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Understanding the mechanisms of plasticity in structural steels is essential for the operation of next-
generation fusion reactors. This work on the deformation behaviour of FeCr, focusses on distinguishing 
the nucleation of dislocations to initiate plasticity, from their propagation through the material. Fe3Cr, 
Fe5Cr, and Fe10Cr were irradiated with 20 MeV Fe3+ ions at room temperature to doses of 0.008 dpa and 
0.08 dpa. Nanoindentation was then carried out with Berkovich and spherical indenter tips. Our results 
show that the nucleation of dislocations is mainly from pre-existing sources, which are not significantly 
affected by the presence of irradiation defects or Cr%. Yield strength, an indicator of dislocation mobility, 
increases with irradiation damage and Cr content, while work hardening capacity decreases mainly due 
to irradiation defects. The synergistic effects of Cr and irradiation damage in FeCr appear to be more 
important for the propagation of dislocations than for their nucleation.

Introduction
Reduced activation ferritic/martensitic (RAFM) steels are prime 
candidate materials for structural components of next-genera-
tion nuclear fusion and fission reactors [1]. They are favoured 
over austenitic steels for their resistance to irradiation swelling 
and helium embrittlement, and good thermomechanical prop-
erties [2, 3]. For the safe and efficient operation of reactors, the 
impact of the reactor environment, mainly the effect of neutron 
irradiation, on the behaviour of the reactor materials must be 
well-understood. For the structural components of the reactor, it 
is particularly important to characterise the irradiation-induced 
evolution of mechanical properties and the onset of plasticity.

The study of FeCr binary alloy materials is useful for gain-
ing mechanistic insight into the effects of irradiation on RAFM 
steels as they reduce the microstructural complexity associated 
with numerous minor alloying elements in industrial steels 
[4, 5]. In particular for comparisons with theoretical simula-
tions, which are crucial for prediction of material properties 
in operation but not yet able to capture complex RAFM steels, 
the experimental study of pure Fe and FeCr model binary alloy 
provides vital information [6, 7].

Ion-irradiation is a useful surrogate for simulating the dam-
age caused by neutron irradiation [8]. It allows the accumula-
tion of large damage doses, in a controlled environment, over a 
short span of time without inducing transmutation [9]. This is 
particularly useful for comparisons with neutron damage that 
produce dense defect cascades [10]. Ion-irradiation eliminates 
transmutation-induced evolution in the chemical composition 
of the samples and allows for comparison to simulations [11, 
12]. The drawback of ion-irradiation is that the damage layer 
produced is only a few microns thick, which necessitates the 
use of specialised techniques to characterise material proper-
ties at this scale.

Nanoindentation has proved to be invaluable for providing 
mechanical information of ion-irradiation damaged materials 
as it can extract mechanical information from the thin irradi-
ated layer [13–15]. It has been used to investigate mechanical 
properties including yield strength, deformation behaviour and 
elastic properties [16, 17].

Irradiated Fe and Fe-based alloys exhibit hardening and 
embrittlement due to the formation of point defects, dislocation 
loops, and clusters acting as barriers to dislocation movement 
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[18, 19]. Changes in mechanical properties (e.g. yield strength) 
can be measured even at very low damage levels ( 10−4 displace-
ments-per-atom, dpa) when defects are not yet visible with elec-
tron microscopy [20, 21]. This makes insights from mechanical 
characterisation valuable. Previous nanoindentation studies 
on irradiated FeCr largely focused on quantifying irradiation-
induced hardening behaviour [13, 17, 22, 23]. The amount of 
hardening has been found to increase with Cr content for doses 
below 1 dpa [13, 24]. There exists some experimental work on 
the deformation behaviour of irradiated FeCr, particularly after 
the onset of yield, with strain softening commonly observed [14, 
25, 26]. An unanswered question from the current literature is 
the behaviour just before and at the onset of pop-in when the 
dominant effects are dislocation nucleation and multiplication. 
The effect of irradiation on the mechanisms responsible for the 
initiation of plasticity in FeCr is also currently unclear. Both the 
initiation and progression of plasticity are crucial to predicting 
the structural integrity of steel components during operation.

A second aspect unexplored in existing studies is the syner-
gistic effect of Cr and irradiation damage on the initiation and 
progression of plasticity in FeCr. Many existing studies [14, 27, 
28] have focused on only one composition of Cr% or one dose. 
This makes conclusions about the effect of Cr content and dose 
level hard to reach, as samples from different studies vary in 
processing history, irradiation condition and data analysis pro-
tocol. From our previous study of irradiated FeCr [24], we found 
that enhanced defect retention from the presence of Cr caused 
greater changes in the hardness, thermal diffusivity and lattice 
strain. The present study follows on from these previous results 
to focus on the synergistic effects of Cr and irradiation dose on 
the deformation behaviour of irradiated FeCr.

The study of Fe and FeCr binary alloys at room temperature, 
as opposed to more commonly at 500–800 K is important for 
fundamental understanding of irradiation damage. Atomistic 
simulations of non-thermally activated processes, e.g. stress-
driven defect evolution, are important and can only be com-
pared to experimental results obtained in the ‘low temperature’ 
regime [29, 30]. This is an important step to understanding 
irradiation damage at reactor operation temperatures where 
both thermally activated and stress-driven processes are at play. 
Defect microstructures in Fe and Fe-based alloys have been 
found to evolve on a timescale of weeks to months [31, 32] at 
low temperatures T < 600 K, and this timescale decreases expo-
nentially with increasing temperature [33]. Therefore, irradiat-
ing and characterising at room temperature, or below, prolongs 
the timespan over which defect microstructures do not evolve 
significantly and ensures the material properties characterised 
after the irradiation are representative of the defects created dur-
ing irradiation conditions.

