neutron flux was approximately 7.4 x 10 ecm2s (E > 1 MeV) [19]. Results reported for pure Fe
irradiated at 300 °C up to 0.2 dpa [21-23] are included in the analysis as a zero-Cr baseline.

Table 1. Composition of the investigated alloys in at%.

Alloy Mn Si P S Cr Ni [0) C N
Fe-5Cr 0.02 0.08 0.02 0.01 493 0.06 0.21 0.09  0.05
Fe-9Cr 003 018  0.02 0.01 8.93 0.07 023  0.09 0.06
Fe-12Cr 003 022 0.9 0.012 12.33 0.085 022 013  0.09

Because of limited space in the irradiation capsules, mini-tensile samples of 12 mm gage length
were tested. Tensile tests were performed at room temperature by using a cross-head speed of 0.2
mm/min. This corresponded to a strain rate of 2.8 x 10 s!. Three samples were tested for each
material/irradiation condition. In general, the details of the yield drop strongly depended on the
parameters of the tensile tests, especially the stiffness of the testing machine. Therefore, it was not
possible to draw quantitative conclusions from the height of the yield drop here. Instead, the
appearance of yield phenomena was characterized in terms of qualitative criteria, in particular “yes”
(there was a pronounced yield drop), “no” (there was a smooth elastic—plastic transition) or “limit
case” (yield phenomenon visible but not connected with a pronounced yield drop).

Complementary TEM investigations (complementarity with respect to [13,15]) were performed
with a JEOL JEM-2010 microscope (JEOL, Tokyo, Japan) operated at 200 keV and equipped with a
LaBs filament. Bright field (BF) and weak beam dark field (WBDF) conditions were applied to image
the defects that were created by irradiation. In order to unambiguously identify dot-like objects as
dislocation loops and to specify the Burgers vector, the diffraction vector, g, was varied, and
visibility criteria were employed [24,25]. The resolution limit for dislocation loops in terms of
diameter was about 1.5 nm.

3. Results

3.1. Stress-Strain Curves

The engineering stress-strain curves reported in [13] are replotted in Figure la for the
unirradiated Fe-Cr alloys and in Figure 1b for the 0.6 dpa irradiations of the Fe-Cr alloys. Curves for
pure Fe originating from the investigation reported in [21] (but not shown there) are included.
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Figure 1. Measured engineering stress-strain curves. (a) Unirradiated and (b) irradiated conditions of
the same alloys (0.2 displacements per atom (dpa) for Fe and 0.6 dpa for Fe-Cr alloys).

The curves for the unirradiated conditions invariably exhibited smooth elastic-plastic
transitions. A pronounced yield drop was observed for the 0.6 dpa Fe-12Cr alloy. The Fe-5Cr alloy
that was irradiated to 0.6 dpa did not exhibit a yield drop. Pure Fe that was irradiated to 0.2 dpa and
Fe-9Cr that was irradiated to 0.6 dpa represented limit cases, i.e., there was neither a pronounced
yield drop nor a smooth gradual elastic—plastic transition. The relevant set of results, including the
0.06 dpa irradiations [13], is listed in Table 2. From the complete original data set, e.g., Figures 4 and
10 in [13], it can be found that the uncertainty of the yield stress was within 10%.

Table 2. Appearance of yield drops (yes, no, or limit case) and measured average yield stress (0.2%
proof stress ooz or upper yield stress oy, whichever was applicable) in units of MPa. The error of the
yield stress was typically within 10%.

Alloy  Unirradiated 0.06 dpa 0.2 dpa 0.6 dpa
Fe no/102 - limit case/222 -
Fe-5Cr no/206 no/352 - no/489
Fe-9Cr no/289 no/404 - limit case/544
Fe-12Cr no/349 limit case/454 - yes/676

The results are plotted in Figure 2 as functions of neutron exposure. A smooth elastic-plastic
transition indicated that the stress required for a dislocation to overcome dispersed barriers (grain
boundaries and forest dislocations were included under the heading of ‘dispersed barriers’)
exceeded the stress required for a dislocation to unlock from a row of loops. Conversely, a yield drop
indicated that the unlocking stress was higher. Limit cases were considered as situations for which
barrier stress and unlocking stress roughly agreed. The colored full symbols in Figure 2 represent
cases of smooth elastic-plastic transitions and limit cases. The respective solid lines just connect
associated points for each material. These data points represent cases of DBH as opposed to SH. As
the Fe-12Cr alloy that was irradiated up to 0.6 dpa exhibited a yield drop, the level of DBH remains



Metals 2020, 10, 147 5 of 11

unknown (no green triangle at 0.6 dpa in Figure 2). Based on the assumption of equal average slopes
of yield stress versus exposure, the dashed green line was obtained via a parallel translation of the
solid blue and red lines. The black open symbols represent cases of yield drops and limit cases.
Again assuming equal slopes, the colored dotted lines were obtained via parallel translations of the
solid black line for Fe-12Cr. The unlocking stress due to dislocation loops was zero for the
unirradiated conditions.

