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Hardening effect of multi-energy W2+-ion irradiation
on tungsten–potassium alloy∗
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Tungsten is one of the most promising plasma-facing materials (PFMs) to be used in the nuclear fusion reactor as
divertor material in the future. In this work, W2+-ions bombardment is used to simulate the neutron irradiation damage
to commercial pure tungsten (W) and rolled tungsten–potassium (W–K). The 7 MeV of 3×1015 W2+-ions/cm2, 3 MeV
of 4.5×1014 W2+, and 2 MeV of 3×1014 W2+-ions/cm2 are applied at 923 K in sequence to produce a uniform region
of 100 nm–400 nm beneath the sample surface with the maximum damage value of 11.5 dpa. Nanoindentation is used
to inspect the changes in hardness and elastic modulus after self-ion irradiation. Irradiation hardening occurred in both
materials. The irradiation hardening of rolled W–K is affected by two factors: one is the absorption of vacancies and
interstitial atoms by potassium bubbles, and the other is the interaction between potassium bubbles and dislocations. Under
the condition of 11.5 dpa, the capability of defect absorption can reach a threshold. As a result, dislocations finally dominate
the hardening of rolled W–K. Specific features of dislocation loops in W–K are further observed by transmission electron
microscopy (TEM) to explain the hardening effect. This work might provide valuable enlightenment for W–K alloy as a
promising plasma facing material candidate.
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1. Introduction

Tungsten is considered as one of the most promising
plasma-facing materials (PFMs) for divertors used in fusion
reactor because of its particular properties: high melting point,
low sputtering yield, low tritium retention, etc.[1,2] Although
tungsten has irreplaceable advantages in various properties,
its performance changing after irradiation in fusion reactors
still needs further studying. Considering that the fusion re-
actor releases 14-MeV neutrons,[3] which seriously damage
PFMs, studies focus on the influence of neutron irradiation
on PFMs. So far, the neutron irradiation behaviors of tung-
sten and various tungsten alloys have been studied. Hu et
al. investigated the hardening effect of tungsten irradiated
by neutrons based on theoretical model prediction and experi-
mental results.[4] Renterghem and Uytdenhouwen investigated
the combined irradiation effect of neutrons and electrons on
pure tungsten by analyzing post-irradiated dislocation loops
and voids.[5] Hwang et al. studied the clusters of transmu-
tation elements of tungsten under neutron irradiation and the
influence on the properties of PFM.[6] Hasegawa et al. re-
vealed the microstructure evolution of W–Re alloy under neu-
tron irradiation.[7] Fujitsuka et al. summarized the effects of

neutron irradiation on the thermal conductivity of tungsten and
tungsten-rhenium alloys.[8]

To some extent it is feasible to simulate the effect of
neutron irradiation by using charged ions to study the irra-
diation damage effect of materials.[9] The reason for this is
that the neutron irradiation experiments are very expensive
and the time to reach the expected damage value designed
in experiment is too long. Moreover, charged particles can
not only make the experimental conditions simpler, but also
save the time to achieve the necessary displacements per atom
(DPA) value, which indicates the degree of irradiation damage.
Huang et al. found that crystal orientation affects the harden-
ing effect of tungsten irradiated by helium ion.[10] Zhang et al.
studied the damage behavior of W–Y2O3 which had been ex-
posed to 80-eV helium ion irradiation and 1503 K–1553 K
thermal shock.[11] Cui et al. studied the radiation harden-
ing of tungsten produced by He ion irradiation at 1073 K.[12]

El-Atwani discussed loop and void damage during 3-MeV
Cu+ ion irradiating nanocrystalline and coarse grained tung-
sten at room temperature and 1050 K respectively to inves-
tigate the effect of grain size in ion irradiation.[13] Xu et al.
have systematically studied the clustering and hardening of
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W–Re, W–Re–Os, and W–Re–Ta after being irradiated by ions
through using atom probe tomography and nanoindentation
measurements.[14,15]