We systematically examine the deformation behaviour of 
FeCr with nanoindentation as a function of Cr content (3, 5, 

and 10%), and damage level (unimplanted, 0.008, and 0.08 dpa). 
Irradiation and mechanical characterisation were carried out 
at room temperature. Nanoindentation reveals the dose- and 
composition-dependent behaviour of dislocation nucleation and 
propagation in the irradiated regions of the materials to provide 
insights into the early stage deformation behaviour of irradiated 
FeCr. The use of indenter tips with different effective radii makes 
it possible to distinguish between dislocation nucleation and 
propagation in these measurements. Our findings are discussed 
in light of previous experimental and ab initio studies of Fe and 
FeCr. This information is crucial for the design and performance 
prediction of structural components in future reactors.

Results
Initiation of plasticity: pop‑in analysis

All samples were indented with a Berkovich tip and two spheri-
cal tips with nominal radii of 1 and 5 μm (further details given 
in Sect. 4.2 of Methods and Materials). The use of different tip 
sizes allows distinction between different sources of dislocation 
nucleation, as further discussed below.

A typical load vs. displacement curve measured in this 
experiment is shown in Fig. 1. The first section of the curve 
[Fig.  1(a)] between points A and B is the elastic Hertzian 
response which can be described as the contact between a sphere 
(the indenter tip) and an elastic half-space (the sample surface) 
[34]:

where P is the applied load, R is the radius of the sphere, and 
he is the elastic indentation depth. Er is the reduced modulus 
given by:

where E is the elastic modulus and ν is Poisson’s ratio, with sub-
scripts i and s referring to the indenter and the sample, respec-
tively. Here, we used Ei = 1140 GPa, νi = 0.07 [35] for the dia-
mond indenter tips and νs = 0.29 for the FeCr alloys [36]. From 
our previous nanoindentation study [24], Es was found to be 218 
GPa for Fe3Cr and Fe5Cr, and 228 GPa for Fe10Cr.

The method proposed by Leitner et al. [37] was used to fit 
the radii of the tips in this study. This method fits the contact 
area and contact depth of the indentation, rather than the total 
depth. The elastic portion (between points A to B in Fig. 1) 
from indentation of pure unimplanted Fe ( Es = 204 GPa) was 
used for the fitting. For the purposes of this work, an effective 
radius ( Reff  ) was calculated from the fitting by approximating 
the tips as spherical. For the Berkovich tip, this assumption is 
only valid for small indentation depths (further discussed in 

(1)P =
4

3
ErR

1
2 he

3
2

(2)
1

Er
=

1− νi
2

Ei
+

1− νs
2
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text related to Fig. 3), making use of the rounding of the tip. 
The Reff  for the Berkovich tip was found to be 120 ± 31 nm. 
The spherical tips were found to have effective radii of 911 ± 
122 nm and 5.03 ± 0.53 μm. Note, the manufacturer reported 
1.11 ± 0.04 and 4.83 ± 0.24 μm, respectively, for the spherical 
indenter tips.

A ‘pop-in’ occurs between points B and C [Fig. 1(a)], and the 
pop-in load (at point B), Ppop was identified for all samples. The 
presence of ‘pop-in’s correspond to the initiation of plasticity 
and can either be from nucleating new dislocations or mobilis-
ing pre-existing dislocations [38]. These two different mecha-
nisms can be distinguished using indenter tips with different 
radii. Further details are given in the text surrounding Fig. 2.

Elastic-plastic deformation (between points C and D) 
occurs following a pop-in event as dislocations have been 
nucleated in the material. Sample creep can also be observed 
between points D and E when the indenter is held at the maxi-
mum load for 10 s.

The use of tips with different effective radii creates differ-
ently sized stress zones underneath the surface. The principal 
shear stress ( τ ) directly ahead of the indenter tip in the sample 
before the occurrence of pop-ins was computed using Hertzian 
contact mechanics [34]:

Figure 1:   The load–displacement curve of the indentation of Fe3Cr with a nominally 5 μm radius spherical tip. (a) The indentation curve of unirradiated 
Fe3Cr with key segments labelled: elastic deformation described by Hertzian mechanics (A → B), pop-in (B → C), elastic-plastic deformation (C → D) 
and creep (D → E). (b) The effect of irradiation on decreasing the pop-in loads for Fe3Cr.

Figure 2:   The principle shear stress directly ahead of the indenter 
tip at the onset of pop-in for Fe10Cr irradiated to 0.08 dpa (black 
traces). The stress distribution in each case is computed using the 
corresponding Ppop load. The size of the highly stressed zone increases 
with tip size but are all still contained in the irradiated region (blue 
trace).

Figure 3:   The maximum shear stress at the onset of pop-in ( τmax-pop ) 
under the Berkovich indenter tip ( Reff = 120 nm) for unimplanted 
FeCr with different levels of Cr% for grains of near 〈100〉 out-of-plane 
orientation (red circles), where the primary slip system is �111�{110} . The 
error bars show one standard deviation of the measurements. Density 
functional theory (DFT) calculations (black diamonds and crosses) 
[43] are included for comparison. A range of possible corrections have 
been applied to correlate the experimentally measured shear stress 
to theoretical calculations (blue), explanations are provided in the 
corresponding text.
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where z is the coordinate into the material normal to the surface, 
and a is the contact radius (see Eq. 7). p0 is given by [34]:

The maximum shear stress under the indenter experienced by 
the sample at the onset of pop-ins, τmax-pop , is then given by [34]:

The load at the onset of the pop-in event ( Ppop ) was identified 
for all the load-displacement curves recorded. In the case of 
multiple pop-ins, Ppop was taken at the first pop-in event. The 
principal shear stress as a function of depth for different indenter 
tip radii was then calculated using Eqs. 3 and 4. Figure 2 shows 
this for the Fe10Cr sample irradiated to 0.08 dpa, but the fea-
tures are representative of all the samples in this study. As the 
tip radius increases, the stressed zone extends deeper into the 
material. We consider a ‘main stressed zone’ as the depth range 
where the shear stress, τ , experienced is at least 50% of τmax-pop . 
Even for the largest tip, 5.03 μm spherical, the main stressed 
zone is still fully contained within the ion-irradiated layer.