800
T 600
a
=3
b>
g 400
-
o
£ 200 Oo.2
Iy —+Fe-12Cr
OFe9Cr 7
a-Fe-12¢r | On
0 1 1 1
0 0.2 0.4 0.6 0.8

Neutron exposure (dpa)

Figure 2. Yield stress versus neutron exposure for the Fe-Cr alloys. The meaning of the types of lines
is explained in the main text. Errors of the yield stress were within 10%.

3.2. Irradiation-Induced Microstructure

According to the TEM investigation of pure Fe irradiated up to 0.2 dpa [22], dislocation loops
were distributed homogeneously in the matrix. However, the decoration of grown-in dislocations
with irradiation-induced loops has also been reported [22]. A more detailed investigation of the
spatial distribution was performed for the Fe-Cr alloys that were irradiated up to 0.6 dpa. Strongly
non-homogeneous distributions of loops were observed, with a pronounced concentration along
grain boundaries and dislocation lines, though there was a much smaller concentration of loops
dispersed in the matrix. Two TEM micrographs that were obtained for one and the same area of the
Fe-12Cr alloy that was irradiated to 0.6 dpa, when observed in different orientations indicated by the
arrows, are exemplarily shown in Figure 3.

Figure 3. TEM weak-beam dark-field images of a dislocation decorated with loops for the Fe-12Cr
alloy that was irradiated to 0.6 dpa. (a) Diffraction vector g = (101); (b) same detail, g = (020).
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The micrographs of Figure 3 qualitatively represent other locations in Fe-12Cr. Figure 4
indicates that Fe-9Cr and Fe-5Cr also exhibited similar loop patterns. Differences were worked out
by quantitative analyses, as shown below. The schematic representation in Figure 5, which refers to
the situation in Figure 3, serves to illustrate the method of quantitative analysis of the size and
spatial arrangement of loops and the definition of the quantities involved, as detailed below. It is
important to note that only one decorated dislocation segment is shown in Figure 5 for the sake of
clarity, whereas two decorated dislocation segments are clearly visible in Figure 3.

‘1
eq
¥

:

Figure 4. (a) TEM bright field image of the 0.6 dpa Fe-9Cr alloy and (b) weak-beam dark-field image
of the 0.6 dpa Fe-5Cr alloy.

The loops were found to be mainly confined in a sector of the full angle around the dislocation,
which was expected because of the dislocation strain field. The loop spacing ! and the stand-off
distance y differed from dislocation to dislocation and from segment to segment. Therefore,
averaged quantities had to be used to obtain estimates of the unlocking stress. In order to derive
estimates of d, | and y, we took into account the fact that some of the loops were invisible for g =
(101) (see Figure 3a), some were invisible for g = (020) (see Figure 3b), and some were visible for
both diffraction vectors, as indicated in Figure 5. In both cases, invisibility was impossible.

TEM image (scheme), TEM image (scheme),
orientation g, same position, orientation g,
Loop diameter d Dislocation segment, length L
Stand-off distance y Total number of loops N )

Loop spacing / i o6
i @5
<d> .
<y> T o
d
<(d/y)?> <I>=L/(N-1)

@ Loop visible for orientations g; and g,
@ Loop visible for orientation g; but not for g,
@ Loop visible for orientation g, but not for g,

Figure 5. Schematic view of a dislocation segment and loops in a TEM image. <-> denotes arithmetic
average.
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Estimates of the characteristics of the spatial distribution of loops were obtained for the Fe-12Cr
alloy that was irradiated to 0.6 dpa, in particular for the upper right dislocation branch in Figure 3,
which turned out to be (or to contain a significant component) of type <100> (b = 0.286 nm). We
found that about 29% of the decorating loops were type <100>, and about 65% were type Y2 <111>;
however, the balance could not be decided with full certainty. It is worth mentioning that the
percentages obtained here by tracking each individual loop from image to image can be considered
to be more precise than the percentages obtained in [15] by way of the statistical g-b analysis. The
same procedure was also applied to a dislocation (dominant component %2 <111>, b = 0.248 nm) in
Fe-9Cr. The mean values of 4, I, y and (d/y)? that were derived for the 0.6 dpa irradiations of Fe-9Cr
and Fe-12Cr are summarized in Table 3. The value of | was estimated as L/(N — 1) (see Figure 5). The
values of d, y and (d/y)? were individually measured for each loop and then averaged over the whole
set of loops. It is important to note that <(d/y)?> differed considerably from (<d>/<y>)2