The potassium-doped tungsten (W–K alloy) has proven to
possess better mechanical and thermal properties than prim-
itive tungsten.[16,17] In our previous studies, we succeeded
in fabricating a series of high-quality W–K alloys by spark
plasma sintering (SPS) technology.[18–20] The method of us-
ing the heavy ion irradiation is very important for the study of
radiation tolerance of the promising PFMs. Tungsten self-ion
irradiation can not only produce enough irradiation damage,
but also prevent the implanted ions from becoming new im-
purities to form clusters in the sample. However, up to now,
no one has studied the irradiation tolerance of W–K alloy by
self-ion irradiation. In this work, rolling technology is used to
further process SPS W–K alloy, and W2+ self-ion irradiation
is carried out on this rolled SPS W–K alloy. Multi-energy ions
are chosen to be 7 MeV, 3 MeV, and 2 MeV, in order to ob-
tain an uniform irradiation layer with a high damage level. For
comparison, a commercial pure tungsten (W) is irradiated un-
der the same irradiation condition. Nanoindentation and trans-
mission electron microscopy (TEM) are used to investigate the
effect of W2+ on irradiation hardening of rolled SPS W–K al-
loy and commercial pure W.

2. Experimental methods
2.1. Sample preparation

The raw material is Al–K–Si (AKS)-doped tungsten pow-
der with purity > 99.9%, average particle size of ∼ 3.28 µm,
from Zigong Cemented Carbide Corporation. In the first step
of SPS process, AKS doped tungsten powder was loaded
into a graphite mould and preloaded with 40 MPa for 7 min.
Then the entire system was ramped up to 1750 ◦C at a rate
of 100 ◦C/min, kept for 3 min, and hereafter naturally cooled
down to room temperature. In the whole sintering process, a
pressure of 80 MPa was applied to the graphite mould. The
sintering device is shown in Fig. 1. After sintering, the W–K
alloy bulk was rolled into a plate (relative density > 99%) with
a deformation rate of about 80% at 1673 K. After that, we used
electrical discharge machining (EDM) to cut the plate into
specimens each with a diameter of 15 mm, thickness of 2 mm
for the experiments of ion irradiation. Commercially pure W
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Fig. 1. Schematic diagram of spark plasma sintering (SPS) device.

(relative density > 99.9%) was selected as reference. The sur-
faces of all specimens used for irradiation were polished to a
mirror surface. Before irradiation, all samples were annealed
in vacuum at 1273 K for 2 h in order to remove the stress in-
troduced by the cutting and polishing process.

2.2. W2+-ion irradiation with different ion energies

The irradiation experiment was carried out by using a 3-
MV Tandetron accelerator at the Institute of Nuclear Science
and Technology, Sichuan University. The samples were irra-
diated with 7-MeV W2+-ions, 3-MeV W2+-ions, and 2-MeV
W2+-ions in sequence. The whole irradiation process was
carried out at 923 K within an error of ±10 K. The speci-
mens were mounted on a circular molybdenum holder. The
ion beam was perpendicular to the surface of the specimens
irradiated uniformly by using beam sweeping system. The
stopping range of ions in matter (SRIM) simulation was per-
formed to predict the damage profile in the samples produced
by W2+-ions of each energy value. The displacement thresh-
old energy of tungsten was set to be 90 eV and “quick calcu-
lation of damage” based on the Kinchin–Pease formalism was
the mode for calculation.[21] In order to generate a uniform
damage in a range of 100 nm to 400 nm from the surface of
irradiated samples, the fluences of tungsten ions with the en-
ergy value of 7 MeV, 3 MeV, and 2 MeV were selected to be
3×1015 ions/cm2, 4.5×1014 ions/cm2, and 3×1014 ions/cm2,
respectively. Each fluence was converted into a dpa-value (dis-
placements per atom) as shown in Fig. 2.
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Fig. 2. Damage profiles of self-ion implantation calculated by SRIM
mode.

The maximum depth of the irradiation damage was about
1 µm, and a uniform damage value of nearly 11.5 dpa was
maintained in a range of 100 nm–400 nm beneath the sur-
face. In a range from 400 nm to 950 nm, the irradiation dam-
age gradually decreased to zero, which was recognized as the
damage attenuation region (DAR). Equation (1)[22] shows the
method used to extract the dpa from SRIM’s output files:

dpa =
F ×ϕ

ρ
×108, (1)
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where F is vacancies/(ions·Å) from the vacancy.txt in the out-
put files generated by SRIM mode, φ is the ion-beam fluence
(ions/cm2), ρ is the atom density (atoms/cm3) of irradiated
sample.

