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Microstructure evolution and hardening effect of pure tungsten and W–1.5%ZrO2 alloy under carbon ion irradiation
are investigated by using transmission electron microscopy and nano-indentation. Carbon ion irradiation is performed at
700 ◦C with irradiation damages ranging from 0.25 dpa to 2.0 dpa. The results show that the irradiation defect clusters
are mainly in the form of dislocation loop. The size and density of dislocation loops increase with irradiation damages
intensifying. The W–1.5%ZrO2 alloy has a smaller dislocation loop size than that of pure tungsten. It is proposed that
the phase boundaries have the ability to absorb and annihilate defects and the addition of ZrO2 phase improves the sink
strength for irradiation defects. It is confirmed that the W–1.5%ZrO2 alloy shows a smaller change in hardness than the pure
tungsten after being irradiated. From the above results, we conclude that the addition of ZrO2 into tungsten can significantly
reduce the accumulation of irradiated defects and improve the irradiation resistance behaviors of the tungsten materials.

Keywords: W–ZrO2 alloy, carbon ion irradiation, microstructure, surface hardness
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1. Introduction
The development of controlled thermonuclear fusion en-

ergy plays an important role in the development of nuclear
energy. Thermonuclear fusion reactor materials are one of the
major challenges that prevent fusion reactors from moving to-
ward engineering applications and commercialization.[1–3] In
particular, the plasma-facing materials (PFMs) in fusion reac-
tors work in a very severe environment. Energy conversion
takes place during the fusion reactions of D and T. The PFMs
are subjected to complex multi-field coupling effects, includ-
ing the bombadment of plasma particles (D+, T+, and He+

with 3.5 MeV) and fast neutrons (14.1 MeV), and high thermal
loads (∼ 20 MW/m2). In general, the PFMs should have good
thermodynamic properties (high melting point, good thermal
conductivity, and high thermal shock resistance), low sput-
tering yield (low quantity of impurities from sputtering and
irradiation-enhanced sublimation), low gas absorption to the
plasma, and low radioactivity.[4,5] Tungsten (W) is consid-
ered to be one of the most promising PFMs due to its high
melting point, good thermal conductivity, and high sputter-
ing threshold.[6,7] However, the tungsten serving as a plasma-
oriented material still faces great challenges.

In the nuclear fusion reactor, the properties of PFM are

critical to the safe and efficient operation of the entire reac-
tor. The presence of fast neutrons with high power makes
PFMs exposed to high levels of irradiation damage. Fast neu-
trons collide with atoms to cascade collisions, creating a large
number of defects within the material and preventing disloca-
tions from moving, thus leading its hardness to increase and
the plastic toughness of the material to decrease.[8] At the
same time, a large number of defects act as traps to elevate
the plasma retention.[9] Fast neutron irradiation transmutes
tungsten into other elements such as rhenium and osmium,
and the transmutation products cause irradiation deposition,
irradiation hardening, and irradiation embrittlement.[10,11] The
ductile–brittle transition temperature of tungsten increases af-
ter being irradiated by neutrons, and even a small damage of
neutron irradiation can create severe irradiation hardening of
the material. It is crucial to improve the toughness of tungsten
and reduce its irradiation hardening effect.

Researchers have been continuously improving the com-
prehensive properties of tungsten through composition design
and preparation processes. The W alloys produced by spark
plasma sintering (SPS) exhibit excellent tensile properties,[12]

but currently the large bulk tungsten is mainly produced by
embryo making, sintering, and thermomechanical treatment
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(hot rolling, swaging). Dispersion strengthening (oxide dis-
persion strengthening, carbon dispersion strengthening, etc.)
method can inhibit grain growth, reduce grain size, improve
the grain boundary strength and fracture toughness of the ma-
terial, and reduce the ductile–brittle transition temperature.
Fiber reinforcement can largely alleviate the brittleness of
tungsten and improve the fracture toughness of W through
mechanisms such as fracture, pull-out, and bridging of W
fibers.[13] Solid solution strengthening (Ta, Nb, Re, etc.) im-
proves the strength of W by improving the grain boundary
strength, and the addition of rhenium can inhibit the forma-
tion of cavities during neutron irradiation.[10] Combined with
the current research status, introducing particles, such as ZrC,
TiC, La2O3, and Y2O3, into the tungsten matrix can enhance
their mechanical properties. The ZrO2 particle-reinforced
tungsten alloy is prepared by azeotropic distillation, powder
metallurgy, and thermo-mechanical processing in combination
with the production process of tungsten. The distribution and
content of ZrO2 are adjusted to refine the grain size and im-
prove the strength and toughness of the tungsten.[14] However,
the effects of strengthened precipitates on the irradiation dam-
ages of tungsten alloys have been less studied. In particular,
the interaction mechanism between the irradiation induced de-
fects and the strengthening phase under high-temperature irra-
diation conditions is not clear. The changes in the mechanical
properties of the material after irradiation need further investi-
gating.

