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Abstract
Engineering materials for nuclear reactors exposed to high-dose irradiation breed various radiation damage, leading to 
performance degradation of materials, which seriously limits the application of materials in the future advanced nuclear 
reactors. Tungsten-based materials applied in future nuclear reactors have to withstand not only the attack of high-energy 
neutron and plasma, but also the repeated impact of steady-state or even transient thermal load. Researches in the past dec-
ades have proved that tailored nanostructure have advantage in annihilating radiation defects. With the rapid development 
of nanostructured tungsten, probing radiation application of nanostructured tungsten is of great significance in promoting 
the development of novel radiation-resistant materials. Herein, the development status of three kinds of nanostructured 
tungsten namely nanocrystalline, nanofilm and nanoporous tungsten designed for radiation tolerance and the performance 
enhancement mechanism of diverse nanostructure in irradiation environment is reviewed. Finally, future perspectives and 
technical challenges are discussed, to inspire more creative designs of novel nanostructured tungsten for radiation tolerance.
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1  Introduction

The safe and stable conduction of the nuclear reactor is 
inseparable from the resistance of nuclear-grade engineering 
materials under harsh irradiation. As a refractory transition 
metal with extremely high melting point, tungsten has been 
considered to be primary candidate for the plasma facing 
materials (PFMs) in the future fusion reactor [1]. Recently, 
many efforts have been done to fabricate tungsten-based 
materials with desired properties for advanced fission and 
fusion application by doping alloy elements [2–6] or dis-
persoid strengthening [7–10]. Tungsten-based PFMs will 
be directly exposed to 10–104 MeV plasma and 14.1 MeV 
neutron radiation in the fusion reactor [11–13]. During 
radiation the mechanical and thermal properties of tungsten 
are impacted by particle irradiation, due to cascade colli-
sion caused by neutron and nuclear transmutation atoms. 

Further radiation defects such as blister [14–16] and nano-
tendrils [17–19] tend to form in tungsten-based materials 
by the accumulation of primary point defects, eventually 
resulting in irreversible degradation of performance, such as 
irradiation hardening, amorphization, and improvement of 
the ductile-to-brittle transition temperature [20–22].

Nanostructures have been deliberately designed to 
improve the radiation resistance of nuclear engineering 
materials. It has been verified that grain boundaries, phase 
boundaries, and free surfaces in nanostructured materials 
act as defect traps or release sites, accelerating the evolution 
and self-healing of defects [23–28]. The design of radiation-
resistant nanostructured materials has inspired nanostructur-
ing of tungsten-based materials which are expected to own 
remarkable radiation tolerance in harsh environment. This 
paper presents the current status of novel tungsten-based 
nanostructured material for radiation resistance application. 
The performance of nanostructured tungsten in radiation 
experiments are discussed in detail, as well as the simulation 
calculation of enhancement mechanism. At the end of each 
chapter, the technical challenges and prospects of different 
tungsten-based nanostructures are mentioned.
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2 � Nanocrystalline tungsten for radiation 
resistance

Various nanocrystalline materials have been developed 
for radiation resistance [29–31]. In coarse-grain material, 
the diffusion barrier of vacancies is high, and hence the 
irradiation-induced vacancies migrate slowly and hard to 
recombine with interstitial atoms. These vacancies are 
accumulated in the matrix, resulting in irradiation embrit-
tlement [32]. Generally, nanocrystalline materials contain 
abundant grain boundaries (GBs) and phase boundaries of 
dispersed particles, and these interfaces act as annihilation 
sites for interstitial atoms and vacancies [33], and thereby 
the radiation effect of nanocrystalline significantly differs 
from coarse grain.

The first-wall materials developed for fusion applica-
tion would face hundreds of dpa (displacement per atom) 
neutron irradiation during the expected 3–5 years lifetime 
[34]. The conventional coarse-grained tungsten (CGW) 
will be seriously degraded under such harsh environment. 
Compared with CGW, the nanocrystalline tungsten (NCW) 
is expected to have superior tolerance to harsh irradiation 
and high temperature. Besides, nanocrystallization is the 
most convenient way to obtain nanostructured tungsten.

2.1 � Preparation of nanocrystalline tungsten

The preparation of nanocrystalline tungsten is critical due 
to refractory and hardness of tungsten. In the process of 
preparation, the formation of small and dense nanocrys-
talline tungsten is inseparable with refinement mode and 
work temperature. Several effective processes for obtain-
ing tungsten-based nanocrystalline are introduced below.

Powder metallurgy is the common route to prepare 
nanocrystalline tungsten. In this route, the most criti-
cal step is powder densification. Nanocrystalline is con-
structed by nano or micron tungsten powders forming met-
allurgical bonds during densification. So far, the W bulk 
densification techniques include pressureless sintering 
(PLS) and pressure sintering that is subdivided into spark 
plasma sintering (SPS), ultrahigh pressure (UHP), hot iso-
static pressing (HIP), and hot pressing (HP). PLS is a tra-
ditional sintering method, which is often applied in mass 
production of tungsten. However, it is hard to obtain fine 
grains and high density of W bulk materials by this way 
due to the inevitable grain coarsening during the sintering. 
The intervention of pressure is necessary in the prepara-
tion of nanocrystalline tungsten. Recently, the W–5 wt% 
Ta alloy with average size of 1.73 µm was prepared via 
the SPS technology. Wu et al. [35] proposed 10 nm W–5 
wt% Y2O3 (WYO) and 85 nm W–5 wt% Y2O3–2.5 wt% 

Ni (WYON) designed for radiation resistance, and these 
tungsten-based alloys were fabricated by resistance sinter-
ing under ultrahigh pressure (RSUHP).

