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a b s t r a c t 

Bulk nanoporous tungsten as an extremely strong and low density nanocrystalline material was for the 

first time created to satisfy the need for advanced high performance materials that can endure harsh 

environments. Synthesis of nanoporous tungsten was achieved by a unique procedure involving severe 

plastic deformation of a coarse-grained tungsten-copper composite followed by selective dissolution of 

the nobler copper phase. The used ammonium persulfate etching solution, in which the less noble tung- 

sten is chemically stable, is proved to be effective in removing the nobler copper phase. A nanoporous mi- 

crostructure characterized by a network of interconnected nanocrystalline tungsten ligaments and inter- 

connected nanopores was obtained. Based on a high-resolution interface analysis, the underlined mech- 

anisms for formation of the nanoporous tungsten structure were elucidated. Moreover, using nanoin- 

dentation we demonstrate that, due to the nanoscale microstructure, the created nanoporous tungsten 

possesses outstanding strength, making it an attractive material for applications in radiation shielding. 

© 2019 Acta Materialia Inc. Published by Elsevier Ltd. 

This is an open access article under the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Tungsten (W) and W alloys are commonly applied as radiation

hielding materials in nuclear facilities [1] , medical diagnosis sys-

ems [2] , particle accelerators [3 , 4] , and many other circumstances

o protect personnel and sensitive equipment from radiation. In in-

ustrial projects, there are two main types of radiation requiring

hielding materials: (i) X and gamma-rays radiation; (ii) neutron

adiation. W and W alloys can effectively attenuate or absorb ion-

zing X- and gamma-rays radiation as W has a high atomic num-

er (Z) [5] . But in the neutron attenuation applications, their per-

ormance is quite ineffective, as the neutrons are uncharged and
Abbreviations: W, tungsten; GB, grain boundary; np, nanoporous; SPD, severe 

lastic deformation; HPT, high pressure torsion; nc, nanocrystalline; 3D, three- 

imensional; (NH 4 ) 2 S 2 O 8 , ammonium persulfate; WO 3 , tungsten oxides; NaOH, 

odium hydroxide; SEM, scanning electron microscope; EDX, energy dispersive X- 

ay spectrometer; FIB, focused ion beam; TEM, transmission electron microscope; 

F, bright field; HR, high resolution; STEM, scanning transmission electron micro- 

cope; SAED, selected area electron diffraction; FFT, fast Fourier transform; HAADF, 

igh-angle annular dark field; PB, phase boundary; CSM, continuous stiffness mea- 

urement. 
∗ Corresponding author. 

E-mail address: mingyue.zhao@unileoben.ac.at (M. Zhao). 
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an simply pass through them. On the contrary, materials com-

osed of low Z elements, such as the compounds of hydrogen

nd boron, are preferable for stopping this type of radiation be-

ause they have a higher probability of forming cross-section that

ill interact with the neutrons through elastic scattering. However,

he materials composed of low Z elements can emit gamma-rays

hen blocking neutrons, meaning that neutron radiation shielding

s most effective when it incorporates both high and low Z element

6] . 

W materials are presently considered as top candidates for

lasma-facing armor or shield component and as structural com-

onent in DEMO designs due to their mechanical strength, high

elting point, good thermal conductivity, high sputter threshold,

nd low sputtering yield [7] . For these applications, tungsten

ill be exposed to high doses of low energy helium and neutron

adiation of approximately hundreds of dpa for an anticipated 3–5

ear lifetime [8 , 9] , which leads to radiation damage denoted by

he formation of interstitial loops, dislocations, vacancy clusters,

elium bubbles and cavities [10 , 11] . The radiation damage alters

he mechanical properties [12 , 13] of the material and changes

ts microstructure [14–16] . The detrimental changes in mechan-

cal properties such as swelling [12] , embrittlement [17] and

ardening [18] can lead to failure of the components [12] . In
rticle under the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 
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order to extend the life time of current nuclear reactors and to

develop next generation nuclear reactors, it is essential to discover

novel materials or to alter the existing materials that resist the

microstructural damage and the consequent mechanical properties

degradation when exposed to extreme neutron or ion particle

irradiation [12] . 

Metallic foams (i.e. porous metals) are materials with the po-

tential to show radiation resistance as the free surfaces are per-

fect sinks for radiation-induced point defects. In the case of nu-

clear fuels, which develop a natural foam-forming tendency due to

fission gas accumulation, the idea of starting with a porous struc-

ture to accommodate the gas has been proposed for advanced fu-

els [19] . Metallic foams possess also a number of other positive at-

tributes such as low density, large surface area and excellent ther-

mal properties [20] . These properties render them as promising

candidates to be studied as future radiation shielding materials. In

general, there are three different types of metallic foams: open cell,

closed cell, or a combination of the two [21] . The open-cell foam,

comprising of a network of interconnected solid ligaments and in-

terconnected pores, allows the continuous penetration of the gas

or fluid media. By infiltrating the empty pores with hydrogen or

boron compounds, these open-cell metallic foams would possess

excellent radiation shielding capability in thermal neutron attenu-

ation experiments as well [22] . However, common open-cell metal-

lic foams (ligament size >> 500 nm) cannot meet the requirements

for their use as radiation-resistant materials especially in such ex-

treme environments as nuclear reactors, as their ligaments behave

as bulk materials and tend to accumulate damage, and their stiff-

ness and strength governed by cell wall bending for all loading

conditions is comparatively low [23] . 