From Fig. 2, it can be seen that τmax-pop (the peak height) 
decreases with increasing tip size. This has also been observed 
previously in nickel [39], tungsten [40] and molybdenum [41]. 
This size-dependent phenomenon originates from the initiation 
of plasticity following either the nucleation of dislocations or the 
activation of existing dislocations (e.g. Frank–Read sources) in 
the material. The former mechanism requires shearing the crys-
tal lattice to generate dislocations and hence generally requires 
a much higher applied stress than the latter mechanism, which 
relies on unlocking pre-existing dislocations. Since the vol-
ume of the highly stressed zone scales with the indenter radius 
(Fig. 2), the probability of encountering a pre-existing disloca-
tion is higher in the highly stressed zone under a larger indenter, 
compared to applying the same load to a smaller indenter. This 
means that for a larger indenter plasticity most likely can be 
initiated once the applied stress is large enough to mobilise 
pre-existing defects [39]. For a smaller indenter it is more likely 
that plasticity is initiated when the applied stress is greater than 
the ideal strength of the material, so that new shear dislocation 
loops can be nucleated before the highly stressed zone grows 
large enough to encounter a pre-existing dislocation source with 
a lower activation barrier.

The τmax-pop for loading with a Berkovich tip for the unim-
planted materials is calculated using Eqs. 4 and 5 (Fig. 3). In the 
small, relatively defect-free volume probed by the sharp Berko-
vich tip, τmax-pop should approach the theoretical shear strength. 

(3)

τ =
1

2
p0

∣

∣

∣

∣

(1+ ν)

(

1−
( z

a

)

arctan
(a

z

))

−
3

2

(

1

1+ z2/a2

)∣

∣

∣

∣

(4)p0 =
(

6PpopEr
2

π3R2

)

1
3

.

(5)τmax-pop = 0.31p0.

This is because it can be assumed that for the indentation depths 
at which pop-in’s occur for a Berkovich tip (< 20 nm), the con-
tribution of pre-existing defects is negligible due to the highly 
localised stress fields. This has also been previously observed 
in several other material systems [39, 42]. Experimental values 
shown in Fig. 3 are from indentation of grains with close to 
〈100〉 out-of-plane orientation, and the main corresponding slip 
system is �111�{110} . In our study, the experimental τmax-pop is 
within 20% of the theoretical shear strength predicted by density 
functional theory calculations [43].

The discrepancy between the experimental and theoretical 
results in Fig. 3 can be attributed to two main factors: The first 
is that the ab initio calculations do not account for the triaxi-
ality of the stress state beneath the indenter. This raises the 
ideal shear stress compared to the assumption made in [43] 
of a fully relaxed shear load. Revised ab initio analysis of W 
and Mo [44] showed that modelling a triaxial stress state will 
produce a theoretical shear strength that is 6–13% higher than 
the fully relaxed model. Furthermore, the maximum shear 
stress obtained by the Hertzian contact model (Eqs. 4 and 5 ) 
assumes that the contact area is small compared to the size of 
the elastic bodies in contact [34]. This assumption does not 
fully stand near the yield point. From FEM analysis [44], it is 
reported that the maximum shear stress calculated from the 
Hertzian contact model overestimates the true stress by up to 
20% for a large range of metals. These factors mean that the 
maximum shear stress obtained by nanoindentation overesti-
mates the theoretical results by 17 to 22%. The blue points in 
Fig. 3 show the range of corrected theoretical shear strength 
values for each Cr content applied according to the analysis 
of Krenn et al. [44]. These corrected experimental values are 
in better agreement with the theoretical values.

The average τmax-pop shows a weak decreasing trend with 
increasing Cr content. However, the changes are within the 
experimental uncertainties of this study and further investi-
gation would be helpful to identify underlying mechanisms. 
The effect of alloying elements on the theoretical strength of 
materials has been previously investigated in theoretical stud-
ies, for example in titanium [45] and silicon [46], and depends 
strongly on both the matrix and solute. A previous experi-
mental study of the shear modulus (G), which is proportional 
to theoretical strength, of Fe and FeCr alloys showed a small 
increase ( ≤ 5%) with Cr content between Fe and Fe10Cr [47]. 
However, a further study reported a minimum value of G at 
Cr% = 5% [48].