2.3. Nanoindentation and TEM

Nanoindentation was characterized by a nanoindenter fa-
cility (EMS-60, Agilent Technologies). Continuous stiffness
measurements (CSM) were used to measure the hardness as a
function of indentation depth without needing to runmultiple
load–unload cycles.[23] The hardness was measured by impos-
ing a signal (2 nm at 45 Hz) on the load-displacement curve.
In order to reduce the measurement error, each sample was in-
dented 15 times. The maximum indentation depth was 2 µm,
which could cover the entire irradiation region. The Oliver–
Pharr method[24] was used to calculate hardness. Transmission
electron microscopy (TEM, FEI Tecnai G2 F20) was used to
characterize the defect in the W2+-ion damaged region. The
TEM lamellae each with a thickness of ≈ 100 nm were pre-
pared by the focused ion beam (FIB, FEI Helio600i). As the
length of the lamellae is over 3 µm, both the irradiated range
(∼ 1 µm based on SRIM) and unirradiated range could be cov-
ered. Scanning electron microscope (SEM) (S4800, Hitachi,
Japan) with an acceleration voltage range of 15 kV–20 kV was
employed to characterize the surface morphology. Traditional
x-ray diffraction (XRD) (DX2700, Haoyuan, China) scanning
was also utilized in this work in steps of 0.01◦.

3. Results
Representative load versus displacement (indenter depth)

curves for irradiated and unirradiated pure W and rolled W–K
are shown in Fig. 3. It is obvious that after irradiation the value
of load on sample becomes higher for both pure W and rolled
W.
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Fig. 3. Nanoindentation measured load displacement curves for pure tung-
sten and rolled W–K before and after irradiation.

Figures 4(a) and 4(b) show the plots of hardness ver-
sus displacement for the same samples. The hardness is ob-
tained by using the load displacement curve and Oliver–Pharr
method.[24] In a range of 0 nm–100 nm, the hardness value
has great deviation due to the surface roughness. In the range

of 100 nm–400 nm where the SRIM simulation result shows
a maximum and uniform irradiation damage, the hardness of
irradiated rolled W–K and pure W increases. In the DAR, the
hardness of the irradiated sample gradually approaches to that
of the non-irradiated sample, and the trend of pure W is more
obvious. At 1200 nm below the surface, the hardness value of
the irradiated sample still increases.
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Fig. 4. Hardness versus displacement for (a) rolled W–K and (b) pure W,
showing an increase in hardness after self-ion irradiation.
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Fig. 5. Hardness decreasing with displacement increasing for rolled W–K
and pure W after self-ion implanted.

Figure 5 shows an increase in hardness as a function of
displacement for pure W and rolled W–K before and after be-
ing implanted by ions in order to show the change of hard-
ness after irradiation more intuitively. The initial hardness of
unirradiated rolled W–K and pure W are 8.95±0.25 GPa and
8.58±0.47 GPa, respectively. At a damage value of 11.5 dpa
produced by multi-energy W2+-ions’s irradiation, the hard-
ness of rolled W–K increases to 9.98±0.38 GPa. The pure W
has a significant increase in hardness to 9.61±0.22 GPa after
self-ion irradiation. There remains an increase in hardness of
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approximately 0.32±0.17 GPa in pure W and 0.64±0.24 GPa
in rolled W–K at a depth of 1.2 µm which is considered as an
uninfluenced range. It is proposed that a surface layer with

enhanced hardness still exerts a remarkable influence on the
hardness achieved by this method, even when the indent depth
reaches the range, showing that it is relatively soft.[23]
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Fig. 6. Load–diaplacement2 (P–δ 2) curves for (a) pure W and (c) rolled W–K, unirradiated and irradiated. Gradient (K) of P–δ 2 lines (b) in panel (a)
and (d) in panel (c) versus displacement.

Apparent hardening effect is observed in the both irradi-
ated samples. However, by comparison, the actual irradiation
damage depth of the material may be different from that of
SRIM simulation. It is difficult to determine the depth of dam-
age caused by ion irradiation based on the measured hardness
value. So far, there have been many studies using nanoinden-
tation to evaluate the properties of thin coatings. However,
such research cases are all on condition that the coating and
the substrate have significant difference in performance, such
as a hard coating on a soft substrate or a soft coating on a
hard substrate. It is found in the Bull’s study that in general,
when the measured thickness does not exceed 10% of the coat-
ing thickness, the measurement results will not be significantly
influenced by the substrate.[25] The irradiation influence layer
can be considered as coating on the unirradiated region. In this
study, the thickness of the irradiated layer is about 1000 nm.
Therefore, this approach is unfeasible since the data from the
first 100-nm depth are badly influenced by initial pop-ins, sur-
face roughness and tip shape effects. Hainsworth et al.[26]