Nanostructuring has long been known as a useful ductilization

and toughening strategy for W plasma-facing armor and structural

materials, as the yield strength significantly increases due to grain

size refinement [1 , 24 , 25] . Meanwhile, radiation-induced embrittle-

ment is mitigated by nanostructures that contain a high density

of sinks, such as grain boundaries (GBs) and free surfaces, so as

to annihilate radiation-induced point defects [26] and to trap He

[27] . Metallic foams with grains and pores at the nanoscale, i.e.

nanofoams, are therefore expected to exhibit excellent mechan-

ical properties and superior irradiation endurance, as they have

an extremely large amount of interfaces including GBs and free

surfaces. 

The integration of computer simulations and experiments on

model np Au films [28] show that, for a given temperature, there

exists a window in the foam parameter space of radiation dose

versus ligament size where such materials would show radiation

tolerance. The borders to this window arise from the combined

effect of two nanoscale characteristic length scales: (i) if the lig-

ament diameters are below the sizes of collision cascades (usu-

ally several nm), the ligament melts and breaks; (ii) once the

ligament diameters are above the distance that defects migrate

(depending on defects diffusivity) in the time interval between cas-

cades (depending on the dose rate), the ligament behaves as a bulk

material and tends to accumulate damage. In between these di-

mensions is the window of optimal length scales where the defect

migration to the ligament surface is faster than the time between

successive cascades, ensuring efficient defect recovery and radi-

ation resistance. In-situ TEM observation of nanoporous (np) Ag

(ligament size: 40 nm) [29] and np Au (ligament size: 30–50 nm)

[30] upon heavy Kr ion irradiation demonstrated their significantly

better radiation tolerance compared to the coarse-grained, fully

dense counterparts. 

Through a comprehensive study on the mechanical response of

the model np Au, Hodge et al. demonstrated that, when the liga-

ment size is below 500 nm, the foam strength follows a scaling law

that is governed by ligament size in addition to relative density
31] . That is, the yield strength of a metallic foam can simply be

ncreased by decreasing the ligament length scale [31 , 32] . For Au

oams with ligaments of 15 nm in diameter, the ligament strength

pproaches the theoretical strength of Au [32] . 

W seems to be ideally suited as a base material for such an

pen-cell nanofoam, however, it has not yet been created due to

ts less noble properties. Therefore, it would be of great value

nd scientific interest to tailor such a novel material, which com-

ines the beneficial properties of W with the positive attributes of

anofoams. Similar to np Au, np W is expected to have a ligament-

ize-dependent radiation resistance and mechanical behavior. In

his work, nanoporous W made of nanocrystalline W grains and

anoscale W ligaments will be created for achieving the potential

f extraordinary strength and concurrent radiation shielding capa-

ility. 

A classical method to obtain np structures is selective dissolu-

ion of less noble elements from an alloy by chemical [33] and

lectrochemical [34 , 35] dealloying, which was mostly applied to

oble model systems such as Au [33] , Ag [35] and Cu [33 , 34 , 36] .

n this work, we use a unique procedure involving severe plas-

ic deformation (SPD) of immiscible binary metal systems [37 , 38]

ollowed by selective phase dissolution of the unwanted phase.

his avoids the steps of alloying and dealloying in the classical

ethod and therefore lifts thermodynamic constraints. So far ultra-

ne porous Cu [39] and nanoporous Au [40 , 41] structures have

een successfully manufactured by utilizing this strategy. In this

rocedure, the second phase is the key for successful nanostructur-

ng via SPD and subsequent selective dissolution, which in general

as to fulfill four requirements: (i) immiscible with W to avoid al-

oying and dealloying; (ii) ductile and soft to compensate for the

rittle and hard W. Otherwise, SPD is challenging to proceed due

o the mechanical limitations of the used dies (e.g. anvils used in

igh pressure torsion, HPT) [42] ; (iii) chemically stable in air as

PD will be executed in air; (iv) more chemically active than W so

hat it can be selectively removed in a specific solution. Previous

ork indicates that the first three requirements can be easily ful-

lled by Cu. And W-Cu composites with an average grain size of

0–20 nm have been successfully fabricated by HPT at room tem-

erature [38 , 43 , 44] . The only concern is the last point, as W is less

oble than Cu according to the standard electrode potential [45] .

herefore, to achieve reverse phase dissolution (i.e., selectively re-

ove the noble Cu component and result in a porous structure of

he relatively active W component) turns out to be the challenge.

o far, it has been reported that the reverse phase dissolution can

e achieved by controlling the etching conditions, e.g. by employ-

ng a metallic melt instead of an aqueous solution [46] , or by using

n etching system in which the more active component is passi-

ated [47–49] . 