Another method to reduce tungsten grain size to 
nanoscale is severe plastic deformation (SPD) [36–38]. The 
initial SPD effectively decreases grain size and brittleness, 
but NCW obtained in this way tends to grow and coarsen at 
elevated temperatures. With the innovation of severe defor-
mation technology, stable ultra-fine, and nano-grain tung-
sten have been fabricated by equal channel angular extru-
sion (ECAP) and high-pressure torsion (HTP) [39–41]. And 
nanocrystalline pure tungsten introduced in the next chapter 
is mostly prepared by this method.

2.2 � Radiation damage in pure nanocrystalline 
tungsten

Nanocrystalline boundaries have been proved as effective 
sinks to absorb the point defects, resulting in mitigation of 
irradiation-induced dislocation loops and void swelling. 
There are two typical modes of GBs absorption defects 
in nanocrystalline. In detail, the absorption process of 
nanocrystalline Ni in Kr ion radiation by in situ transmission 
electron microscope (TEM) is revealed by Sun et al. [42]. 
First, the dislocation loop shrank slowly and was swiftly 
absorbed by nearby high-angle grain boundary (HAGB). In 
another condition, GBs were considered to gradually absorb 
the dislocation segment consisting of dislocation loops in 
about twice the time. The activation energy of dislocation 
loop diffusion near GBs decreases, which made loops easier 
to move than in the bulk region. Meanwhile, due to the exist-
ence of vacancy concentration gradient, these dislocation 
loops preferentially diffuse to boundaries. Atomic-scale 
simulations [43] have shown GBs emit interstitial atoms 
to combine with the nearby vacancies improving vacancy 
migration at boundaries loaded with interstitials, and the 
defect annihilations greatly depend on the local boundary 
structure and have been simulated in Cu and Fe [44, 45].

The nanocrystalline tungsten was manufactured with 
grain sizes from submicron to nanoscale by severe surface 
deformation [46]. As shown in Fig. 1a–d, in situ TEM obser-
vation showed that numerous point defect clusters existed 
in ultra-fine grains (marked as 2 and 3) while nanocrystal-
line (marked as 1) demonstrates a uniform distribution of 
bubbles and significantly lower density of defect clusters. 
And in NCW, more bubbles were observed decorating in the 
nano-grain boundaries rather than intra-grain as indicated in 
Fig. 1e–h, which was the strong evidence that the nanocrys-
talline tungsten boundaries effectively capture interstitial He 
atoms. A special dislocation loop “raft” structure formed by 
dislocation loop glide and cluster interaction in tungsten has 
been reported under neutron and heavy ion irradiation [47, 
48]. But no raft was observed at RT in the nanocrystalline 



22	 H. Xu et al.

1 3

grains at about 0.25 dpa, which was attributed to efficient 
absorption of interstitials by the GBs. Further research [49] 
focused on radiation response of CGW and bimodal W 
(containing nanocrystalline and ultra-fine grain) radiated by 
3 MeV Cu ion at different irradiation rates and temperatures. 
After Cu radiation up to 4 dpa, all samples possessed similar 
damage types, but 50–600 nm bimodal W showed less void 
swelling at all dose radiation compared to CGW. The forma-
tion of voids without denudation at 1050 K indicates that the 
growth of voids comes from local vacancy loop sites, which 
are attributed to vacancy absorption at high temperature. El-
Atwani et al. [50] reported that nanocrystalline boundaries 
in equiaxed tungsten can absorb dislocation loops rapidly 
and continuously as shown in Fig. 2a, and this absorption is 
enhanced at high temperature. Figure 2b shows the statistical 
result of void density, average void size, and swelling con-
dition of three types with different grain size at 2 dpa. The 
void density in nanocrystalline W–85 nm is highest since 
the less annihilation of small void nucleation due to less 
interstitials and interstitial loops existence. On the contrary, 
the void size and change of volume of 85 nm grain are least 
in these observations, which indicated that NCW possess 
the resistance to swelling. It is interesting that radiation-
induced defects aggregate in stressed grains as shown in 
Fig. 2c, which indicated stress fields around grain boundary 
might affect defect absorption.

The solubility of He in tungsten is very low, and thereby 
the He radiation-induced damage might cause the fluctua-
tion of the stress state and even crack in nanocrystalline 
tungsten. To probe the crack formation mechanisms of 
NCW in He ion irradiation, Chen et al. [51] compared 
different blister behavior of NCW and CGW in detail 
through the helium ion microscope. In the nanocrystal-
line, only crack formation was found along GBs even 
at the dose of 5 × 1017 ion·cm−2, while obvious bubbles 
and continuous crack occurred at a low dose in CGW. As 
shown in Fig. 3a, b, at the same dose, the blister induced 
crack size in nanocrystals is much smaller than that in 
CGW. Figure 3c, d demonstrated the simulated process of 
microstructure evolution under diverse tensile strain lev-
els, and the result showed that the morphology and propa-
gation behavior of cracks in nanocrystalline were greatly 
affected by He clusters, as He atoms could readily cluster 
and coalesce via trap evolution and loop punching mecha-
nisms. Noteworthy, the HAGB seems to be more effective 
in hindering crack propagation compared to their low-
angle counterparts. In the case of typical low-angle grain 
boundaries (LAGBs) as shown in Fig. 3c, several cracks 
were initiated by the growth of He clusters through loop 
punching, subsequently, these cracks coalesced, resulting 
in a rapid crack growth.