In this work, we study the microstructure evolution and
mechanical properties of W and W–1.5%ZrO2 alloy under car-
bon ion irradiation. The irradiation temperature is set to be
at 700 ◦C, and the carbon ion energy is 3 MeV, and the ir-
radiation doses are 1.7×1015 ions/cm2, 3.4×1015 ions/cm2,
6.8×1015 ions/cm2, and 1.4×1016 ions/cm2, respectively.
Transmission electron microscopy (TEM) is used to character-
ize the irradiation defects and to explore the irradiation mecha-
nism of the dislocation loop distribution of second phase ZrO2

and the phase boundaries. The changes of surface hardness af-
ter ion irradiation are analyzed by using the nano-indentation.
Moreover, the effects of second-phase ZrO2 on irradiation de-
fects and mechanical properties are systemically investigated
and discussed.

2. Experiment
The materials under study were W and W–1.5wt% ZrO2

alloy. The two materials were prepared by azeotropic distil-
lation, powder metallurgy, and high-temperature spin-forging
methods. The grain size of the material was reduced by ther-
momechanical treatment.[14] The ion irradiated samples were
2 mm × 2 mm × 1 mm in size. The pre-irradiated surfaces

were ground by using SiC sandpaper and polished with pol-
ishing solution to ensure that there were no obvious scratches
on the surfaces of the samples. The samples were annealed at
1400 ◦C for 1 h to remove the stress concentration generated
in the machining and grinding process.

Heavy ion irradiation was carried out at the Institute of
Heavy Ion Physics, Peking University. The samples were
irradiated by 3-MeV carbon ions at 700 ◦C with four pre-
set irradiation doses: 1.7×1015 ions/cm2, 3.4×1015 ions/cm2,
6.8×1015 ions/cm2, and 1.4×1016 ions/cm2, respectively.
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Fig. 1. Variations of (a) carbon ion concentration and (b) irradiation damage
with depth of incidence for different ion concentrations.

The displacement energy of W atoms was 90 eV, and the
Stopping and Range of Ions in Matter (SRIM) program was
used to simulate the process of carbon ions incident on the W
target and to determine the distribution of damage and incident
carbon ion concentration in the W target along the depth of
incidence. In the SRIM program adopted is the detailed calcu-
lation with full damage cascades mode to simulate 104 carbon
ions continuously bombarding the target. The distribution of
irradiation damage and the distribution of carbon ion concen-
tration with depth were plotted according to the SRIM simu-
lation results, and their results are shown in Fig. 1. The four
doses that can create damage were 0.25 dpa, 0.5 dpa, 1.0 dpa,
and 2.0 dpa. From Fig. 1, it can be seen that the distribution
of carbon ion concentration and the distribution of irradiation
damage are normally distributed, and the carbon ion concen-
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tration and irradiation damage increase with the depth of in-
cidence, and then decrease rapidly after reaching a maximum
value. The maximum concentration value appears at 1370 nm.
The distributions of irradiation damage were similar to each
other at different total irradiation damages, and all reached
their corresponding maximum damage values at 1200 nm.

The TEM specimens were prepared by using the focused
ion beam (FIB). For the samples prepared by FIB, the defect
distribution at different locations along the incident direction
can be observed. The irradiated samples were studied by an
FEI Tecnai G2 F30 TEM. The contrast of the dislocation loop
image is more pronounced when observed under two-beam or
weak-beam conditions. In this experiment, the density and di-
ameter of dislocation loops of the different irradiated samples
were characterized by using the two-beam bright-field TEM
condition with a 𝑔 vector of (110). The five regions were
observed and counted in cross-sectional TEM samples at the
same depth to improve statistical accuracy. The size and num-
ber of dislocation loops were determined by treating them as
solid granular objects, and solid particles were counted by Im-
age J software.