In general, the main objective of this work is to create novel

p W foams and to investigate their mechanical behavior. We will

rstly produce nanocrystalline (nc) W-Cu composites through a

nique fabrication route of SPD and then obtain the np W foam

tructures by fulfilling selective dissolution of the nobler Cu com-

onent using an etching solution system in which the less noble

 is chemically stable. Subsequently, we will characterize the mi-

rostructure of the created porous materials to analyze how the

tching solutions affect the resulting np structures. In many ra-

iation shielding applications, proper mechanical properties are a

rerequisite [50 , 51] . Therefore, here we use depth-sensing nanoin-

entation to study the mechanical properties of the created W

oam, as it enables determination of fundamental mechanical prop-

rties and parameters indicating the predominating deformation

echanism [31 , 40 , 41 , 52 , 53] . The yield strength and elastic mod-

lus of the created nanoporous W will be determined and com-

ared to the scaling law predictions of their macroscopic foam

ounterparts. 
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Fig. 1. Microstructure of the W-Cu composite before and after HPT: (a) SEM image of initial structure, (b) saturated microstructure after HPT (typically for radii ranging from 

∼1 to 4 mm), (c) microhardness before and after HPT. 
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Table 1 

Parameters used for porous W synthesis by reverse phase dissolution (i.e. selective 

dissolution of the nobler element) at room temperature. 

Etchant (NH 4 ) 2 S 2 O 8 (23 g/100 ml H 2 O) 

Etching mechanism Cu + (NH 4 ) 2 S 2 O 8 → CuSO 4 + (NH 4 ) 2 SO 4 

(NH 4 ) 2 S 2 O 8 + 2H 2 O → H 2 SO 4 + (NH 4 ) 2 SO 4 + H 2 O 2 

Cu + H 2 O 2 + H 2 SO 4 → CuSO 4 + H 2 O 

Etching time 1/6 HPT disk: 18 h; 

TEM sample: 18 h. 
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. Experimental procedures 

.1. Precursor synthesis 

The approach to fabricate nc W-Cu composites is via the SPD

ethod of HPT. A detailed introduction on HPT of immiscible

-Cu composite systems can be found in Refs. [38 , 43] . Due to

he immiscibility of W and Cu at ambient temperatures, sharp

/Cu interfaces are expected, which is beneficial to achieve a

airly pure W skeleton structure after dealloying. Coarse-grained

-20 wt.% Cu composite materials (see Fig. 1 a) purchased from

oodfellow ( England ) were used as starting material. This gives

 Cu volume percentage ratio of 35% and an W:Cu atomic ratio

f 58:42 (W 58 Cu 42 ). HPT was performed on discs with a diame-

er of 8 mm and a thickness of 0.8 ∼0.9 mm, and processed at a

ressure of 7.5 GPa with a rotational speed of 1.2 rpm for above

0 turns to reach a saturated structure (typically at radii rang-

ng from ∼1 to 4 mm, as revealed by microstructure observation

n Fig. 1 b and Vickers’ microhardness test in Fig. 1 c). The result-

ng product is a disk with a diameter of 8 mm and a thickness

f around 0.55 mm. Prior to reverse phase dissolution, an addi-

ional heat treatment was conducted at 300 °C for 1 h in a vac-

um furnace to reduce the amount of forced mechanical mix-

ng between W and Cu (about 5 at.% W dissolved in Cu and

 at.% Cu in W for W-25 wt.% Cu was estimated in Ref. [38] ). Note

hat 300 °C is around 30% of the melting point of Cu, even higher

eat treatment temperatures will potentially lead to coarsening of

he nc W-Cu composites, especially to preferential accumulation of

u phase. Prior to heat treatment, the fabricated composite sam-

les were subjected to grinding and mirror polishing on one side

or microstructural observations. As shown in Fig. 1 b, W and Cu

omponents are uniformly distributed and the grain sizes are sub-

tantially decreased after HPT, resulting in a significant microhard-

ess increase from ∼200 to ∼720 HV 0.5 ( Fig. 1 b). Note that for each

ata point shown in Fig. 1 c, at least 3 indents were performed at

 load of 500 g. 

.2. Foam processing 

Porous W structures were developed by free corrosion of the

c W-Cu precursor. In Table 1 , the used etching solution, the cor-

esponding chemical etching mechanism and the etching time are

iven. Ammonium persulfate ((NH 4 ) 2 S 2 O 8 ) was selected as etchant,

s its aqueous solution is often used to dissolve Cu products

54 , 55] , and meanwhile the less noble W turns out to be chemi-
ally stable against their attack. The applied concentration of the

sed etchant enables a relative high etching speed. Etching was

erformed by just immersing 1/6 HPT disk (with one side pol-

shed) into the etching solution for a certain time. Here we should

ote that all surfaces of the specimen were etched, as they were

ll surrounded by the etching solution. After wards, the samples

ere taken from the beaker and transferred into distilled water

or 30 min to remove the etchants. To remove tungsten oxides

WO 3 ) possibly formed because of hydrogen evolutional corrosion,

amples were additionally immersed into 2 wt.% sodium hydrox-

de (NaOH) for 30 min, and eventually washed several times in dis-

illed water and dried by warm air. Visual inspection showed that

he samples lost their original metallic luster after etching, but no

racking or fragmentation was detected. 