Fig. 1   a–d In situ  TEM observation of nanocrystalline and ultra-
fine grain in 2-keV He  ion irradiation experiment at 1123  K. a 
Pre-irradiated nanocrystalline. b After 8 × 1014 ions·cm−2  He 
ion radiation. Bubbles are indicated by yellow arrows. c After 
2.4 × 1015 ions·cm−2  He ion radiation. Point defect clusters 
indicated by red arrows are found in ultra-fine grain. d After 
3.2 × 1015 ions·cm−2 He ion radiation. e–h Ultra-fine grain and 

nanocrystalline in 2-keV He ion irradiation experiment with a fluence 
of 3.6 × 1015 ions·cm−2  at 1123  K. e Low magnification and f high 
magnification micrograph image exhibiting He bubbles distributed 
around GBs, and g, h evident lower densities of bubbles observed 
compared to ultra-fine grains.  Reproduced with permission from Ref. 
[46]. Copyright 2014 Springer Nature
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2.3 � Radiation response of alloying nanocrystalline 
tungsten

Alloying is often used in the construction of NCW to rein-
force strength and radiation resistance. According to the 
first-principles calculation [52], the transition metal ele-
ments with larger electronegativity tend to bond to vacan-
cies and smaller elements prefer to bond to self-interstitials 
in tungsten, and thus alloy elements will significantly affect 

the radiation resistance of the tungsten matrix. In addition, 
excessive alloy elements precipitating in the form of the 
second-phase particle can compensate for the degeneration 
of thermal stability in nanocrystalline [53]. Oxides and car-
bides are common precipitates in nanocrystalline tungsten. 
Kurishita et al. [54–56] fabricated 50–190 nm W–TiC alloys 
by hot isostatic pressing (HIP) with bend fracture strength 
of about 2 GPa. After 3 MeV He radiation, critical fluence 
for surface cracking in ultra-fine grained W–TiC is over 10 

Fig. 2   a Snapshots TEM micrographs of nanocrystalline W–35  nm 
during 1-MeV Kr ion irradiation of around 0.42 dpa at room tempera-
ture; b void density, average void size and the swelling condition in 
tungsten with various sizes after radiation at 1073 K; c TEM image 

of irradiated 85-nm nanocrystalline W at 1073 K. In the higher strain 
(dark grain) region more and larger defects are found, and the inset 
illustrate these defect distributions.  Reproduced with permission 
from Ref. [50]. Copyright 2019 Elsevier
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times than that in commercial W. Another study [57] involv-
ing ultra-fine W–TiC showed that W–TiC alloy had better 
radiation tolerance and less total loop and void damage than 
those of CGW at 1073 K during in situ Kr irradiation obser-
vation. Although there was no obvious difference in loop 
density, the average loop area in W–TiC was much smaller 
and decreased with time. The effect of dispersoid TiC is 
emphasized, which might be the cause of the increase in 
total loop damage at high temperatures. Fukuda et al. [58] 
reported the effect of neutron irradiation on performances of 
ultrafine-grained (UFG) W–TiC alloys and other coarse W 
alloys in the experimental fast reactor. It was confirmed that 
the UFG W–TiC of which part is nanocrystalline had a low 
rate of hardening after up to 0.42 dpa neutron irradiation at 
1049 K, and NCW exhibited a much smaller number density 
of neutron irradiation-induced voids than that of pure W 
[59]. Wu et al. [35] discussed the irradiation tolerance of 
10 nm WYO and 85 nm WYON. The WYO with average 
grain size of 10 nm had significantly low swelling rate and 
bubble density at all He irradiation doses, although the bub-
ble size fluctuated slightly. Recently, a quaternary W-based 

high-entropy alloy (HEA) W–Ta–V–Cr were manufactured 
[60], and the HEA film exhibited bimodal grain size dis-
tribution in the nano and submicron scale. Although only 
around 70% grains belong to nanocrystalline, no evident 
irradiation-induced damage was found in situ. Remarkably, 
the second-phase particles are rich in Cr and V precipitation 
in the form of spheres after irradiation. And a rate theoretical 
model has been constructed to probe the origin of precipi-
tates, proving Cr and V own a strong segregation tendency, 
which is consistent with experimental results. The fact that 
these alloys with outstanding radiation resistance are poten-
tial for bulk production makes them ideal structural materi-
als for applications requiring extreme irradiation conditions.

2.4 � Challenges of nanocrystalline tungsten

The meticulous design of nanocrystalline not only enhances 
the mechanical properties, but also provides great potential 
in improving the resistance of materials to harsh irradiation. 
Before wide utilization of nanocrystalline tungsten, several 
problems need to be further explored.

Fig. 3   Cross-sectional images 
of the blister and crack 
microstructure of a CGW and 
b nanocrystalline W after He 
irradiation with a fluence of 
1 × 1019 ions·cm−2, respectively; 
simulated microstructural 
evolution of GB with 10% He 
at dynamic strain levels under 
the tensile loading related 
to c LAGB bicrystal and d 
HAGB. The blue and orange 
color represent tungsten and 
helium atoms, respectively.  
Reproduced with permission 
from Ref. [51]. Copyright 2018 
Elsevier
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Firstly, in several studies at present it is seemly hard to 
obtain uniform nanocrystalline tungsten via conventional 
preparation, the growth of nano-grain at elevated tem-
perature inevitably results in the bimodal grain size dis-
tribution in current nanocrystalline. Therefore, the further 
innovation of forming process and continuous deformation 
are necessary to obtain finer and uniform tungsten grains. 
Recently, several ultra-uniform nanocrystalline materials 
were reported via a two-step sintering, which is expected to 
be used in the tungsten-based nanocrystalline [61, 62]. Fur-
thermore, doping elements precipitating around the bound-
ary in the form of oxide nano-clusters could effectively sta-
bilize nano-grain in austenite steel, and this strategy may 
also encourage the construction of stable tungsten-based 
nanocrystalline at elevated temperature [31].

However, though the accumulation of radiation defects at 
GBs has notable benefits in the irradiation performance of 
nanocrystalline, GBs with aggregated defects may degrade 
the mechanical properties with the dose increasing. Char-
acteristics of GBs transform with the absorption of point 
defects, which would be a hidden hazard for nanocrystalline 
tungsten under the higher dose irradiation for long time.

Other vital issues, such as transmutation-induced pre-
cipitation [63] and thermal stability [64] of tungsten-based 
materials under high-dose irradiation, have been studied in 
micrometer-scale, but relevant research is not abundant to 

reveal the microscopic and atomic behavior mechanism of 
irradiated nanocrystalline tungsten.