For indentation with a Berkovich tip, the effect of ion-irra-
diation on pop-in load, and thus τmax-pop , can be seen in Fig. 4. 
The pop-in loads were not found to vary systematically between 
grains of near 〈100〉 , 〈110〉 and 〈111〉 out-of-plane orientations, 
and from here on, results from all orientations are considered 
together.
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The decrease in τmax-pop with irradiation dose can be ration-
alised by considering irradiation-induced defects in the material 
as sites for heterogeneous dislocation nucleation. From TEM 
studies of FeCr materials produced under identical protocols, 
the defects caused by ion-irradiation at room temperature 
consist of dislocation loops with Burger’s vector 12a0〈111〉 or 
a0〈100〉 [49]. It has been shown before, in Ni-irradiated Mo, 
that ion-irradiation-induced defects serve as local instabili-
ties, which decrease the shear stress required for dislocation 
nucleation [50]. This differs from other pop-in studies which 
investigated materials damaged by mechanical straining, where 

the main form of heterogeneous dislocation nucleation is from 
Frank–Read sources with much lower activation barriers than 
irradiation-induced defects [51]. It also appears that the effect 
of Cr content (Fig. 4) on the change in τmax-pop is greater than 
the effect of increasing irradiation dose alone. The change in 
τmax-pop for Fe3Cr and Fe5Cr following irradiation to 0.08 dpa 
is less than the change in τmax-pop due to the increase in Cr% 
from 3 to 5%. Furthermore, Fe3Cr consistently has the largest 
τmax-pop for all irradiation doses. Even the Fe3Cr sample irradi-
ated to 0.08 dpa still has higher τmax-pop than the unirradiated 
Fe5Cr and Fe10Cr samples.

The synergistic effect of Cr% and irradiation dose level can 
be seen in the greater decrease of τmax-pop for Fe10Cr compared 
to Fe3Cr and Fe5Cr following irradiation. This can be attributed 
to greater retention of irradiation-induced defects in the pres-
ence of Cr atoms [52, 53]. The irradiation-induced change of 
other material properties such as hardening, decrease in thermal 
diffusivity and increase in irradiation strain has also been found 
to be greater for higher Cr% in ion-irradiated FeCr [24].

For indentation performed with larger spherical tips ( Reff  
= 911 nm and 5.03 μm), pop-ins were still noticeable in both 
the reference (unirradiated) and irradiated samples. τmax-pop 
for these spherical tips are shown in Fig. 5. Indenting with the 
spherical tips reveals a reduction in τmax-pop with increasing dose 
for Fe3Cr. For Fe5Cr, this is seen for indentation with Reff  = 
911 nm. This is similar to the observations from the Berkovich 
indentation pop-ins in Figure 4.

For spherical tips, the τmax-pop measured are all significantly 
lower than those for the Berkovich tip. This drop in τmax-pop 
for increased tip radius is much larger than the reduction in 

Figure 4:   The maximum shear stress under the Berkovich indenter tip 
at the onset of pop-in ( τmax-pop ) for Fe3Cr (red circle), Fe5Cr (green 
diamond) and Fe10Cr (blue square) as a function of dose. The error bars 
show one standard deviation of the measurements.

Figure 5:   The maximum shear stress under the indenter tip ( τmax-pop ) at the onset of pop-in for Fe3Cr (red circle), Fe5Cr (green diamond) and Fe10Cr 
(blue square) as a function of dose for spherical indenters with effective radii (a) 911 nm and (b) 5.03 μm. The error bars show one standard deviation 
of the measurements.
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τmax-pop following irradiation (Figs. 4 and 5 ). This suggests that 
the dislocation nucleation sources probed during indentation 
with larger tips have lower activation barriers than dislocation 
nucleation from irradiation-induced defects. Hence, the disloca-
tion nucleation during indentation using tips with larger radii 
must be from sources other than irradiation-induced defects, 
such as other pre-existing dislocations.

The use of indenter tips with different radii makes it possible 
to begin to separate the contribution of Cr content and irra-
diation dose to the different mechanisms involved in plasticity 
initiation. The nucleation of dislocations by shearing the lattice 
was examined by exceeding the theoretical shear strength of 
the material using Berkovich indentation (Figs. 3 and 4). The 
operation of pre-existing dislocation sources (e.g. Frank–Read 
sources) plays a much more prominent role in indentation with 
larger spherical tips, due to the lower activation energy required. 
Our results (Fig. 5) show that τmax-pop varies little with Cr con-
tent and irradiation dose, but rather is much more dependent 
on the size of the spherical tip. This is due to a larger tip being 
able to probe a bigger high-stress zone and initiate plasticity 
from pre-existing sources.

For Fe10Cr, τmax-pop increases following irradiation when 
probed by a spherical tip with Reff  = 5.03 μm [Fig. 5(b)]. This 
is different to the dependence of τmax-pop on irradiation dose in 
all other samples which either showed a decrease or no change 
in τmax-pop with irradiation. This may point to a more complex 
behaviour of dislocation nucleation following irradiation, pos-
sibly a combination of effects from irradiation-induced disloca-
tion sources and pre-existing sources now sampled by indent-
ing with a larger tip. The other possible explanation is that the 
unimplanted Fe10Cr material possesses an unusually high level 
of pre-existing dislocations, which leads to a particularly low 
τmax-pop required for the initiation of plasticity. To clarify this 
point, we examine the pre-existing defect concentrations in the 
sample with electron microscopy.

Determining pre‑existing dislocation density

High-resolution electron backscatter diffraction (HR-EBSD) 
measurements were used to measure geometrically necessary 
dislocation (GND) density on the surface of the samples [54]. 
Cross-correlation analysis of high angular resolution EBSD/
Kikuchi patterns was used to extract lattice rotations with 
respect to a reference point in each EBSD map. These rota-
tions were then used to calculate local lattice curvatures and 
then compute the surface GND densities. This technique can 
achieve a spatial resolution of ~ 50 nanometres and a sensitiv-
ity above 1012 lines/m2 [55].

HR-EBSD measurements (Fig. 6) show the GND densi-
ties in the vicinity of an indent on each of the FeCr unim-
planted surfaces. The average background GND density is 
stated below the corresponding maps. No differences between 
samples of different Cr concentrations could be found after 
accounting for the measurement uncertainties.