.3. Microstructural characterization 

The microstructure is characterized by a scanning electron mi-

roscope (SEM, LEO 1525, Carl Zeiss GmbH, Germany ) equipped with

n energy dispersive X-ray spectrometer (EDX). Prior to SEM ob-

ervation, the surfaces were subjected to mechanical grinding by

iC paper and chemo-mechanical polishing by silicic acid solution.

ere the polished surface of porous metals was obtained by polish-

ng before etching. A femtosecond laser system [56] was used to

roduce cross-section specimens for sub-surface observation. The

aser system contains a focused ion beam column ( Orsay Physics

a + ion FIB ) and an integrated femtosecond laser (OneFive Origami

0XP ). The femtosecond laser offers a fast processing of arbitrary

tructures, while the FIB allows a precise rework. Through EDX

nalysis, the overall composition of the investigated materials was

etermined. 

A transmission electron microscope (TEM) JEOL 2100F ( JEOL,

okyo, Japan ) operating at 200 kV was used for acquiring bright

eld (BF) and high-resolution (HR) TEM images. A TEM JEOL

200F also operating at 200 kV was used for acquiring scanning
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Fig. 2. Cross-sections of the nanocrystalline W-Cu precursor after etching in (NH 4 ) 2 S 2 O 8 for 18 h. (a): Femtosecond laser processed cross-section. (b): FIB reworked cross- 

section. The etching front is marked by a yellow dashed line. (c): Schematic drawing showing the location of the observed cross-section in the specimen. (For interpretation 

of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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TEM (STEM) images. TEM samples were prepared by mechanical

polishing, dimpling with diamond paste as well as final Ar ion

milling. The phase constitution and crystalline nature (single crys-

talline or polycrystalline) were determined by selected area elec-

tron diffraction (SAED). BF-TEM and HR-TEM analyses were utilized

to document the microstructure on a nanometer scale. From HR-

EM images and the corresponding Fast Fourier Transform (FFT)

patterns, lattice features (fringes) and spacings of the nanomate-

rial structure within the area of interest can be clearly seen, thus

further discerning the crystalline nature and obtaining information

on lattice defects. The combination of EDX mapping with STEM us-

ing a high-angle annular dark field (HAADF) mode was used to ac-

quire the compositional information at the nanoscale especially at

the interfaces (including GBs and phase boundaries (PBs)). 

2.4. Mechanical testing 

The mechanical properties, including the deformation behav-

ior under compressive stress, yield strength and Young’s modu-

lus, were obtained by depth-sensing nanoindentation using a G200

Nanoindenter ( KLA Corporation, USA ) equipped with a Berkovich

tip from Synton-MDP (Switzerland). Indentations were applied on

the specimen surfaces polished before selective phase dissolution.

For each specimen, 10 nanoindentation tests were conducted for

ensuring the test accuracy and minimizing the experimental er-

rors. All nanoindentation experiments were performed with a con-

stant strain rate of 0.05 s −1 . The continuous stiffness measurement

(CSM) method was applied to track hardness and modulus as a

function of the indentation depth. 

3. Experimental results 

3.1. SEM microstructure observation 

As the goal is to create a nanoporous bulk material, the depth-

depended evolution of porosity is considered in Fig. 2 a and b.

Fig. 2 c is a schematic drawing showing the location of the ob-

served specimen cross-section. Note that the distances in the verti-

cal direction of Fig. 2 a and b are compressed by a factor of 0.71, as

the cross-sections were horizontally titled by ∼45 ° with respect to

the viewing plane. The femtosecond laser processed cross-section

is shown in Fig. 2 a, where two layers with different morphology

are clearly observed for each sample. EDX analysis indicates that

Cu is absent in the as-etched region (upper layer, with a thick-

ness of ∼15 μm), confirming a complete removal of Cu via the

(NH 4 ) 2 S 2 O 8 etching solution. This also indicates that the formed

pores after the removal of Cu are interconnected, ensuring the

deeper permeation of etching solution into the specimen and thus

leading to an open-cell W foam structure in the as-etched re-

gion. The different appearances in as-etched and unetched regions
 Fig. 2 a) are probably due to the different ablation characteristics

f nc W-Cu precursor and porous W during the laser ablation pro-

ess. Besides, a homogeneous permeation of etching solution over

he observed sample surface area is noticed, as the etching front

ppears rather parallel to the etched surface. The FIB reworked

ross-section is given in Fig. 2 b. It clearly unveils the porous struc-

ure nearby the etching front. In the as-etched region, pores are

hown as dark contrast and uniformly distributed in the W matrix.