3 � Radiation‑tolerant nanofilm tungsten

Nanofilm material is one kind of nanocomposite formed on 
the substrate, which is composed of discontinuous layers 
alternately stacking including metals and non-metal layers 
with nanoscale thickness. Multilayered nanofilm exhibiting 
unique properties has been widely studied in various fields, 
such as superhard film [65–67], giant magneto-resistance 
[68], corrosion-resistance [69], and thermal insulation [70]. 
The interfaces in multilayer structures can provide sites for 
trapping defects which are similar to the numerous GBs in 
nanocrystalline. In the direction of thickness, the coarsening 
of nanolayers could be inhibited by the existence of inter-
layer interface in multilayered nanofilms. Tungsten-based 
nano-multilayers with high melting point ensure the out-
standing performance of nanostructure in thermal stability 
[71, 72]. Nanofilm material with refractory tungsten layer as 
one of the components decreases the sensitivity to electron 
energy loss, which is competitive for future nuclear protect 
application [73]. In recent years, many tungsten-based nano-
multilayers which were applied in radiation tolerance have 
been prepared as shown in Fig. 4 [74–78].

Fig. 4   Micrograph images of various nanofilm tungsten: a W/Fe.  
Reproduced with permission from Ref. [74]. Copyright 2009 Else-
vier; b W/Cu. Reproduced with permission from Ref. [75]. Copyright 
2017 Elsevier; c W/Cr. Reproduced with permission from Ref. [76]. 

Copyright 2015 Elsevier; d W/graphene. Reproduced with permis-
sion from Ref. [77]. Copyright 2017 Wiley; e W/ZrO2. Reproduced 
with permission from Ref. [78]. Copyright 2014 Elsevier
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3.1 � Interface construction of nanofilm structure

Nanofilm structures are metastable and tend to the low-
energy status due to the existence of high volume frac-
tion phase interface and grain boundary. For instance, in 
the Cu/Ni multilayer [79], adjacent atoms aside of the 
interface spread across the phase boundaries and form 
a solid solution or compound at elevated temperature, 
which reduced the composition gradient of the interface, 
and eventually resulted in the gradual disappearance of 
the layered structure. On the other hand, if both sides of 
the interface are completely insoluble such as Cu/Nb [80] 
and Cu/Ag [81], the atoms would diffuse along with the 
interlayer interface, leading to GB grooving at the inter-
section of the GB and the phase boundary. The immiscible 
systems (such as Cu/V) and few miscible systems (such as 
Al/Nb) were proved to be stable under He ion irradiation 
[82], but another study [83] showed that the Nb3Al phase 
was formed at the interface in Al/Nb nano-multilayers 
after He ion irradiation, and the embedded alloy phase 
may weaken the radiation resistance of nanofilm structure. 
Overall, whether components are solid-soluble or not, the 
selection of nano-layer materials is momentous for radia-
tion resistance of nanofilm structure.

Nevertheless, the metallic nano-multilayers are usually 
designed into the same thickness in each layer to study 
the influence of nano-multilayers with diverse thickness 
towards radiation performance. If metallic layers combine 
with oxides or other non-metallic layers, the thickness of 
the two components is often different. In common binary 
multilayer nanofilms, the periodic thickness is defined as the 
total thickness of each stacking cycle, which has a significant 
influence on radiation tolerance of nanofilm structure. Misra 
et al. [84] and Zhang et al. [85] studied microstructure evo-
lution of Cu/Nb nano-multilayers with a period of 2.5 nm 
under He ion irradiation, and no obvious He bubbles was 
found after radiation experiment. Cu/Nb nano-multilayers 
compared with bulk materials can effectively annihilate the 
radiation defects and inhibit nucleation and growth of bub-
ble at high temperature. Zhang et al. [82] processed several 
metal nano-multilayers including Cu/V, Cu/Mo, Fe/W, and 
Al/Nb, followed with He ions radiation until the peak He 
concentration reached 4–6 at. %. The result showed that suit-
able interface greatly suppressed defect accumulation and 
hardening caused by irradiation. It is worth noting that the 
size effect exists in all studied systems. Namely the lesser 
the periodic thickness of the nanofilm structure is, the better 
radiation resistance it possesses. However, with the increase 
of interface density, the weakening of other properties (such 
as thermal conductivity) may occur under strong radiation. 
Thus, the appropriate thickness period is considerable 
for comprehensive radiation performance in the nanofilm 
tungsten.

3.2 � Radiation response of metallic nanofilm 
tungsten

In the initial exploration, miscible W/Fe-multilayered nano-
films [74] were fabricated with different periods, and the 
interface between binary nanofilm W/Fe is incoherent as 
the lattice parameter of Fe and W difference is over 10%. 
After He irradiation (6 × 1016 ions·cm−2), large quantities of 
He bubbles and evident radiation-induced hardening were 
observed in 5 and 50 nm Fe/W multilayers. Only 1 nm W/
Fe specimens showed no obvious hardening, and obvious 
interface intermixing was found between W and Fe layers. 
Meanwhile, W/Cr nano-multilayer [76] irradiated by 3 MeV 
Xe20+ ion exhibited few irradiation-induced swelling com-
pared with pure W films although nanofilm structure can-
not prevent phase transition of β-W to α-W. The miscible 
systems mentioned above showed poor chemical stability 
of interface, which seems to be detrimental in high-energy 
irradiation environment.