The hardening effects of irradiated samples were mea-
sured at room temperature by using a Keysight Nano-lndenter

G200. A continuous stiffness measurement method with a
constant loading rate of 0.05 nm/s was used for all experi-
ments. To minimize experimental errors, at least 20 test points
were performed for each specimen and the average of the
experimental results was taken. The hardness changes with
depth, and the deeper the indentation depth, the closer to the
substrate hardness value the hardness value is, and this phe-
nomenon is called the substrate effect.[15] In this experiment,
the indentation depth of the indenter was set to be 1500 nm.
As is well known, simply reporting and analyzing the mea-
sured nano-hardness at a single depth is not acceptable. The
Nix–Gao method[16–18] was used to estimate the bulk equiva-
lent hardness in this study.

3. Results and discussion

Figure 2 shows the corresponding microstructure of W
and microstructure of W–1.5%ZrO2 alloy. The average grain
size of W is ∼ 35 µm, the average grain size of the W–
1.5%ZrO2 alloy is ∼ 12 µm, and the average grain size of
the second phase particles ZrO2 is 0.5 µm and its number den-
sity is about 9.55×1016 m−3. The ZrO2 particles is distributed
along the grain boundaries.

20 μm

W

10 μm

(b)
W-1.5%ZrO2

(a)
(c)

10 μm

Fig. 2. EBSD Inverse pole figure (IPF) map of (a) W, (b) W–1.5%ZrO2, and (c) phase distribution diagram, with red area representing W phase
and green area denoting ZrO2 phase.

Figure 3 shows the low magnification TEM image of the
W–ZrO2 alloy. It can be seen from the figure that theTEM
sample consists of three main parts: Pt protective layer, white
particles, and W matrix, as shown in Fig. 3(a). It can be ob-
served that the size of the white particle is about 700 nm, and
there are no obvious pores at the interface between the white
particles and the matrix. To further confirm their composi-
tion, the EDS analysis of the regions e and f in Fig. 3(a) is
carried out. The matrix part c consists mainly of for W ele-
ments, and the composition of particle d consists of Zr and O
for the ZrO2 phase. Diffraction spots analysis is performed in
the regions c and d in Fig. 3(a). The diffraction spots of the
matrix in Fig. 3(c) show that the matrix is a bodycentered cu-
bic structure of W with a zone axis of [001]. Figure 3(d) shows
the diffraction spots of the white particles, indicating that the
white particle is the facecentered cubic zirconia particle with
the zone axis [011]. Zirconia particles exposed to the sample

surface that can directly withstand ion irradiation are used to

analyze the effect of ion irradiation on zirconia. In the prepara-

tion of TEM samples of W–ZrO2 alloy, the region containing

zirconia particles is purposely selected for preparation.

Figure 4 shows typical damaged microstructure of W and

that of W–1.5% ZrO2 alloys at different doses. All micro-

graphs are taken under two-beam kinematical bright-field con-

dition by using 𝑔 = 110. A large number of dislocation loops

are observed in samples. It could be seen from the figure that

the number of dislocation rings and the diameter in the sample

increase with irradiation dose increasing. However, large dis-

location loops and small dislocation loops are interspersed in

the samples, and some of the dislocation loops are entangled

to form dislocation networks, which is not conducive to the

accurate counting of the number and diameter of dislocation

rings.
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Fig. 3. (a) Low magnification TEM image, (b) EDS analysis of regions e and f in panel (a), (c) diffraction spots in region e in panel (a), and (d)
diffraction spots in region f in panel (a), of W–ZrO2 alloy.

(a) W  0.25 dpa

g=(110)

W  0.5 dpa(b)

g=(110)

W  1.0 dpa(c)

g=(110)

W  2.0 dpa(d)

g=(110)

W-ZrO2 0.25 dpa(e)

g=(110)

(f)

g=(110)

(h)

g=(110)

W-ZrO2 0.5 dpa W-ZrO2 2.0 dpa

g=(110)

(g) W-ZrO2 1.0 dpa

Fig. 4. Micrographs of dislocation loops for tungsten and tungsten alloys, taken under two-beam kinematical bright-field condition using
𝑔 = 110 (indicated by white arrows).