.2. TEM characterization of various nanostructures 

As noticed from Fig. 2 , the formed pores and ligaments in

NH 4 ) 2 S 2 O 8 are much finer and challenging to resolve in the SEM

mages. Thus, to unveil the nanostructure of the nc W-Cu precursor

 Fig. 1 b) and np W produced using (NH 4 ) 2 S 2 O 8 solution ( Fig. 2 b),

EM techniques are employed. The observed surfaces in Fig. 3 are

arallel to the HPT disk and located in the microstructure saturated

egion. Fig. 3 a and e are STEM images using HAADF mode, which

ive a good mass contrast to distinguish different phases. As indi-

ated by SAED patterns in Fig. 3 d and h, the polycrystalline nature

f the W grains remains unchanged. The absence of Cu phase in

ig. 3 h demonstrates a complete removal of Cu in the as-etched nc

-Cu. This is in a good agreement with EDX analysis at the sub-

urface ( Fig. 2 ). From the SAED pattern analysis, the bright phase in

ig. 3 a and e are deduced to be W grains, which in unetched state

 Fig. 3 a) show no observable difference in both size and morphol-

gy from the as-etched condition ( Fig. 3 e). Thus, the morphology

nd size of W grains in nc W-Cu precursor are conserved into the

esulting np W. Fig. 3 b and c are low-mag and high-mag BF-TEM

mages of the nc W-Cu precursor, respectively. Many grains with

n average size of ∼15 nm are observed. Fig. 3 f and g show the

p W structures acquired by using (NH 4 ) 2 S 2 O 8 etching solution. It

s characterized by interconnected pores with an average size of

0 nm and ligaments comprising of 1–3 W grains ( ∼15–45 nm, on

verage 25 nm). As selective dissolution of Cu was processed with-

ut noticeably changing the grain structures, i.e., Cu nanoparticles

re in-situ substituted by nanopores during the etching process,

he pore size in the np W ( Fig. 3 e-g) is roughly regarded as the

ize of the Cu nanoparticles in the nc W-Cu precursor ( Fig. 3 a–c). 

Fig. 4 shows an EDX mapping of the nc W-Cu precursor cou-

led with HAADF-STEM imaging, from which the distribution of

etected elements (including W, Cu and O) are clearly revealed.

ig. 4 c indicates that the grains with a bright contrast and the

atrix with a dark contrast in Fig. 4 a are W and Cu, respectively.

he grains detected in Fig. 4 b and c with an average size of

15 nm are thus confirmed to be W grains. Three categories of

 grains are herein observed: (i) W grains connected by type I

B, e.g., W grain 1 and 2 in Fig. 4 a, (ii) W grains connected by

ype II GB, i.e., an intermediate layer consisting of W, Cu and

 elements ( Fig. 4 a, marked by a yellow double headed arrow),
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Fig. 3. Nanocrystalline W-Cu precursor (a–d) and nanoporous W (e–h). (a) and (e): STEM-HAADF images, (b) and (f): BF-TEM images, (c) and (g): higher magnified BF-TEM 

images, (d) and (h): SAED patterns. Note the dark contrast phases in (a) and (e) are Cu and pores, respectively. 

Fig. 4. Chemical composition distribution of W, Cu and O in the nanocrystalline W-Cu precursor: (a) HAADF-STEM image, (b) multiple element EDX mapping, (c) separated 

view of W, Cu and O. The double headed arrows with different colors represent different types of intermediate layers between two adjacent W grains. Two closely connected 

W grains are marked with number 1 and 2. 
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iii) W grains separated by Cu nanoparticles ( Fig. 4 a, marked by

 red double-headed arrow). In Fig. 4 b W/Cu PBs are shown as

 layer consisting W, Cu and O elements. Moreover, from the

AADF-STEM image ( Fig. 4 a) it is noticed that the brittle W

rains are discontinuously distributed in the ductile Cu matrix.

his is quite understandable because in the HPT process of hard-

oft immiscible systems, the deformation is governed by strong

lasticity in the softer Cu phase, together with heavy elongation

nd repeated fracture of the harder W particles [37 , 57] . HR-TEM

mages shown in Fig. 5 reveal the crystal lattice at the interfaces.
ig. 5 a shows a clean and sharp W GB, which corresponds to type

 GB in Fig. 4 a. The type II GB and W/Cu PB in Fig. 4 a are revealed

s intermediate layers with a thickness of ∼1–3 nm ( Fig. 5 b) and

1–2 nm ( Fig. 5 c), respectively. Due to the coexistence of W, Cu

nd O elements ( Fig. 3 b and c), type II GBs ( Fig. 5 b) and W/Cu PBs

 Fig. 5 c) exhibit lattice structures completely different from the W

nd Cu grains. HR-TEM images in Fig. 6 show the crystal lattice

f the tailored np W. W grains in the regions around the pore are

onnected by low-defective W GBs (i.e., type I W GB). No type II

 GBs are observed in the tailored np W ( Fig. 6 a). As shown in
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Fig. 5. HR-TEM images of nanocrystalline W-Cu precursor showing: (a) type I W GB, (b) type II W GB, (c) W/Cu PB. The FFT patterns for different grains are displayed below 

the corresponding HR-TEM image. White dashed lines are the indications for the regions of type II W GB and W/Cu PB. 

Fig. 6. (a) HR-TEM image of np W showing the lattice structures around a pore. W GBs are indicated by yellow dashed lines. A highly distorted area along the free surface 

(i.e. pore/W interface) is highlighted by a blue dashed line. (b) Higher magnified HR-TEM image showing the blue rectangular area given in (a). (For interpretation of the 

references to colour in this figure legend, the reader is referred to the web version of this article.) 
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detail in Fig. 6 b, the W/pore interface (i.e., W free surface) appears

to have many atomic kinks and lattice defects. 