The W/Cu nanofilm is a typical immiscible face cen-
tered cubic (FCC)–body centered cubic (BCC)system with 
a lattice mismatch of 7%. Gao et al. [86] reported that the 
W/Cu nanofilm system with the period of 5–100 nm. In 
the W/Cu system, incoherent interfaces between W and 
Cu were considered to act as sinks for point defects and 
Frenkel pairs. After He ion irradiation (up to 70 dpa), W/
Cu5 (W/Cu sample with a period of 5 nm) was considered 
to have the best radiation tolerance with no void found in 
stable morphological interfaces. On the other hand, He 
bubbles aligned along the interface were observed in thick 
period W/Cu. The formation of bubbles was mostly found 
in Cu layers and along columnar GBs [87], which might 
result from individual He atom that was allowed to migrate 
through interfaces or surrounding layers [88]. Dong et al. 
[75] systematically studied the responses of W/Cu mul-
tilayered nanofilms irradiated by 40 keV He+, 6.4 MeV 
Xr23+ and 200 MeV Xr14+ ions, which simulated He bub-
ble damage, neutron irradiation and fission fragment dam-
age, respectively. In the 200 MeV Xr14+ radiation, almost 
all the W and Cu layers maintain their original layered 
structure except W/Cu12. Structure damage only existed in 
the bottom layers of the W/Cu12, which were smashed into 
two or three thin layers with fine broken grain and disap-
peared with the increase of thickness. Figure 5 shows the 
details of W/Cu nanofilms with different thickness periods 
irradiated by 6.4 MeV Xe23+, and the layer interfaces of 
Cu/W6 and Cu/W18 remain sharp after 6.4 MeV Xe23+ 
irradiation at 7.5 × 1014 ions·cm−2 and 1.5 × 1015 ions·cm−2 
fluence. From Fig. 5f, intermixing layers were observed 
between W and Cu layers with corresponding displace-
ment damage of 20 dpa. Cu and W atoms are knocked 
into adjacent layers of which lattices are overlapped to 
form Moire patterns. The author attributed the interaction 
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to four competitive processes including ballistic effect, 
thermal spike effect, thermodynamic effect, and migra-
tion of defects and the absorption of interfaces. All of 
the experiments showed that the nanofilm with smaller 
period-thickness owns better resistance to particle irra-
diation. Based on energetic analysis [88], monovacancy-
type and He impurity point defects at two different W/
Cu semi-coherent interfaces and adjacent layers have been 
investigated. Figure 5g indicates the possible migration 
path for He atom in the Cu/W interface, and the point 
defects were greatly attracted by the W/Cu interface, espe-
cially the Cu vacancy at the interface. A strong influence 
of the relative orientation between the two metals existed 

in special interfaces. And these interfaces were candidates 
to build-up desired radiation-resistant multilayers due to 
its capability to restrain He bubbles.

3.3 � Nanofilm tungsten containing non‑metal layers 
for radiation resistance

Metal/non-metal interface can also play a critical role in the 
formation of a strongly immiscible combination. The large 
mixing enthalpy between tungsten and non-metal can ensure 
the phase stability of tungsten/non-metal multilayered nano-
films at different thickness size ranges.

Fig. 5   Cross-sectional TEM 
images in W/Cu multilayered 
nanofilms after 6.4-MeV Xe23+ 
ions radiation: a W/Cu6, b W/
Cu18, and c W/Cu24 to a flu-
ence of 7.5 × 1014 ions·cm−2; 
d W/Cu6, e W/Cu18, and f W/
Cu24 to a fluence of 1.5 × 1015 
ions·cm−2.  Reproduced with 
permission from Ref. [75]. 
Copyright 2017 Elsevier; g 
front view of Cu/W interfaces. 
The yellow and blue spheres 
represent Cu and W atoms, 
respectively, and the white 
spheres correspond to the He 
atoms located at the most stable 
sites. Reproduced with permis-
sion from Ref. [88]. Copyright 
2016 Elsevier



28	 H. Xu et al.

1 3

Wang et al. [78] prepared two W/ZrO2 nanofilms with 
different thickness periods (7  nm  W/14  nm ZrO2 and 
70 nm W/140 nm ZrO2). As shown in Fig. 6a and c, the W/
ZrO2 (7/14 nm) multilayer interfaces remained sharp and 
no intermixing of the layers was found after the 4 MeV Au 
irradiation. But in the W/ZrO2 (70/140 nm) multilayer as 
shown in Fig. 6b and d, the ZrO2 layer was found to grow 
as polymorphs of tetragonal and monoclinic phases. Fig-
ure 6e shows relationship between the average grain size and 
radiation displacement damage. Although there is no other 
characterization, it exhibited that the W/ZrO2 multilayers 
nanofilm (7/14 nm) owned greater resistance to grain growth 
under radiation.

Thermal conductivity is another research hotspot in 
multilayer system in radiation environment. In addition to 
defect damage, radiation has a profound impact on the ther-
mal conductivity of the nanofilm structure. In the multilayer 
nanofilms structure, thermal conductivity will dramatically 
decrease because the phonon propagation is hindered via 
large number of interface. For example, the thermal con-
ductivity of W/ZrO2 multilayers system can be decreased to 
1 W/mK compared to that of individual components [89]. 
Therefore, these nanofilm could be applied in thermal bar-
rier coating.

On the contrary, some critical component in the reactor is 
supposed to own good thermal conductivity to ensure heat 

can be transferred in time. The intrinsic thermal conductiv-
ity of nanofilm is high, and the radiation-induced defects 
will further hinder heat transfer. But it is interesting that 
thermal transport can be tailored by interfaces due to scat-
tering, reflection, and mean free path shortening of phonons 
at interfaces [90, 91]. Si et al. [77] introduced graphene into 
tungsten-based multilayer nanofilms. Figure 7a–f demon-
strates the microstructure of multilayer nanofilms with dif-
ferent period before and after He irradiation. And Fig. 7g–i 
are the close-up images of irradiated interfaces. W15/G 
maintained sharp interface, but interface in W30/G and 
W40/G became jagged and indistinct. Significantly, all He 
bubble chains began from the interface of W/G and expanded 
along the irradiation direction. In the small-period sample as 
detailed in Fig. 7g, the lengths of the non-agglomerated He 
bubble chain were about 7 nm, while aggregated He bubble 
chains in the large-period sample were over 11 nm, and the 
width of chains depended on the layer thickness. The above 
results proved that W/graphene nano-multilayers with the 
least period own the best resistance to He irradiation. And 
the radiation hardening resistance of nano-multilayers W/G 
was much more than that of pure W film (Fig. 7j). Moreo-
ver, the special bilayer nanofilms showed a high interfacial 
thermal conductivity (about 84 MW·m−2·K−1), which was 
attributed to the excellent matching between graphene and 
tungsten layer. The author pointed out that the effective 