Electron channelling contrast imaging (ECCI) was also 
used to image and measure the dislocation density in the 
materials, as it can probe both GND and statistically stored 
dislocations (SSD). This method relies on the backscattered 
electron intensity signal while the electrons travel in the sam-
ple volume. The presence of lattice distortions, such as dislo-
cations, alters the diffraction condition and thus allows defects 
to be imaged under specific conditions [56].

The ECCI maps of indents made in unimplanted Fe5Cr 
and Fe10Cr are shown in Fig. 7. Fe10Cr appears to exhibit 
slightly higher dislocation density than Fe5Cr in the region 
~ 1 to 2 microns away from the indent. Unfortunately, the 
backscatter contrast signal was not strong enough in the less 
deformed and undeformed regions to determine a background 
dislocation density. From these images, the pre-existing dis-
location densities in unimplanted Fe5Cr and Fe10Cr seem to 
be quite low.

Figure 6:   GND density distribution around spherical indents ( Reff = 5.03 μm) in grains of near 〈100〉 out-of-plane orientation on unimplanted (a) Fe3Cr, 
(b) Fe5Cr, and (c) Fe10Cr as measured by HR-EBSD. The average and standard deviation of the GND density are displayed below the corresponding 
maps
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Progression of plasticity: indentation stress–strain 
curves

Nanoindentation measurements can also give insights into the 
progression of plasticity and yield in small sample volumes. 
The use of a spherical indenter tip can produce indentation 
stress–strain (ISS) curves analogous to those from bulk uniaxial 
tensile testing.

In our study, ISS curves were calculated using the protocols 
described in [57, 58]. Briefly, we started from the elastic contact 
described in Eq. 1, and defined contact radius a =

√
Rhe  . We 

then transformed Eq. 1 into a linear relationship during elastic 
contact. Indentation stress, σind , and strain, ǫind , in the elastic 
regime, are defined as [57]:

For elastic–plastic indentation, ht , the total indentation depth, is 
used instead of he , the elastic indentation depth. In this picture, 
it is equivalent to idealising the indentation zone as a cylindrical 
region, of radius a and height 3π4 a , being compressed by ht [57].

The contact radius a was calculated from the measured stiff-
ness, S = dP/dhe , at each point in the loading curve:

The indentation stress–strain (ISS) curves were calculated 
using Eqs. 6 and 7 in this study. However, ISS analysis cannot 
be applied to indentations made with the Berkovich tip as the 
spherical approximation of the tip shape is only valid for small 
indentation depths (< 20 nm). Beyond that depth, the self-simi-
lar geometry of the Berkovich tip means only one strain value is 
probed during indentation. For indents made with the 911 nm 
spherical tip, the pop-in stresses were so large that the analysis of 
the yield behaviour was difficult. At indentation depths greater 
than 200 nm, the deviation of tip shape from a perfect sphere 

(6)σind =
P

πa2
; ǫind =

4

3π

he

a

(7)a =
S

2Er

was also significant. Therefore, whilst the approximations made 
for the Berkovich tip and 911 nm spherical tip were appropriate 
for the pop-in analysis of the previous section, they cannot be 
used for ISS analysis. For the rest of this section, all analysis of 
ISS behaviour will focus solely on data obtained from indenta-
tions made with the 5.03 μm spherical tip.

The ISS curves obtained from indentation with the 5.03 μm 
tip are shown in [Fig. 8(a)–(c)]. The effects of pop-ins are clearly 
seen, with large elastic stresses in the ISS response before the 
flow portion proceeds at much lower stress levels. The trend of 
pop-ins, relating to the nucleation or unlocking of dislocations 
in the lattice, was extensively discussed in Sect. 2.1. The exami-
nation of ISS response for this section will focus on the flow, 
or plastic, portions which give insight into the propagation of 
dislocations in the material. Previous studies have shown that 
pop-ins do not affect the plastic behaviour in the ISS response 
as this depends on the mobility of dislocations rather than their 
nucleation [57, 59].

However, the presence of the pop-ins presents some dif-
ficulties in the analysis of the ISS response as they obstruct 
direct determination of the yield point and plastic behaviour 
immediately following yield. The method described in [60] was 
used to infer the yield point as the intersection of the elastic 
Hertzian response with a straight line fitted to the flow por-
tion of the ISS curve. The yield strength is then defined using a 
0.2% strain offset [Fig. 8(d)]. This is commonly used for defining 
yield strength in uniaxial tensile testing but has also been used 
in several studies to identify yield strength in nanoindentation 
measurements [58, 61, 62]. This back-extrapolation technique 
isolates the contributions to material yield strength due to dis-
location propagation and multiplication, rather than dislocation 
nucleation [63–65].

The yield strength calculated from the ISS response 
increases monotonically with Cr content for all irradiation 
doses (Fig.  9). The origins of this, for tests performed at 

Figure 7:   ECCI maps of regions around spherical indents ( Reff = 5.03 μm) in grains of near 〈111〉 out-of-plane orientation on unimplanted (a) Fe5Cr, 
and (b) Fe10Cr. Some dislocations can be observed around the indent in Fe10Cr but the contrast does not appear to be strong enough to observe 
dislocations in Fe5Cr.
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the same temperature, is solid solution hardening, which is 
expected to increase with the square root of the solute con-
centration [73]. The rate of solid solution hardening in the 
yield strength of unirradiated FeCr is comparable to previ-
ous uniaxial tensile tests on single crystal FeCr samples [74] 
(detailed comparisons in Appendix A). The yield strength also 
increases monotonically with irradiation dose for all FeCr 
materials measured, which has been previously observed in 
other irradiated materials [15, 66].