3.3. Nanoindentation test 

Fig. 7 a shows the load-displacement ( P-h ) indentation curves

obtained from nanoindentation tests on the polished surface

of the created W nanofoam. Solid nc W fabricated by HPT of

coarse-grained, fully dense W at 300 °C with a saturated grain

size of 130 nm is taken as a reference and compared to the

created W nanofoam. As the goal of nanoindentation is to sense

the mechanical response of an ensamble of ligaments and pores

instead of the individual ligaments, an indentation depth deep

enough to characterize the strength of the foams is a necessary

prerequisite [58] . Therefore, based on the ligament size of the

tested materials, a peak load of 670 mN was applied for the solid

nc W, resulting in maximum indentation depths around 20 0 0 nm.

For the np W, the maximum indentation depth was controlled to
0 0 0 nm, corresponding to an applied peak load of ∼110 mN. Note

hat these two indent depths correspond to approximately 13%

nd 7% of the total thickness of the as-etched layers, respectively.

he loading sections of the P-h curves for different indents on

he sample surface are often overlapped, indicating a good repro-

ucibility of the experiments. Fig. 7 b and c show residual indent

mpressions on the polished surface. In comparison to the solid

c W ( Fig. 7 c), the residual indent impression of the created W

anofoam ( Fig. 7 b) reveals that the deformation is contained in

he contact area with the involvement of minor cracking near the

urface. Neither pileup of material nor deformation adjacent to the

esidual impression was observed. 

The hardness and reduced Young’s modulus values were cal-

ulated by analyzing the P-h indentation curves using the Oliver-

harr method [59] , and displayed in Fig. 8 a and b versus dis-

lacement, respectively. The np W shows a nanoindentation behav-

or similar to the solid nc W. At indentation depths smaller than

50 nm, the np W and solid nc W appear to be harder than at

arger indentation depths, which could be due to the indentation
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Fig. 7. Nanoindentation experiments on the polished surface of the created np W in comparison to solid nc W: (a) load versus displacement curves using a Berkovich tip, 

(b-c) SEM micrographs of the residual indent impressions. 

Fig. 8. Nanoindentation experiments on the polished surface of the created np W 

in comparison to the solid nc W: (a) hardness versus displacement, (b) reduced 

modulus versus displacement. 
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ize effect [60] or contact imperfections. For indentation depths in

xcess of ∼500 nm, an almost constant hardness of ∼5.3( ±0.3) GPa

nd ∼10.3( ±0.3) GPa is observed for the np W and the solid nc W,

espectively. As observed in Fig. 8 b, the reduced Young’s modulus

f the np W and solid nc W remains constant at 120.8 ± 5.8 GPa

t indentation depths between 200 and 500 nm and at 335.8( ±9.9)

Pa at indentation depths ranging from 500 to 1500 nm, respec-

ively. 

Since the hardness H is proportional to the indentation flow

tress σ via the constraint factor C ∗ by H = C ∗• σ [61] , the strength

as assessed from the hardness values obtained by the indenta-

ion experiments described above. The value of C ∗ is related to
he morphology of the plastic zone underneath the indenter tip

nd strongly depends on Poission’s ratio v [21 , 62] . In the case of

ense materials ( v = 0.28 for solid W [63] ), the yield strength σ s 

s related to the hardness H by σ s = 1/3 H ( C ∗ = 3). Thus, the yield

trength assessed from the hardness data is 3.4 GPa for the solid nc

. However, in the case of porous metals, the determination of C ∗

emands some more considerations. The Poisson’s ratio υ f for the

ailored np W foam with a porosity of 0.35 could be predicted by

ollowing the analytical model developed by Pal for a concentrated

ore-solid composite [63 , 64] : 

f (ϕ) = (1 + υ0 ) 
(

1 − ϕ 

ϕ max 

)ϕ max / 4 

− 1 (1)

here, ϕ is the porosity level, ϕmax is the maximum packing vol-

me fraction of pores with spherical or near spherical morphol-

gy, v 0 is the Poisson’s ratio of the solid, i.e., 0.28 [63] . For the tai-

ored np W, the maximum packing volume fraction of pores ϕmax 

s taken as 0.637 for random close packing of monosized spheri-

al pores in the analytical model [63] . Thus, the Poisson’s ratio υ f 

s analytically predicted as 0.127 by Eq. (1) , which lays between

hat of fully dense W ( v = 0.28 [63] ) and of a low-porosity W cel-

ular solid ( v = 0 [21] ). This non-zero Poisson’s ratio for np foams

s also reported by Balk et al. [65] , whose tensile and compression

ests indicated a Poission ratio about 0.16 for np Au. According to

ef. [62] , in which the constraint factor C ∗ is described to increase

apidly from unity toward the standard quoted value of 3 as the

ossion’s ratio increases from zero, v = 0.127 results in a constraint

actor C ∗ of ∼2.6. Accordingly, a yield strength of 2.04 GPa is de-

ermined. The yield strength of macroscopic W foam counterparts

i.e. open-cell W materials with porosity at length scales larger

han that of nanoporous foams) can be predicted by the Gibson

nd Ashby scaling law: 

∗ = C 1 σs 

(
ρ∗

ρs 

)n 

(2) 

here σ s and ρs are the yield strength and the density of the fully

ense material, and ρ∗ is the density of porous W [21] . ρ∗/ ρs is the

elative density of porous W, and C 1 and n are constants. The pro-

ortionality C describes the cell geometry and density exponent
1 
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Fig. 9. Schematic illustration for the formation of nanoporous W structure by selec- 

tive phase dissolution of the nanocrystalline W-Cu precursor in (NH 4 ) 2 S 2 O 8 etching 

solution. Cu grains are located respectively at the left and right sides of W grains. 