revealed that the plot of load versus displacement squared
(P–δ 2) for a homogeneous material should be a straight line.
McGurk and Page have shown that in the case of a hard coat-
ing on substrate the properties of the coating can be deconvo-
luted from the influence of the substrate by using an analysis
of such P–δ 2 plots.[27] They plotted the gradient (K) of the P–
δ 2 curve as a function of indentation displacement and proved
that by this method, the coating area and the substrate area can
be determined by comparing the areas with different gradients
on the plot. Here we use the method described in Refs. [26,27]

to analyze the actual depth of irradiation damage layer. Fig-
ure 6(a) shows a plot of P–δ 2 for the indentations for irra-
diated and unirradiated rolled W–K. The gradient of the plot
of P–δ 2 in Fig. 6(a) is calculated by the least square method
of linear regression, and the results are plotted as the gradient
versus indentation displacement in Fig. 6(b). The P–δ 2 curves
and the gradient-displacement curves of irradiated and unirra-
diated pure W calculated by the same method are shown in
Figs. 6(c) and 6(d), respectively. It can be seen from Figs. 6(a)
and 6(c) that the curves after irradiation deviate significantly
from those before irradiation, which indicates that the prop-
erties of ion irradiated layer are changed no matter whether
it is pure W or rolled W–K. It can be noted that the data be-
low 50 nm–60 nm is not credible due to the influence of the
surface tip shape effect and initial pop-in in pure tungsten and
rolled W–K. There is a significant difference that the gradient
of the plot of P–δ 2 for the implanted rolled W–K is obviously
higher than that for the unirradiated rolled W–K in the range of
100 nm–500 nm. In the range of 500 nm–950 nm, the curve of
the irradiated rolled W–K shifts towards the curve of the unir-
radiated rolled W–K slowly. Above 950 nm, the difference
between the two lines of the irradiated and unirradiated rolled
W–K is not apparent. There is a good correlation between the
thickness of the layer affected by ion irradiation in rolled W–
K obtained by using an analysis of K-displacement plots and
the result calculated by SRIM. In Fig. 6(d), there is a clear dif-
ference between 100 nm and 300 nm, which can be observed
with the implanted layer, showing a significantly higher gradi-
ent in pure W, which is exactly corresponding to an increase
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in hardness of the layer over the unimplanted region. In the
range of 300 nm–500 nm, the curve of the irradiated pure W
rapidly shifts towards the unirradiated pure W’s line. And no
significant difference is observed between the two lines above
500 nm. From the curve analysis in Fig. 6(d), the depth of
the irradiation influence layer of pure W is smaller than that of
SRIM simulation.

The TEM is used to observe the 11.5-dpa damage region
and the DAR of pure tungsten and rolled W–K alloy, and the
results are shown in Figs. 7. The red arrow in Fig. 7(b) points
to the sample surface. Figures 7(b) and 7(d) display mas-
sive dislocation loops in both pure tungsten and rolled W–K
alloy after being bombarded by W2+ ions. However, areas
with much lower density of irradiation-induced defects can be
found in the DARs of two materials as shown in Figs. 7(c) and

7(e). The density of dislocation loops in the DAR of rolled
W–K alloy seems to be higher than that in the pure tungsten,
which may be caused by the pinning effect of the potassium
bubbles. However, some differences of this region can be ar-
gued. In the selected region of the DAR of rolled W–K alloy
as shown in Fig. 7(c), the distribution of dislocation loops is
not uniform. On the edge of the selected region of the DAR of
pure tungsten some dislocation loops are apparent. The inho-
mogeneous distribution of dislocation loops may be due to the
recombination and rearrangement of irradiation defects. The
different mobilities of irradiation defects in rolled W–K alloy
and pure tungsten will lead to different dislocation loop densi-
ties and size distributions in the two materials. This may be the
reason why the hardness of DAR changes more significantly
in rolled W–K after being irradiated by ions as shown in Fig. 5.

rolled W K unirradiated rolled W K 11.5 dpa region rolled W K DAR 

pure tungsten 11.5 dpa region pure tungsten DAR 

~15 nm 

   

  

100 nm 

(a) (b) (c)

(d) (e)

Fig. 7. TEM images of dislocation loops in pure W and rolled W–K irradiated to 11.5-dpa damage (TEM bright field images): (a) unirradiated W–K;
(b) 11.5-dpa region of rolled W–K; (c) DAR of rolled W–K; (d) 11.5-dpa region of pure W; (e) DAR of pure W. All images have the same scale bar of
100 nm. Red arrow points to top surface of sample, and white box highlighting area enlarged shows dislocation loops of around 15 nm in size.