The rate of yield strength increase between unimplanted 
and 0.008 dpa is lower for Fe10Cr compared to Fe3Cr and 
Fe5Cr, which would be consistent with a slightly higher pre-
existing dislocation density in the Fe10Cr material, as dis-
cussed above. The higher rate of yield strength increase for 
Fe10Cr, compared to Fe3Cr and Fe5Cr, between 0.008 and 
0.08 dpa, suggests increased retention of defects by the pres-
ence of Cr from a similar mechanism to irradiation hardening 
observed previously [24, 66].

These trends also agree with results from uniaxial 
stress–strain (USS) responses of neutron-irradiated Fe and 
FeCr [66, 67] (Fig. 9). This demonstrates the usefulness of high-
throughput nanoindentation techniques to reveal insights into 
material behaviour. The discrepancy between the absolute values 
of the two studies can be attributed to several factors. The mate-
rial on which USS response was measured was irradiated with 
neutrons at around 300 °C which could have partially annealed 
the material, compared to the materials in this study which were 
ion-irradiated at room temperature.

There have been numerous studies attempting to correlate 
indentation stress and strain values with the quantities obtained 
through bulk tensile testing. Huang et al. provide a good review 
of the literature [75]. Several factors lead to differences in the 
recorded stresses and strains, such that quantitative predic-
tion of macroscopic stress–strain curves from nanoindentation 
remains challenging. An important factor is the role of lateral 
material constraint in indentation, which produces different 

Figure 8:   The indentation stress–strain (ISS) responses of (a) Fe3Cr, (b) Fe5Cr, and (c) Fe10Cr irradiated to different dose levels. The elastic portions of 
the curves are well-fitted to the prediction from Hertzian contact mechanics (Eq. 1) with the gradient equal to the reduced modulus of each sample. 
(d) The back-extrapolation of the yield strength (magenta point) as the intersection of the line which is a 0.2% strain offset from the Hertzian response 
(dashed grey line, offset exaggerated for clarity) and the line that is a linear fit of the plastic part of the ISS curve (black-dotted line).
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stress states compared to uniaxial tests [76]. A consequence 
of this is the difficulty in extracting exact contact depth of the 
indenter due to the deformed shape of the material around the 
indenter [72]. Another key difference is the heterogeneity of 
material microstructure. In nanoindentation, the deformation is 
probed in, essentially, a single crystal, whereas bulk tensile test-
ing is more indicative of polycrystalline behaviour [66, 67, 77, 
78]. A consequence of this is that orientation dependence may 
affect results of nanoindentation testing, but not bulk tensile 
testing. Furthermore, the indentation size effect, which is caused 
by both the presence of large plastic strain gradients and the 
nucleation of GNDs, is not found for bulk tensile testing [79]. 
For spherical indenters, this is a function of indenter size, rather 
than solely indentation depth as for sharp Berkovich indenters 
[80]. This size effect leads to a further increase the measured 
yield strength in nanoindentation compared to uniaxial testing 
[81, 82].

Various factors have been proposed to account for these dif-
ferences between ISS and macroscopic stress–strain curves. For 
Fe in particular, there are a range of proposed ratios, between 
2.2 to 3.8, for the conversion between indentation yield stress 
and tensile yield stress [68–72]. Figure 9 shows this range of 
ratios applied to our data for all samples. This brings the abso-
lute values of the yield strengths from the ISS response closer 
to the macroscopic values reported in [66, 67]. Furthermore, 
the method of extrapolating the yield point may slightly 

over-estimate the yield strength as the gradient of the ISS curve 
near the yield point is often higher than the gradient at larger 
strains [Fig. 8(d)].

The shape of the ISS curve in the flow portion gives insight 
into material work hardening. Past studies on irradiated Fe [67, 
77, 78] have found that the work hardening response after yield 
is well-described by the Holloman relation:

where K is known as the strength coefficient and n is the work-
hardening exponent. The hardening exponent is calculated for 
the samples in this study and compared with previous studies 
[67, 77, 78] in Fig. 10.

Reduced work-hardening capacity is evident with increased 
irradiation dose for all Cr% compositions studied. After irra-
diation to 0.08 dpa, all samples show a similar level of reduced 
work-hardening capacity. Considering that n increased with Cr 
content for unirradiated samples, it appears the effect of irradia-
tion dominates in the changes to n compared to any pre-existing 
effects due to different Cr content. The rate of decrease of n with 
irradiation dose agree with trends in literature for Fe and FeCr 
[67, 77, 78].

In a previous study, analysis of the ISS response and TEM 
imaging of the plastic zone under indents in ion-irradiated 
Fe12Cr revealed that strain softening beyond the yield point 
arises from the annihilation of irradiation defects by reactions 
with glide dislocations [14, 28]. This has also been previously 
observed following bulk tensile testing of irradiated Fe [67, 83]. 
In this study the observed softening following deformation is 
also most likely due to the removal of defects by dislocation 
glide as slip steps in the pile-up topography are visible around 
indents in the irradiated samples. The phenomenon of disloca-
tion channelling leading to strain softening is common for many 
irradiated material systems [20, 84–86].

Characterising behaviour in the initial stages 
of deformation

By combining the insights gathered from the nanoindentation 
pop-in trends and indentation stress–strain response studies, 
we can formulate a more coherent picture of the early stages of 
deformation and plasticity in irradiated FeCr.