A diffusion of W atoms over a short range takes place for the formation of strong 

low-defective W GBs. 
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n depends on the formation mechanism of the cell. Experimental

data indicates that a wide range of open-cell foam materials can be

adequately described by C 1 = 0.3 and n = 1.5 [21] . Using the yield

strength of the solid pure W with an average grain size of ∼130 nm

( σ s = 3.4 GPa), the scaling law predicts that the yield strength of

macroscopic foam W with a relative density of 0.65 is 0.53 GPa. In

comparison, the tailored np W exhibits a yield strength ∼3.8 times

higher than the scaling law predicted macroscopic W foam. This

discrepancy is likely to be influenced by mechanical size effects

(i.e. differences in grain/ligament sizes), which will be discussed in

Section 4.2. 

The Young’s modulus of the np W and the solid nc W is ex-

tracted from the unloading curves based on the standard expres-

sion of nanoindentation theory [59] , which takes both the elastic

response of the indenter and indented material into account: 

1 

E r (ϕ) 
= 

1 − υ2 
d 

E d 
+ 

1 − υ2 
f 
(ϕ) 

E f (ϕ) 
(3)

The elastic modulus E d and Poisson’s ratio v d of diamond were

used for the indenter properties, i.e., E d = 1140 GPa and v d = 0.07

[40] . The reduced Young’s modulus of the tailored np W and solid

nc W is measured as 120.8 and 335.8 GPa, respectively, resulting in

a Young’s modulus of 133.0 and 437.3 GPa as described by Eq. (3) .

In analogy to Eq. (2) , the Young’s modulus of the macroscopic W

foam counterparts can also be predicted by the Gibson and Ashby

scaling law: 

E ∗ = C 2 E s 

(
ρ∗

ρs 

)n 

(4)

where E s is the Young’s modulus of the solid W, the proportionality

constant C 2 describes the cell geometry and the density exponent

n describes the elastic cell formation via ligament bending [21] .

Experimental data obtained from open-cell foam materials are usu-

ally well fitted by using C 2 = 1 and n = 2. Using the Young’s mod-

ulus of the solid pure W with an average grain size of 130 nm as

a reference, the scaling law predicts a Young’s modulus of 184 GPa

for the macroscopic W foam, which is in the same order of mag-

nitude as the determined one for the np W (133 GPa). 

4. Discussion 

As introduced before, the (NH 4 ) 2 S 2 O 8 solutions can be utilized

for the successful removal of the nobler Cu phase in the fabricated

nc W-Cu precursor. It is well known that the formation of a np

structure is a thermally activated process and that the nanoporos-

ity evolution is controlled by surface diffusion of the remaining

element along the metal/solution interfaces [65–67] . Therefore, in

this section the formation mechanism for the porous structure is

elucidated based on the Arrhenius equation for surface diffusion

[68] . Moreover, nanoindentation tests revealed that the np W cre-

ated by using (NH 4 ) 2 S 2 O 8 solution exhibits an outstanding yield

strength outperforming scaling law predictions of the macroscopic

W foams. Thus, at the end of this section, the ultra-high strength

in the created np W foams are interpreted. 

4.1. Porous structure formation mechanism 

Fig. 3 shows that the grain size and structure of the nc W-Cu

precursor are retained into the created np W by using (NH 4 ) 2 S 2 O 8 

etching solution. This indicates that the (NH 4 ) 2 S 2 O 8 solution has

little influence on the surface diffusion of W atoms. Thus, the vol-

ume percentage, size and distribution of the second Cu phase in

the nc W-Cu precursors are very important for the final np W

structures when using (NH 4 ) 2 S 2 O 8 as the etchant. 

The high-resolution microstructure observations for the nc W-

Cu precursor and the created np W ( Figs. 3 –6 ) indicates a local sur-

face diffusion of W atoms over a short distance during the etching
rocess. Such a surface diffusion is deduced to take place at type II

 GBs ( Fig. 5 b) and W/Cu PBs ( Fig. 5 c) at the nanoscale. As illus-

rated in Fig. 9 , adatoms, step adatoms and kink atoms described in

he terrace ledge kink model [69] (displayed as dark grey spheres)

re formed along these interfaces after Cu atoms (shown as orange

pheres) are etched away. As compared to the surface and bulk W

toms (shown as bright grey spheres), these atoms are much more

obile, as fewer bonds need to be broken to form an adatom-

acancy pair, leading to a decrease in the activation energy for sur-

ace diffusion [69] . Driven by the reduction of surface free energy

70] , the rearrangement of these mobile W atoms occurs to form

ow-defective W GBs instead of defect-rich W GBs ( Fig. 6 ). 