Fig. 6   HRTEM image of the W/ZrO2 multilayer before irradiation: a 
W/ZrO2 (7/14  nm) and b W/ZrO2 (70/140  nm); W/ZrO2 multilayer 
after 4  MeV irradiation (15.6 dpa): c W/ZrO2 (7/14  nm) and d W/

ZrO2 (70/140 nm); e average grain size of W and ZrO2 depending on 
displacement damage.  Reproduced with permission from Ref. [78]. 
Copyright 2014 Elsevier
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combination promoted the coupling of phonons and elec-
trons in the process of heat transfer. As shown in Fig. 7k, 
the W15/G (W/graphene nanofilm with 15 nm W layer) 
showed an extremely high interfacial thermal conductivity 
retention (80%) after high-dose He radiation, while that of 
pure tungsten film was only 31% [92]. Thereby, W/C phase 
interfaces introduced by graphene intercalation in tungsten-
based nanofilm structure have unexpected benefits to the 
interface thermal conductivity.

3.4 � Outlook of nanofilm tungsten

All the above researches verified the remarkable improve-
ment of radiation tolerance by constructing nanofilm W 
because of the introduction of large fraction interlayer inter-
faces. Nanofilm W has shown great potential in nuclear radi-
ation protection, especially applied in the coating of PFMs.

However, complicated processes would be an obstacle in 
future applications. Up to now, W-based multilayer nano-
films are almost prepared by repeated magnetron sputter-
ing or pulsed laser deposition, which are hard to process 
industrial size nanofilm at present. For instance, Fig. 8a 
illustrates the manufacture of W/graphene nanofilms. The 

multilayers are composed of repeatedly transferred graphene 
and deposited tungsten film, which is regarded to be com-
plex and difficult to reproduce. Notably, the accumulative 
roll bonding (ARB) technology, as shown in Fig. 8b, has 
been applied in preparing Cu/Nb nanolaminate bulk material 
[93]. The lamellar composite was processed by repeatedly 
inserting fresh Nb layers during the modified ARB process, 
and the multilayer was improved in long-term mechanical 
integrity and resistance to He clusters damage. On the other 
hand, He et al. [94] proposed the W/reduced graphene oxide 
(RGO) bulk composite material with nacre-like architecture 
synthesized by spark plasma sintering as shown in Fig. 8c, 
which exhibited satisfied radiation hardening resistance. In 
spite of the thickness of each layer in micron, the researches 
provided inspiration to fabricate nanofilm W for bulk materi-
als in the future.

Another challenge for nanofilm W that requires further 
understanding and resolution is lack of irradiation tests such 
as neutron and heavy ion at high energy. The irradiation 
researches of nanofilm W are almost based on the light ion 
to study the blister behavior and origin of radiation dam-
age. Some efforts are put forward to discuss high dpa dam-
age caused by swift heavy ions [75, 95], but systematically 

Fig. 7   TEM micrographs of as-deposited tungsten/graphene (W/G): a 
W15/G, b W30/G, and c W40/G; TEM micrographs of peak He con-
centration region irradiated by 50-keV He ion to a total influence of 
5 × 1016 ions·cm−2: d W15/G, e W30/G, and f W40/G; high magnifi-
cation TEM micrographs of peak He concentration region: g W15/G, 

h W30/G, and i W40/G.  Reproduced with permission from Ref. [77]. 
Copyright 2017 Wiley. j Radiation hardening, and k thermal con-
ductivity retention of pure tungsten films and W/G multilayers with 
different periods after irradiation. Reproduced with permission from 
Ref. [92]. Copyright 2020 Elsevier
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evaluating the application potential of nanofilm structure is 
hard with no more relevant radiation date.

4 � Nanoporous tungsten for radiation 
resistance

Nanoporous material, a kind of three-dimensional open 
structure material, is widely applied in catalysis, energy, 
and structural materials [96–98] due to its high surface-to-
volume ratio. As an interconnected network of ligaments, 
the nanoporous structure has been expected to be applied 
in radiation tolerance [99]. Free surfaces are considered to 
be perfect sinks for radiation defects, which are different 
from solid–solid interfaces in two nanostructures reviewed 
above. In the nanoporous structure, radiation damage cannot 
accumulate because the high density of free surfaces as sites 
for release of defects in excess of critical dose. Tungsten is 
suitable for the preparation of nanoporous metal. With both 
outstanding thermal stability and beneficial characteristic of 
nanoporous materials, the open-cell porous tungsten is the 
candidate material for the application in shielding against 
particle radiation.

4.1 � Free surfaces and ligament size

Preliminary theoretical researches about radiation effect on 
the free surface of nanoporous structure have been explored. 
Typical metallic nanofoam is an important model to study 
the radiation behaviors of surfaces. In the Au nanofoam, the 
migration energies of point defects decreased, resulting in 
point defects continuously diffusing towards free surface, 
which retards the formation and growth of defect clusters 
around the free surfaces [100]. A series of studies [101–103] 
reported the radiation response of nanoporous Au in the 
experiments. Stacking fault tetrahedra (SFT) was found in 
Au ligaments after Ne irradiation, and the fault has been 
attributed to the vacancy collapse. Meanwhile, the intersti-
tials annihilate at free surfaces leaving no damage, which 
can effectively reduce the radiation damage crisis caused by 
the retention of gas atoms in the interface.