Table 3. Mean values of size d, spacing I, stand-off distance y, and (d/y)? derived from the TEM
analyses performed for the 0.6 dpa irradiations.

Alloy d (nm) I (nm) y (nm) (dly)**
Fe-9Cr 4.0 16 10.5 0.886
Fe-12Cr 5.2 11 10 0.885

* Averaging was performed over individual values of (d/y)>.

Estimates of the unlocking stress oun that were obtained from Equation (2) by using the
parameters listed in Table 3 are summarized in Table 4 along with the (possibly hidden) values of
the upper yield stress oyu based on positive (“yes”) or limit cases in Table 2. For limit cases, it was
assumed that the upper yield stress caused by source hardening did not differ much from the 0.2%
proof stress. The estimates of oun given in Table 4 were based on values of M = 3.06 and G = 84 GPa
chosen in accordance with [14]. Estimates of the unlocking stress are given for both observed types
of dislocations (loops), namely with b = 0.248 nm for type %2 <111> and b = 0.286 nm for type <100>.
The difference between these estimates indicates the error caused by variations of the dislocation
type.

As already mentioned, dislocation decoration was occasionally observed for the 0.2 dpa Fe alloy
[22], but the evidence is insufficient to perform a statistically sound estimation of the unlocking
stress. Extended dislocation decoration was observed for the 0.6 dpa Fe-5Cr alloy, as seen in Figure
4b, but the stand-off distance was considerably (about three times) larger than for the Fe-9Cr and
Fe-12Cr alloys. Therefore, it is doubtful to assume that all decorating loops in Fe-5Cr, including the
most distant ones, simultaneously contributed to locking. Instead, dispersed-barrier hardening
seemed to be dominant [14], which was consistent with the observed smooth elastic-plastic
transition.

Table 4. Upper yield stress, oyu, derived from positive (‘yes’) or limit cases in Table 2, and unlocking
stress, oun, derived from Equation (2).

Alloy Exposure (dpa) oy (MPa) biul(l).(zlzlgp :1)m bim(‘).(zl\;[::l;
Fe 0.2 ~222 * *
Fe-5Cr 0.6 none or <489 * *
Fe-9Cr 0.6 ~544 353 407
Fe-12Cr 0.6 676 513 591

* Dislocation decoration was observed, but Equation (2) was not applied for reasons explained in the main text.

4. Discussion

The basic findings of the present study are the observations of both a yield phenomenon at the
macroscale and dislocation decoration by irradiation-induced loops at the nanoscale. These findings
appear to be mutually linked. It is interesting to note that smooth elastic-plastic transitions were
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reported for unirradiated and neutron-irradiated (0.015 and 1.2 dpa, irradiation temperature 60-100
°C) 9% Cr ferritic/martensitic steels [26]. Loop distributions were not reported. Moreover, self-ion
irradiation (<0.1-13 dpa, 300 °C) was found to give rise to the formation of dislocation loops in
ultra-high-purity Fe and Fe-8Cr [27,28]. Though loops were observed to align in rows, a pronounced
tendency of loops to decorate grown-in dislocations was not reported. Obviously, both the yield
phenomenon and dislocation decoration are not just functions of Cr and exposure—they are also
functions of other factors such as alloy impurity content and irradiation conditions. Therefore, the
analysis performed here is specific for the present set of materials fabricated, irradiated and tested
under consistent conditions.

Based on the results compiled in Table 2, including errors within 10%, we found that the effects
of both the Cr content and the neutron exposure on the yield stress are significant. In particular, the
upper yvield stress of the Fe-12Cr alloy that was irradiated to 0.6 dpa is significantly higher than the
yield stress of the Fe-9Cr alloy that was irradiated to 0.6 dpa. The trend of oun with decreasing Cr
content from 12% to 9% Cr follows the trend measured for the upper yield stress. This conformity
qualitatively extends to 5% Cr. Indeed, the larger average stand-off distance observed for Fe-5Cr
gives rise to a smaller unlocking stress according to Equation (2) and is consistent with both the
dominance of DBH over SH, the smooth elastic—plastic transition, and the smaller value of the yield
stress.