As is well known, there are generally two types of dis-
location loops with a Burgers vectors of 〈100〉 and 1/2〈111〉
in body-centered cubic materials. The types of loops are de-
termined based on the observed extinction conditions for the
different diffraction vectors. However, the number of dislo-
cation loops is so large that it is impossible to count all the
dislocation loops under multiple vectors, and the dislocation
loop vectors can be observed and counted by two different 𝑔
vectors. Figure 5 shows the images obtained under different
extinction conditions, the red area in the figure represents the

same location, but no dislocation loop is found in the red cir-
cle in Fig. 5(b). These TEM images are taken under two-beam
conditions near [100] axis zone, in which Fig. 5(a) is used by 𝑔

vector 〈110〉, while figure 5(b) is used by 𝑔 vector 〈002〉. The
observation of the thickness stripes reveals that the thickness
of the area observed and analyzed is relatively uniform, which
facilitates the calculation of the volume of the analyzed area
(approximated as a rectangle). The total density of dislocation
loops in the region is calculated according to the ratio of the
occurrence of two types of dislocation loops under different
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extinction conditions in the body-centered cubic material as
shown in the following equation:[19]

ρ =
1
3

ρg=〈200〉+
4
3

ρg=〈110〉. (1)

g=(110) g=(110)

(a) W-ZrO2 1.0 dpa (b) W-ZrO2 1.0 dpa

Fig. 5. Bright-field TEM images under two beams from [100] zone axis,
showing loops in W–1.5%ZrO2 with 4.0-dpa irradiation damage, with (a) 𝑔
vector of 〈110〉 and (b) with 𝑔 vector of 〈002〉.

Figure 6(a) gives the curves of volume number density of
dislocation loops in W and W–1.5%ZrO2 alloy versus dose.
The bulk density of dislocation loops increases with irradia-
tion damage increasing. At low irradiation doses (< 1.0 dpa),
the dislocation loop density increases significantly. However,
the overall trend is weak, especially after the irradiation dam-
age has reached 1.0 dpa, the dislocation loop density tends to
flatten out. Under the same irradiation conditions, the dislo-
cation loop density in W is higher than that in W–1.5%ZrO2.
When the irradiation damage is 1.0 dpa, the dislocation loop
density in pure tungsten is 1.7×1023 m−3 and in W–1.5%ZrO2

alloy is 1.5 ×1023 m−3. In Fig. 4, it can be found that the phe-
nomenon of agglomeration and merging of dislocation loops
occurs in W. Meanwhile, the defects in the grains are more
likely to grow and aggregate under 700-◦C irradiation. The
dislocation loop density of pure tungsten remains essentially
constant when the irradiation damage reaches 2.0 dpa, consid-
ering that the dislocation loop density generated by irradiation
maybe reaches saturation at 1.0 dpa. However, the dislocation
loop density in W–1.5%ZrO2 still maintains a slow increasing
rate. Owing to the limited variation of irradiation damages in-
volved in the experiments, it is not yet possible to determine
whether the dislocation loop density in the W–1.5%ZrO2 alloy
reaches saturation.

Quantitative analysis of dislocation loop size in W and in
W–1.5%ZrO2 alloys are performed. The average diameter of
dislocation loops is then calculated by the near-circle method
as shown in Fig. 6(b). As the irradiation damage increases,
the diameter of the dislocation loop becomes larger, and the
increasing trend of the diameter gradually becomes slower.
When the irradiation damage is 0.25 dpa, the dislocation loop
diameter is 2.9 nm in W and 2.6 nm in W–1.5%ZrO2 alloy.
When the irradiation damage increases to 1.0 dpa, the disloca-
tion loop diameterincreases to 3.7 nm in W and 3.3 nm in W–
1.5%ZrO2 alloy. The dislocation loop diameter in W remains

stable, while the dislocation loop diameter in W–1.5%ZrO2

alloy is still growing. Combining the changes of dislocation
loop density and diameter in W–1.5%ZrO2 alloy, it can be as-
sumed that the dislocation loop in W–1.5%ZrO2 alloy does not
yet reach saturation.
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Fig. 6. Curves of loop density in pure W and W–1.5ZrO2 versus irradia-
tion damage for (a) total dislocation loop density and (b) dislocation loop
diameter.

In the low damage range (0.25 dpa–1.0 dpa), it is evident
that the dislocation loop density and diameter increase with
irradiation damage increasing. However, with the further in-
crease of irradiation damage, the variation of dislocation loop
density and diameter tend to stabilize. During the irradiation,
the tungsten atoms undergo cascade collisions to continuously
generate interstitial atoms and vacancies. On the one hand, the
continuously generated new defects can nucleate, forming new
dislocation loops, and on the other hand, they can accumulate
on the existing dislocation loops, resulting in dislocation loops
with a larger size. When the irradiation damage is low, the nu-
cleation rate of point defects is higher than the annihilation rate
of point defects. The nucleated point defect clusters absorb the
newly generated point defects around them. The cluster grows
when the cluster has the same properties as the absorbed point
defects.