The SEM surface morphologies of the samples are shown
in Fig. 8. Self-ion irradiation causes sputtering damage to the
surface of pure tungsten and rolled W–K alloy sample. It can
be seen from Figs. 8(a) and 8(b) that the surface of pure tung-
sten sample has a large area of pits due to the sputtering effect
of ion bombardment. For the rolled W–K, irradiation-induced
pits are also observed as shown in Figs. 8(c) and 8(d). How-
ever, the depths of these pits seem much smaller than those in
the case of pure tungsten. We further notice that the morphol-
ogy with the appearance looking like the grain boundaries and
sub grain boundaries occurs on the surface of the rolled W–
K alloy, which may be due to the lower sputtering threshold in
these regions in rolled W–K alloy. Detailed mechanism for the

formation of sputtering pits needs further investigating.
Figure 9(a) shows the elasticity modulus results of pure

tungsten and rolled W–K samples before and after being irradi-
ated by ions. After being irradiated by 11.5-dpa tungsten self-
ion irradiation, the pure tungsten has the modulus significantly
increasing from 431.09± 16.13 GPa to 481.33± 11.27 GPa.
In the case of rolled W–K alloy, the variation is negligible
(from 449.87± 13.97 GPa to 442.91± 28.61 GPa). It may
be attributed to the absorption effect of potassium bubbles
on irradiation-induced defects, which will be discussed in the
following section. In Fig. 9(b), the XRD patterns indicate
that neither grain size nor distinct γ-phase in pure tungsten
or rolled W–K alloy has obvious change.
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Fig. 8. (a) Surface morphology of pure W unirradiated. (b) Surface morphol-
ogy of pure W irradiated. (c) Surface morphology of rolled W–K unirradi-
ated. (d) Surface morphology of rolled W–K irradiated.
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Fig. 9. (a) Elasticity moduli of pure tungsten and rolled W–K alloy samples.
(b) XRD spectra of tungsten self-ions irradiated samples with black line rep-
resenting the pure tungsten after being irradiated, red line the pure tungsten
before being irradiated, blue line the W–K alloy after being irradiated , and
green line the W–K alloy before being irradiated.

4. Discussion
Through comparison, it is found that although the irradi-

ation depth predicted with SRIM is in good agreement with
the result measured by nanoindentation and the result mea-
sured from TEM images, there are still some results to be ar-
gued. Although the maximum value of hardness increase of
the rolled W–K alloy is almost the same as that of the pure

tungsten, the irradiation hardening effect of the rolled W–K
alloy is more obvious in the deeper region as shown in Fig. 5.
These may be explained in terms of recombination and rear-
rangement of defects.[28] According to previous research, the
two main driving forces that affect the mobility of defects
in material microstructure are produce from stress field and
temperature, respectively. Although the migration of defects
in tungsten is very slow at room temperature,[29] the mobil-
ity of defects increases when the temperature is higher than
720 K.[30] Considering the fact that the temperature is 923 K
during the irradiation, it is possible that the dislocation loop
produced by the irradiation of W2+-ions has good mobility.
Sakamoto et al. found that at 473 K and above, the disloca-
tion loops produced by hydrogen ion irradiation will escape
to the surface of tungsten.[31] In our previous work, Huang
et al. found that the potassium bubbles dispersed in tungsten
can store and lock dislocations.[32] According to the analysis
of nanoindentation test results in Fig. 6 and the observed mi-
crostructure characteristics of the samples in Fig. 7, we specu-
late that at 923 K, the irradiation defects in pure tungsten have
higher mobility due to the pinning effect of potassium bub-
bles on the irradiation defects in the W–K alloy. After the
recombination and rearrangement of irradiation defects, the
DAR of the rolled W–K alloy may have a higher irradiation
defect density, which may affect the trend of hardness change
of the rolled W–K alloy and lead the rolled W–K alloy in DAR
to more harden than the pure tungsten. According to our previ-
ous research, the irradiation hardening value of pure tungsten
is much higher than that of rolled W–K alloy when the damage
value is relatively low (3 dpa, 5 dpa, and 8 dpa at 923 K).[33]