In a volume of FeCr material free of pre-existing defects, 
homogeneous dislocation nucleation occurs when the applied 
stress exceeds the theoretical strength of the material. When the 
lattice is exposed to ion-irradiation, a dense population of nano-
scale defects is formed [49, 52, 53]. In this study, the theoretical 
shear strengths of the materials were probed by studying maxi-
mum shear stress under a Berkovich indenter at the onset of 
plasticity (pop-ins). Our results show that even at low doses ( ≤ 
0.08 dpa), these act as local instabilities in the lattice, reducing 

(8)σ = Kǫn

Figure 9:   The yield strengths measured from the ISS responses of the 
Fe and FeCr materials as a function of dose in this study, using Reff = 
5.03 μm (markers with solid lines). The error bars show one standard 
deviation of the measurements. A comparison with yield strength 
measured from USS responses [66, 67] (markers with dashed lines) is 
shown. The elongated markers presented are the range of possible 
corrections to correlate the ISS and USS results based on studies in the 
literature [68–72]. Further details are given in the main text. Markers 
representing the same dose levels for each study have been spread 
laterally for visibility.
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the shear stress required to nucleate dislocations. Though the 
presence of Cr itself does not significantly affect the theoretical 
strength (Fig. 3), Cr enhance the effect of irradiation defects by 
increasing their retention [52, 53]. This causes the larger drop in 
shear stress required for dislocation nucleation following irra-
diation for higher Cr% materials (Fig. 4).

However, pre-existing heterogeneous dislocation sources, 
such as Frank–Read sources still play an important role in 
initiating plasticity in FeCr, as they generally require a lower 
stress for activation. One proposed mechanism for irradiation 
hardening is source hardening—whereby irradiation-induced 
defects cluster around pre-existing Frank–Read sources, caus-
ing the pinning or locking of dislocation lines. This increases 
the required stress to unlock these dislocations before they can 
multiply and initiate slip [87, 88]. By examining the initiation of 
plasticity with larger spherical tips (Fig. 5), we were able to probe 
the activation of pre-existing dislocations in irradiated FeCr. 
Our results suggest that the source hardening contributions 
of irradiation defects at the dose levels examined (0.008–0.08 
dpa) are quite low as the required applied stress for plasticity 
initiation from pre-existing sources is not significantly affected 
following irradiation.

Once the pre-existing sources have been activated, the 
ease of dislocation propagation in the material can be deter-
mined through the yield strength. This behaviour was exam-
ined through the ISS responses from spherical nanoindenta-
tion, in particular the plastic portion. The presence of Cr, even 
in unirradiated materials, increases the yield strength due to 

solid solution hardening. Following irradiation, the induced 
defects also act to hinder dislocation motion, further increas-
ing the yield strength through friction hardening (also called 
lattice hardening) [63, 64, 89]. This finding is in line with 
early works on neutron irradiated iron and steels [90, 91]. Cr 
atoms further enhance the friction hardening from irradia-
tion defects by increasing the retention of irradiation-induced 
defects, causing a larger rate of increase of yield strength fol-
lowing irradiation for materials with high Cr content (Fig. 9).

Irradiation also causes a reduction in work hardening 
capacity in FeCr due to the removal of irradiation defects by 
glide dislocations that form ‘easy glide’ dislocation channels, 
similar to other works on irradiated Fe [20, 84]. This study 
shows that the effect of irradiation-induced defects dominates 
the reduction in work hardening, as samples of all Cr% com-
positions have similar work hardening exponent following 
irradiation to 0.08 dpa. This shows that the increased reten-
tion of defects due to higher Cr content between Fe3Cr and 
Fe10Cr does not have a significant effect on the amount of 
strain softening experienced by irradiated FeCr.

It appears that the presence of Cr and irradiation defects 
mainly affects the initial stages of plasticity in irradiated FeCr 
by hindering dislocation motion. The effect of irradiation dose 
level is enhanced by the presence of Cr, due to increased reten-
tion of defects. This is significant in increasing the yield strength 
through friction hardening. To a lesser extent the presence of Cr 
and irradiation defects also hinders the nucleation of new dis-
locations. However, once the formation of dislocation channels 

Figure 10:   The work hardening exponent (n) fitted from the flow portion from the ISS response of FeCr materials as a function of dose level. The error 
bars show one standard deviation of the measurements. Experimental results from proton-irradiated Fe [67], neutron-irradiated Fe [77], and neutron-
irradiated Fe2Cr [78] are also shown for comparison.
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occurs in the irradiated material, the effect of irradiation dose 
is more dominant regardless of Cr content.

Summary and conclusions
Fe3Cr, Fe5Cr, and Fe10Cr have been irradiated with 20 MeV 
Fe3+ ions to nominal doses of 0.008 and 0.08 dpa at room tem-
perature. The effects of Cr content and irradiation dose on the 
initial stages of plasticity were studied using nanoindentation. 
We were able to separate the effects on initiation of plasticity 
and its early stages of progression using indenters of different 
sizes and shapes. We conclude the following from our findings:

•	 From studying pop-in trends in Berkovich tip indentation, 
the theoretical shear strength—how easily the crystal lat-
tice shears, was probed. The presence of irradiation-induced 
defects reduces the theoretical shear strength of irradiated 
FeCr by reducing the barrier shear stress required for dislo-
cation nucleation.

•	 The presence of Cr acts to increase the retention of irra-
diation-induced defects. This is the most prominent effect 
in controlling the reduction in the shear stress required to 
initiate plasticity from the nucleation of dislocations.

•	 The unlocking of pre-existing dislocation sources, such as 
from Frank–Read sources, still dominates the initiation of 
plasticity. This was studied through pop-in trends in spheri-
cal indentation. The presence of irradiation defects and Cr 
content did not significantly affect the operation of these 
pre-existing sources.