The grain boundary and the phase boundary are usually
considered to have good absorption of interstitial atoms and
vacancies. The sink strength of the grain boundary and the
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ZrO2 phase boundary can be calculated from the following
equations:[20,21]

Sg =
15
h2 , (2)

Sp = 4πN (0.3A)1/2 , (3)

where Sp is the sink strength contributed from oxides; N is
the number density of ZrO2; A is the surface area of ZrO2,
and A = 4πr2; r is the average radius of ZrO2; Sg is the sink
strength contributed from grain boundaries; h is the average
grain size. Based on the microstructure statistics of W and
the W–1.5%ZrO2 alloy, the sink strength Sg1 of grain bound-
aries in pure tungsten is 1.22× 1010 m−3 from Eq. (2), and
that of Sg2 in W–1.5%ZrO2 alloy is 1.04×1011 m−3. The
sink strength of grain boundaries in W–1.5%ZrO2 alloy is 8.5
times higher than that of W. The addition of ZrO2 limits the
grain growth of the tungsten, offering higher density grain
boundaries that can absorb and annihilate more defects. The
sink strength of the phase boundary is calculated to be 1.16
×1012 m−3, which is 10 times the value of the grain bound-
ary strength. On the whole, figures and calculations show that
the phase boundaries of ZrO2 and tungsten have higher ab-
sorbing strength than the grain boundaries. Therefore, it can
be assumed that the phase boundary plays a dominant role in
annihilating the irradiation.

Figure 7 shows the tungsten grain boundaries and the

phase boundaries between tungsten and ZrO2 phase in W and
W–1.5%ZrO2 alloy. Observing the dislocation distribution
near the grain boundaries, we can see that the density of dis-
location loop near the grain boundaries decreases as shown in
Figs. 7(a) and 7(b). This is called denuded zone. The exist-
ing of free loop zone indicates that the boundaries can signif-
icantly absorb the defects in the vicinity. The phase bound-
ary between W and ZrO2 similarly exhibits an absorbing ef-
fect on irradiation defects as shown in Fig. 7(c). A distinct
dislocation-denuded zones appear at the phase boundary lo-
cated on the side of the W grain, which is distributed along the
phase boundary with a width of 20 nm–30 nm (marked by red
lines in the figure). The density of dislocation loops near the
denuded zonesignificantly decreases. These phenomena indi-
cate that the phase boundary can effectively absorb and anni-
hilate the defects generated after irradiation and outperforms
the effect of the grain boundary. And this result is consistent
with the previously calculated result of the sink strength of
the interface, where the phase boundaries of W and of ZrO2

have the effect of sinking-irradiated dislocations far beyond
the tungsten grain boundary. In summary, the addition of ZrO2

particles can hinder the tungsten grains from growing, increase
the density of grain boundaries, and provide the phase bound-
ary. The absorption and annihilation of irradiation defects are
significantly improved in the W–1.5%ZrO2 alloy, resulting in
enhanced irradiation resistance of the tungsten alloy.

W

Grain boundary

(a) (b)

Grain boundary

(c)

Phase boundary

W-ZrO2 W-ZrO2

Fig. 7. (a) Grain boundaries in pure tungsten and (b) grain boundaries in W–1.5ZrO2 alloy, and (c) phase boundaries in W–1.5ZrO2 alloy.

The variation of surface hardness of ion irradiated sam-
ples is measured by using the nano-indentation technique. Fig-
ures 8(a) and 8(b) show the curves of hardness variation of
the two tested materials versus depth after irradiation. As a
whole, the two materials show obvious irradiation hardening
phenomenon, and the irradiation hardening phenomenon be-
comes more and more obvious with the increase of irradia-
tion damage. The hardness value gradually decreases with
depth increasing. However, many studies have pointed out
that nano-indentation does not provide a true hardness mea-
surement at each depth.[16] Takayama et al.[22] proposed the
Nix–Gao[17] model (Eq. (4)) to evaluate the equivalent hard-
ness, considering the indentation size effect[18] and the soft

substrate effect[23] on hardness,

H = H0

√
1+

hc

h
, (4)