The deviations between the measured values of the upper yield stress and the estimated values
of the unlocking stress are larger than the errors of the measured yield stress. It can be concluded
that these errors are not the major reason of the observed deviations. In fact, the idealizations
involved in both the analysis performed above and the derivation of Equation (2) [4,5] are mainly
responsible for the deviations between measured values of oyu and estimated values of oun. For
example, there is a pronounced effect of the uncertainty with respect to the dislocation type, as
indicated in Table 4 (fourth versus fifth column). However, taking into account the approximate
nature of Equation (2), the estimates based on the SH model are still reasonably consistent with the
measured upper yield stress. It is interesting to note that the difference between the unlocking
stresses estimated for 9% and 12% Cr is mainly due to the difference between the mean spacings of
loops, while the (d/y)>-values coincidentally almost agree (see Table 3).

More advanced models of dislocation unlocking based on dislocation dynamics simulations
have been applied to Cu [29] and Fe [30]. In these simulations, idealized or simulated loop
distributions along grown-in dislocations were used. The present experimental results may be useful
as a means of calibration or cross-check of a corresponding model for Fe-Cr. In the case of pure Fe,
the unlocking stress indicated above is at least not inconsistent with the results reported in [30].

The competition between DBH and SH now remains to be considered. As no yield effect was
observed for the unirradiated Fe and Fe-Cr alloys of this study, we can conclude that SH does not
play a significant role before irradiation. It is well known (and partly reflected in Figure 2) that DBH,
according to Equation (1), increases as a function of neutron exposure (with a possible saturation at
higher exposures) [13,14]. It is also reasonable to assume (and is partly reflected in Figure 2) that SH
increases as function of exposure. The present findings indicate that, for increasing neutron
exposure, the contribution of SH to a measured yield stress increases at a higher rate than the
contribution of DBH; see Figure 2. This gives rise to a cross-over from the dominance of DBH
accompanied by a smooth elastic-plastic transition to the dominance of SH accompanied by a yield
drop. The transition tends to be shifted to higher levels of neutron exposure for lower Cr contents.
The situation is schematically depicted in Figure 6a, which is based on the observations shown in
Figure 2. The mapping of the dominance regions of DBH and SH as functions of Cr content and
neutron exposure (linear interpolation) is suggested in Figure 6b. According to this kind of map,
DBH is favorable at lower Cr contents and exposures, while SH is favorable at higher Cr contents
and exposures, the cross-over exposure being a descending function of Cr. The dpa that correspond
to the cross-over point might bear a connection with the dose for the onset of slip localization [31].
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Figure 6. (a) Schematic representation of the cross-over from dispersed-barrier hardening (DBH)
dominance to source hardening (SH) dominance for Fe-12Cr. (b) The mapping of the dominance
regions of DBH and SH as function of Cr content and neutron exposure.

Finally, the application of the DBH model in [14] requires reconsideration with respect to the
role of SH. The yield stress increase measured for the 0.6 dpa Fe-12Cr alloy, which entered the
system of equations of the type of Equation (1) [14], is expected to be an overestimation of barrier
hardening because of the observed yield drop and the related contribution of source hardening that
was not considered in [14]. This may indeed have altered the results of the analysis. However, the
overestimation is expected to be within the contribution of loops to the total yield stress increase,
which was about 15% [14]. A recalculation that was done by using an accordingly reduced yield
stress increase produced values of the obstacle strength within the ranges of error of the previous
estimates. For the reduced yield stress increase, the fit was marginally better. However, the present
investigation shows that the consideration of SH may be crucial for higher neutron exposures and
higher Cr contents.

In summary, a consistent picture of the occurrence of yield points in engineering tensile
stress-strain curves, observations of dislocation decoration by means of TEM, and the application of
a source hardening model has been provided for the studied set of neutron-irradiated Fe-Cr alloys.
Hardening was found to undergo a transition from the dominance of dispersed-barrier hardening to
the dominance of source hardening at increasing neutron exposure for Fe-9Cr and Fe-12Cr. The
transition tends to be shifted to higher levels of neutron exposure for lower Cr contents. The
estimated values of the unlocking stress and the measured values of the upper yield stress are
reasonably consistent in the dominance region of source hardening.
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