The ligaments are the skeleton of nanoporous materials, 
and the ligament size was supposed to be appropriate to 
ensure the defect damage self-healing [104]. Overlarge liga-
ment causes defects spreading to the surface which is slower 
than the cascade collision, but too small nano-ligament 
might melt or break during radiation. Hence, two ligament 

Fig. 8   Schematic diagram of preparation process of a W/G by 
repeated graphene transformation and tungsten deposition.  Repro-
duced with permission from Ref. [77]. Copyright 2017 Wiley; b Cu/
Nb nanolaminate by ARB. Reproduced with permission from Ref. 

[93]. Copyright 2020 Elsevier; c nacre-like W/RGO composites by 
SPS. Reproduced with permission from Ref. [94]. Copyright 2020 
Elsevier
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size thresholds related to irradiation dose determine the radi-
ation resistance of nanoporous materials. Farkas et al. [102] 
verified the comment by atomistic simulation that obvious 
size effect exists in nanoporous materials which is similar 
to nanocrystalline and nanofilm materials. Nanoporous Au 
possessed the best mechanical and radiation performance 
when the ligament size decreased to 1–10 nm, but under-
sized nano-pores gradually shrank and even disappeared 
with the increase of radiation dose [105, 106]. Experiments 
and calculation synergistically proved that a window exists 
in the parameter space where the nanoporous structure is 
remarkably radiation-tolerant due to its high density of free 
surfaces. Therefore, it is vital for the radiation-tolerant nano-
porous material to artificially control the ligament size.

4.2 � Status of nanofoam tungsten for radiation 
tolerance

The above work focused on the precious metal nanopo-
rous materials, which is still far away from the engineering 
application in the reactor. It is of great significance for the 
research of nanoporous tungsten due to potential perfor-
mance in harsh radiation environment.

Nanofoam tungsten is one of the earliest porous materials 
studied. The common method to obtain tungsten foam is to 
selectively dissolve the second-phase metal in tungsten alloy 
via chemical or electrochemical dealloying. And the soft and 
malleable phase would be completely dissolved first in the 
process of dissolution. W–Cu composites were an attempt to 
be etched with chloride ion to prepare open-cell nanoporous 
W with low strength of ligament [107]. These nanofoams 
would deform under indentation test due to formation of 
cracks and ligament collapse. Recently, a kind of ultra-strong 
tungsten nanofoam was tailored by reverse phase dissolu-
tion, to satisfy the need for desired mechanical properties in 
the radiation environment [108]. In this research, the nano-
porous W contained nanoscale pore and distinct nanocrystal-
line architecture, as shown in Fig. 9a. Nano-grains around 
pore were connected by low-defective GBs, exhibiting yield 
strength beyond 2 GPa by nanoindentation test. Although 
there was lack of radiation data, these created nanoporous 
W is expected to own great radiation performance. W nano-
particles have been studied as a model system of nanofoam 
W for in situ TEM during He ion irradiation experiments 
[109]. And this system can be equivalent to the individual 
ligament without the influence of surrounding ligament. As 

Fig. 9   a High-resolution TEM micrograph of nanoporous W exhib-
iting several nano-grains of tungsten around a nanopore. Nano-GBs 
are marked by yellow dashed lines. And a highly misfitted area along 
the free surface is indicated by a blue dashed line. b Magnified high-
resolution TEM micrograph of the blue region area in a. Reproduced 
with permission from [108]  Copyright 2020 Elsevier; Under-focus 
bright field-TEM images for W nanoparticles: c before radiation and 

d after radiation to a fluence of 1.1 × 1017 ions·cm−2 showing the bub-
ble distributions in W nanoparticles of different sizes. Reproduced 
with permission from Ref. [109] Copyright 2018 MDPI; e variation 
of the defect number with the initial PKA distance from the surface; 
f representative snapshots of the collision cascades at positions B and 
A in e, respectively. Reproduced with permission from Ref. [110]. 
Copyright 2018 Elsevier
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shown in Fig. 9c-d, a higher density of bubbles was found in 
100 nm nanoparticles than that in 30 nm nanoparticles after 
He irradiation (1.1 × 1017 ions·cm−2).

Under different scales simulation, Duan et al. [110] dis-
cussed the interaction of point defect with the surface of 
nanopore in W as shown in Fig. 9e, f. The annihilation of 
self-interstitial atom-vacancies occurs through the coupling 
of vacancies segregation from the matrix to the surface and 
the two-dimensional diffusion of self-interstitial atoms on 
the surface at 1000 K. The high density of surfaces is helpful 
to inhibit hydrogen retention and He bubble nucleation in 
nanoporous W, and thereby free surfaces are regarded to heal 
radiation damage better than grain boundaries. Wei et al. 
[111] studied the evolution of He bubbles on the surface of 
W under neutron irradiation utilizing molecular dynamics 
simulation. Different from non-irradiation conditions, more 
surviving vacancies and sputtered atoms formed under neu-
tron radiation. And the bubbles are more likely to burst from 
the surface, especially from surfaces with low crystal face 

density. The vacancies and self-interstitial atoms were clus-
tered on low index surface which was attributed to cluster 
absorption of these surfaces with previous defect clusters 
[112]. Eventually, the free surface became the locally con-
cave–convex structure with radiation defects accumulation.