where H0 is the hardness at infinite depth, hc is the character-
istic length that depends on the material and the shape of the
indenter tip, H is the hardness value when the depth is h. A
dotted line plot of H2 versus 1/h according to the Nix–Gao
model is shown in Figs. 8(c) and 8(d), separately. The non-
irradiated samples have a good linearity above ∼ 75 nm in in-
dentation depth. The irradiated samples, on the other hand, ex-
hibit linearity with the turning point roughly between 250 nm
and 375 nm in indentation depth. This is mainly due to the
fact that irradiation hardening is present on the sample sur-
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face, while the hardness inside the sample does not change
significantly, and the hardness of softer substrate decreases
as the indentation depth increases. The turning point of the
hardness change here is about 1/6 of the depth of the dam-
aged layer, which is consistent with previous studies.[24] The
hardness of the sample is expressed by using H0 in a range of
75 nm–375 nm for non-irradiated and irradiated samples. The
statistical results are shown in Table 1. When the irradiation
damage is 0.25 dpa, the hardness value of W–1.5%ZrO2 alloy
is 6.4 GPa, which is lower than that of W at 6.6 GPa, which
is consistent with the nature of its matrix.[14] The addition of
zirconia particles refines the grains and hinders the dislocation
from moving, which increases the hardness of the tungsten al-
loy. However, with the increase of irradiation damage, the sur-
face hardness of W rapidly increases, and when the irradiation
damage reaches 2.0 dpa, its hardness value arrives at 9.3 GPa,
which increases by 41%. At this time, the hardness value of
W–1.5%ZrO2 alloy changes slowly and reaches 8.5 GPa when
the irradiation damage rises up to 2.0 dpa, which is 32% higher
than the initial damage. The results indicate that the irradia-
tion hardening effect of the W–1.5%ZrO2 alloy is lower, sug-
gesting that the addition of zirconia particles is beneficial to

improving the resistance to irradiation hardening. Combined
with the previous analysis of irradiation defects in both mate-
rials, this result is not so difficult to understand. The coarse
grains and low grain boundary density in W can limit the sink
effect on defects at grain boundaries, resulting in a large ac-
cumulation of irradiation defects within the W grains, which
severely impedes the movement of dislocations and increases
the surface hardness. However, the addition of ZrO2 particles
refines the W grains and increases to a larger number of grain
boundaries, which improves the defect sinking efficiency. Oth-
erwise, the phase boundaries introduced by the ZrO2 particles
have a sink strength far beyond the grain boundaries, reduc-
ing the accumulation of defects within the W grains. There-
fore, the W–1.5%ZrO2 alloy has the potential to be used as a
plasma-facing material in fusion reactor.

Table 1. Summary of nano-hardness for W and W–1.5%ZrO2 alloy.

Materials
H (GPa)

Irradiation 700 ◦C

0.25 dpa 0.5 dpa 1.0 dpa 2.0 dpa

W 6.6 7.4 8.5 9.3
W–1.5%ZrO2 6.4 7.0 7.8 8.5
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Fig. 8. Irradiation hardening effect statistics of irradiated samples, showing [(a) and (b)] corresponding hardness–displacement curves, and [(c)
and (d)] experimental hardness values at the depth of 400 nm–1000 nm from surface.

4. Conclusions

W and W–1.5%ZrO2 alloy are irradiated with carbon ions

at 3.0 MeV and 700 ◦C with irradiation damages ranging from

0.25 dpa to 2.0 dpa. The microstructural evolutions and sur-
face hardness values of the two materials after being irradiated
are investigated and compared to explore the role of the second
phase ZrO2. The main results of this study are as follows.
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(i) The dislocation loop density and diameter increase
with the increase of irradiation damage, but show signs of sta-
bilization. The dislocation size decreases significantly with
the addition of ZrO2 increasing.

(ii) The grain boundary and phase boundary can absorb
and annihilate the defects. The addition of ZrO2 particles in-
creases the grain boundary density of the tungsten alloy and
improves the ability of the grain boundaries to sink defects.
The phase boundary of W–1.5%ZrO2 possesses a sink strength
that is much higher than that of the W grain boundary, reach-
ing 1.16×1012 m−3.

(iii) More obvious loop aggregations are created in W
at 700-◦C irradiation temperature. The dislocation loop di-
ameters and densities in W are larger than those of the W–
1.5%ZrO2 alloy.

(iv) The irradiation hardening effect of W–1.5%ZrO2 is
lower than that of W. The addition of ZrO2-reinforced phase
increases the density of grain boundaries in W–1.5% ZrO2

and provides the W–ZrO2 phase boundaries, which improves
the sink effect of the interface on defects, absorbs and anni-
hilates the point defects, reduces the formation of dislocation
loops, and the accumulation of irradiation defects, resulting in
weaker irradiation hardening.
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