When the irradiation damage value reaches 11.5 dpa, the peak
hardness of pure tungsten increases by 12.0%, while that of
the rolled W–K alloy increases by 11.5%. It is speculated that
the improvement of the irradiation hardening resistance of the
rolled W–K alloy is due to the combination of the absorption
of the vacancy and interstitial atoms by the potassium bub-
bles, together with the distribution of the irradiation-induced
dislocation loops. With the accumulation of irradiation dam-
age, the potassium bubbles can only absorb a limited quantity
of irradiation defects. Therefore, as the irradiation dislocation
loops continue to produce, the rolled W–K alloy may grad-
ually lose the advantage of irradiation hardening resistance.
The distribution and evolution of dislocation loops induced by
irradiation in rolled W–K alloys need further studying.

From Fig. 8, we can see the effects of tungsten self-ion
irradiation on the surface morphology of pure tungsten and
rolled W–K alloy. Potassium doping may improve the sput-
tering resistance of tungsten, but the improvement also varies
with the grain orientation. From Fig. 8(d), the sputtering dam-
ages in the grains with various orientations turned out to be
greatly different and the doping of potassium seems to have
an adverse effect on the ability of the grain boundaries to sup-
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press sputtering. Nevertheless, we believe that the rolled W–K
alloys still have room to improve the anti-sputtering ability if
the potassium bubbles can be further refined.

The elasticity modulus of pure tungsten and rolled W–K
alloy are shown in Fig. 9(a). The modulus of rolled W–K al-
loy does not dramatically vary after being irradiated, but that
of pure tungsten increases by approximately 11.7%. Accord-
ing to the XRD patterns shown in Fig. 9(b), we can ensure that
there is no phase transformation nor new chemical composi-
tion formation in pure tungsten and rolled W–K alloy during
the irradiation. As a bcc structure, the factors affecting the
modulus during irradiation should be the vacancies and inter-
stitial atoms produced by self-ion bombardment.[34] The in-
terstitial atoms can increase the modulus, while the vacancies
can reduce the modulus. The contribution of interstitial atoms
to the modulus is much greater than that of vacancies. The in-
crease of the modulus of pure tungsten after being irradiated is
probably caused by a large number of interstitial atoms. How-
ever, the modulus of the rolled W–K alloy does not change
much. The possible reason is that potassium bubbles absorb
most of the irradiation defects such as vacancies and intersti-
tial atoms.

5. Conclusions
In this work, we prepare rolled W–K samples by SPS

and rolling methods. Multi-energy W2+-ions are chosen to
implant the samples of rolled W–K and commercial pure W.
In this way, we achieve nearly uniform irradiation damage
(∼ 11.5 dpa) in a depth range of 100 nm–400 nm beneath the
sample surface. Through the observation of the surface mor-
phology of the samples, the rolled W–K alloy seems to have
better anti-sputtering ability than pure tungsten, which is ben-
eficial to the stability of the plasma in fusion reactors. In the
11.5-dpa damage region, the increments in hardness of pure
W and rolled W–K are almost identical, while the hardness
of rolled W–K is distinctly higher in the region of DAR, in
which more dislocations are found through the TEM obser-
vation. The interaction between K-bubbles and dislocations
results in a relatively low mobility of dislocation loop in rolled
W–K compared with the scenario in the pure tungsten. There-
fore, W–K has more dislocation loops and obvious hardening
in the DAR region. In the case of pure tungsten, there are less
dislocation loops and less hardening because the dislocation
loops tend to migrate to the surface at 923 K. When the irra-
diation damage is low, the dislocation loops produced by irra-
diation are quite few. Thus, the absorption of vacancies and
interstitial atoms by potassium bubbles significantly reduces
the irradiation hardening. With the accumulation of irradiation
damage, a threshold (∼ 11.5 dpa) is reached, and the positive
effect of defect absorption will weaken gradually. On the other
hand, the hardening effect of dislocation loops becomes dom-
inant. Ultimately, the irradiation hardening tolerance of W–K

is attenuated. We believe, increasing the threshold might be
the key to improving the irradiation hardening resistance of
W–K.
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