4.3 � Nanochannel tungsten enhances radiation 
tolerance

Nanochannel W is a special nanoporous structure with a 
large number of channels caused by the gap between tung-
sten crystal columns, which seems to be more controllable 
for radiation application. This special porous structure was 
tailored via magnetron sputtering. And the channel size 
can be adjusted by controlling sputtering temperature and 
energy. Qin et al. [113] prepared nanochannel W films with 
different densities of free-pore. Figure 10a–d exhibits the 
section TEM image of nanochannels after He irradiation 
with commercial bulk tungsten as reference. The obvious 

Fig. 10   TEM micrograph of the nanochannel W films and bulk 
W after radiation to the fluence of a, c, e, g 5 × 1017 and b, d, f, h 
1 × 1018 ions·cm−2. The tungsten films are prepared by various tem-
perature and energy with a, b RT–150 W, c, d W–600–150 W, e, f 
W–600–50 W, and g, h pure W. The corresponding magnified images 
of the regions near 108 nm are marked by a dotted line.  Reproduced 
with permission from Ref. [113]. Copyright 2018 Elsevier. i Simu-
lated W columns (radius 6.34  nm) with three different orientations 

of {100}, {110}, and {111}, respectively, at 1500 K under He radia-
tion to a fluence of 3.15 × 1016 ions·cm−2 by molecular dynamics. The 
light red, green, and yellow balls represent the inner W atoms, sur-
face W atoms, and W adatoms. j Top and k side views of the helium 
atoms distribution in W columns (radius 6.34 nm) whose top surfaces 
are {100}, {110}, and {111}-oriented at 1500 K. The light red and 
blue balls represent the W and He atoms. Reproduced with permis-
sion from Ref. [117]. Copyright 2020 Elsevier
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radiation-induced cracks were found in bulk materials with 
the fluence of 5 × 1017 and 1 × 1018 ions·cm−2 as shown in 
Fig. 10g, h, while no crack was found in tailored nanochan-
nels W in the same context. Only He bubble chain appeared 
under higher dose irradiation, of which the size was much 
smaller than that of bulk W. According to the microstruc-
ture image, the transmuted He atom preferred to be released 
from nanochannels, rather than clustering into He bubbles in 
columnar crystal. In further works [114], 800 keV Kr2+ ion 
as pre-radiation was applied to simulate neutron irradiation 
and to probe the impact of displacement cascade damage on 
the behavior of transmutation gas. Unexpectedly, vacancies 
induced by Kr2+ irradiation improve the transmuted atoms 
trapping and suppress the aggregation of He bubbles and 
clusters. Meanwhile, the nanochannel structure can effec-
tively suppress the formation of radiation-induced fuzz. 
Under the irradiation of high temperature and high beam 
He plasma at more than 5000 s, only tungsten in the range 
of 72 nm from top surface is transformed into fuzz structure 
in nanochannel thin films, while the surface of irradiated 
bulk tungsten alloy would be seriously eroded. The result 
indicated the effectively relieve thermal stress and main-
tain resistance to the He nucleation and “fuzz” formation 
behavior of nanochannel structure under high-temperature 
irradiation [115, 116].

The previous work [112] has shown that {100} surface in 
tungsten might own better resistance to morphology change 
due to the larger binding energy. Figure 10i–k shows MD 
simulation results [117] of three W columns with diverse 
orientation. Significantly, the columns with {100} top sur-
face orientation have enhanced capability to release more 
He atoms than columns of other orientations after high He 
fluence exposure, indicating that nanochannel W can be pre-
pared according to specific orientation to enhance the capac-
ity of releasing He atoms and delaying the fuzz structure.

4.4 � Challenge for nanoporous tungsten

Nanoporous W might be one of the most promising candi-
dates for PFM due to its excellent resistance to the swell-
ing caused by irradiated transmutation elements. Nanofoam 
and nanochannels structure reviewed above are nanoporous 
structure materials in the tolerant radiation field. However, 
several problems need to be overcome for the two kinds of 
porous structures before their further application:

Stable nanoporous structure is important to the applica-
tion of radiation. The size and uniformity of nanopore affect 
the damage distribution of nanofoam W, but the pores are 
generally obtained by chemical or electrochemical etching of 
tungsten alloy. On the other hand, tungsten columnar crys-
tals in nanochannel structure are considered to be metasta-
ble at high temperature, of which performance at elevated 
temperature needs to be further explored. The irradiation 

effect on the surface of tungsten shows obvious orientation 
correlation. Low index surface, especially surface {100}, 
own higher tolerance to irradiation damage, and better resist-
ance to the morphology change than other surface. Thus, 
the orientation of grains should be taken into account in 
constructing nanoporous tungsten.

5 � Summary and outlook

Nanostructured tungsten has attracted much attention due to 
its abundant grain boundaries, phase boundaries, and free 
surfaces, which is crucial in trapping defects, self-healing 
damage, or inhibiting the formation of “fuzz” structure when 
nanostructured tungsten is exposed to high-dose particles 
irradiation. There is a large amount of experimental evi-
dence that the defect density in nanostructured tungsten is 
significantly reduced, and a variety of calculation and sim-
ulation tools assist in the study of how interface interacts 
with defects. Seemingly, no panacea has been found because 
each of nanostructure has known or potential drawbacks. But 
impressive radiation tolerance and other valuable character-
istics determine the application prospect of nanostructured 
tungsten in future nuclear reactors. Several creative designs 
such as nanocrystalline, nanofilm, and nanoporous for the 
development of nanostructured tungsten exist that could 
dramatically improve the radiation resistance, though the 
mechanism of enhancing radiation resistance in three kinds 
of nanostructures is different.

Despite some exciting research in nanostructured tung-
sten for radiation resistance have been carried out, several 
problems remain to be solved. First of all, more irradiation 
experimental data are needed to evaluate the irradiation 
response of nanostructured tungsten to ensure these novel 
structural materials could work in their life span under harsh 
irradiation. Second, few studies have reported the reliability 
of nanostructures under the synergistic impact of high tem-
perature and irradiation. In the high-temperature environ-
ment of the fusion reactor, it is still suspected whether the 
nanostructures would fail during the service life. Finally, 
the difficulty of large-scale fabrication of nanostructured 
tungsten has always hindered the practical application. 
Some alternative ideas could be referenced to inspire the 
preparation of bulk-grade nanostructured tungsten with the 
innovation of manufacturing technology. In the future, based 
on overcoming the above problems, nanostructured tungsten 
is expected to bring new creativity and vitality in practical 
radiation resistance application.
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