•	 From the indentation stress–strain responses, the yield 
strength of the FeCr materials were measured. This gave 
insight into how easily dislocations, once nucleated or 
unlocked, move through the materials. The yield strength 
increases with both Cr content and irradiation dose. The 
increased retention of irradiation-induced defects due to the 
presence of Cr further increased the yield strength. These 
trends agree with uniaxial stress–strain responses of neu-
tron-irradiated FeCr material [66, 67].

•	 A decrease in work hardening is found following irradia-
tion, which is quantitatively similar to previous irradiation 
studies [67, 77, 78]. However, following irradiation the effect 
of Cr content is small, while the irradiation-induced defect 
population seems to play a more dominant role in reducing 
work hardening capacity.

•	 This study highlights the usefulness of nanoindentation for 
gaining mechanistic insights into the competing effects that 
control the initiation and evolution of plasticity in irradiated 
materials.

Materials and methods
Materials and ion‑implantation

This investigation considers the same samples as [24], which 
contains full details of their preparation and history. Briefly, 
polycrystalline samples of FeCr with 3, 5, and 10% Cr content 
(here referred to as Fe3Cr, Fe5Cr, and Fe10Cr, respectively) 
were manufactured under the European Fusion Development 
Agreement (EFDA) programme by induction melting and a 
series of forging and recrystallisation heat treatments [92]. The 
samples were mechanically ground with SiC paper then pol-
ished with diamond suspension and colloidal silica (0.04 μm). 
The final surface treatment performed was electropolishing 
with 5% perchloric acid in ethanol at −40◦ C using a voltage 
of 28 V for 3–4 min.

Ion-implantation was performed with 20 MeV Fe3+ ions at 
room temperature using the tandem accelerator at the Helsinki 
Accelerator Laboratory. For each composition, samples were 
implanted to 2 nominal doses: 0.008 and 0.08 dpa (by averag-
ing over the first 2 μm of the dose profile), as calculated using 
the Quick K–P model in the SRIM code (20 MeV Fe ions on a 
Fe target with 40 eV displacement energy at normal incidence) 
[93]. The calculated damaged layer extends to 3 μm below the 
sample surface (Fig. 2). Previous measurements using X-ray dif-
fraction confirmed that the depth-dependent changes of strain 
in this layer match the predictions from SRIM [24]. One sample 
of each FeCr composition was set aside as an unimplanted refer-
ence. We note that the reported dose levels in this study differ 
from those reported in [24] even though the same samples were 
used. This is due to the difference in displacement energy used in 
the SRIM calculations. The study in [24] focused only on grains 
with 〈100〉 out-of-plane orientation and thus the displacement 
energy used for Fe was lower. However, the present study con-
siders a range of grain orientations and thus the international 
standard average value of 40 eV was used [94].

Nanoindentation procedures

Nanoindentation experiments were performed using an MTS 
Nano Indenter XP. A Berkovich tip, and two spherical tips of 
nominal radii 1 and 5 μm respectively were used. Continuous 
stiffness measurements (CSM) were conducted with a frequency 
of 45 Hz and a harmonic amplitude of 2 nm. The indenter, for all 
tip shapes, was loaded at a constant value of (dP/dt)/P = 0.05 
s−1. Grains of near 〈100〉 , 〈110〉 and 〈111〉 out-of-plane orienta-
tions (within ± 5°) were first identified by electron backscatter 
diffraction, then chosen for indentation. At least 10 indents were 
performed on each sample.
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Zero‑point corrections for indentation stress–strain 
(ISS) curves

For the analysis of ISS curves, corrections for the point of effec-
tively zero load and displacement were also made according to 
methods described in [95]. By considering the initial elastic seg-
ment ( A → B ) in the loading curve and using Hertz’s theory, the 
stiffness can be written as:

where P̃ and h̃e are the measured load and displacement signals. 
P⋆ and h⋆ are the values of load and displacement at the point of 
effective initial contact. By rearranging Eq. 9, plotting P̃ − 2

3Sh̃e 
against S produced a linear relationship with a slope of − 2

3h
⋆ 

and a y-intercept of P⋆ . The values of P⋆ and h⋆ were then found 
by linear regression.

High‑resolution electron backscatter diffraction 
(HR‑EBSD)

HR-EBSD measurements were performed on a Zeiss Merlin 
SEM (20 kV, 15 nA), with a Bruker eFlash detector system. The 
sample was tilted by 70° with respect to the electron beam, and a 
working distance of 18 mm was used. The measurements used a 
step size of 170 nm to ensure sufficient spatial coverage over the 
area around an indent while maintaining reasonable measure-
ment times. Diffraction patterns were recorded at a resolution 
of 800 × 600 pixels. The cross-correlation analysis was carried 
out using a MATLAB-based code, originally written by Britton 
and Wilkinson [96].

Electron channelling contrast imaging (ECCI)

ECCI measurements were performed on a Zeiss Crossbeam 540 
SEM (30 kV, 10 nA), with a four-quadrant backscattered electron 
detector at nearly normal incidence to the electron beam direction.
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Appendix
A comparison is made between the solid solution hardening 
from the indentation yield strength results of this study and 
uniaxial tensile tests performed by Horne et al. [74] on single 
crystal samples of Fe and FeCr at 300 K. The amount of harden-
ing between Fe and Fe-11.9%Cr (in this study Fe10Cr) is similar 
between the two studies (Fig. 11). It is unclear why there is a 
reduction in CRSS in the single crystal study from Fe to Fe-
2.1%Cr and Fe to Fe-4.8%Cr. The overall slope of the fitting 
hardening rate is similar.

https://doi.org/10.5287/bodleian:Nom6Ygbbz
https://doi.org/10.5287/bodleian:Nom6Ygbbz
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
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