Figs. 4 and 5 reveal the existence of Cu at type II W GBs and

/Cu PBs in the nc W-Cu precursor. This can be explained by the

orced mutual solid solution of W and Cu during HPT and subse-

uent insufficient annealing (300 °C for 1 h). Moreover, a low con-

entration of O, preferably at type II W GBs and W/Cu PBs, is un-

xpectedly detected. The low amount of O detected in the regions

f W and Cu grains is quite understandable, as the surface may get

xidized during and after TEM specimen preparation. A more care-

ul observation of Fig. 4 c shows that O is much more detectable in

 than in Cu. This phenomenon is quite abnormal, as in compar-

son to W, Cu is more active in the reaction with O and tends to

ave a higher solubility with O. As seen in Fig. 4 a, which displays

 good depth contrast, W is much thicker than Cu because W is

ore sputtering-resistant to the bombardment of Ar ions during

he TEM sample preparation by Ar ion beam thinning. A thicker W

ayer gives more O signal than the thinner one. Therefore, such an

bnormal phenomenon is presumably caused by the thickness dif-

erence in the two different phases, which apparently overwhelms

he difference in the chemical activity and solubility. The O origi-

ally existing in the coarse-grained W-Cu (trace amount, not being

ble to be detected by EDX analysis, introduced during its produc-

ion history) probably contributes to the comparatively high O con-

entration at type II W GBs and W/Cu PBs ( Fig. 4 ), as O tends to

egregate preferentially at interfaces instead of inside grains during

he fabrication [71–73] . 

According to the phase diagram of W-O [74] and Cu-O [75] ,

he existing phases at low oxygen levels should be W, Cu, WO 3 

nd Cu 2 O. Assuming that the oxygen-containing intermediate lay-

rs (including type II W GBs and W/Cu PBs) consist of an ∼1 nm
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O 3 layer around W grains (15 nm on average) and ∼1 nm Cu 2 O

ayer on Cu grains (20 nm on average), a simple calculation based

n mixture rules gives an oxygen amount of 0.58 wt.% (4.8 at.%).

his value is actually much higher than the real value, as the lattice

tructure in Fig. 5 shows that Cu and W at type II W GBs and W/Cu

Bs are not fully oxidized. However this overestimated O value

onfirms that oxygen is at a low level state and would exist as

O 3 and Cu 2 O. Impurities such as O would decrease the strength

f W GBs and thus embrittle W based materials [76] . However, as

emonstrated by the high-resolution interface analysis ( Figs. 5 and

 ), the detrimental O can be removed presumably in the form of

u 2 O during the etching process and possibly as WO 3 during the

mmersing in NaOH solution. 

.2. Interpretation of the ultra-high strength 

The residual nanoindentation impressions in Fig. 7 reveal that

he deformation of the created np foam is confined to the area

nder the indenter with the involvement of minor cracking near

he surface. This indicates that the residual impression of the np

 is predominantly the result of plastic flow and the ligaments

n the np W are plastically deformable [58] . In analogy to np Au

oams [32 , 77 , 79] , the deviation in the yield strength from the scal-

ng law predicted macroscopic foam counterparts is also noticed

or the tailored np W foams. The Gibson and Ashby scaling law is

redominantly valid for homogeneous macroscopic foam structures

ith ligaments L >> 500 nm and relative density ρ∗/ ρs < 0.1 [31] .

or the tailored W foam with a ligament size of 25 nm and a rel-

tive density of 0.65, as interpreted below in detail, the observed

ifferences between the experimental data and the Ashby and Gib-

on model predictions are due to its nanoscale microstructure and

ts high relative density. 

Many researchers have observed that the effect of ligament size

n ligament strength is evident when the ligament size is at the

anoscale [31 , 78 , 79] . There are also several explanations for such a

ize effect [31 , 80 , 81] . Based on the research of the plastic behavior

f np Au foams, Hodge et al. revealed that the yield strength of the

ndividual ligaments ( σ lig ) is dependent on the ligament size ( L ) by

ollowing the Hall-Petch-like equation given below [31] : 

lig = σ + k L −1 / 2 (5) 

here k is a material constant. By incorporating Eq. (5) into

shby and Gibson’s model expression, a new scaling law given as

q. (6) is formed [31] : 

∗ = 0 . 3 

(
ρ∗

ρs 

)3 / 2 

(σ + k L −1 / 2 ) (6)

However, this new scaling law is accurately applied to np foams

ith a relative density lower than 0.3 [31] . At even higher relative

ensities, Eq. (7) including the corrections to the equation of the

ensity is developed to better rationalize the observed differences

etween the experimental data and Ashby and Gibson’s model pre-

ictions [82] : 

∗ = 0 . 23 

(
ρ∗

ρs 

)3 / 2 
[

1 + 

(
ρ∗

ρs 

)1 / 2 
]
(σ + k L −1 / 2 ) (7)

For the tailored np W with a relative density of 0.65 and an

verage ligament size of 25 nm, the Hall-Petch constants for tung-

ten ( H 0 = 350 kg/mm 

2 , k y = 10 kg/mm 

−3/2 , given in terms of hard-

ess) [83] were used for the yield stress calculation of the indi-

idual ligaments by applying Eq. (5) . As a result, a yield strength

f 1.21 and 1.67 GPa is predicted by Eqs. (6) and (7) for the tai-

ored np W, respectively. In comparison to 0.53 GPa predicted by

ibson and Ashby scaling law for the macroscopic foam counter-

arts, it is noticed that the nanoscale ligament size contributes

ominantly to the ultra-high yield strength of the tailored np W
oam. Eq. (7) provides a better fit to the experimentally deter-

ined strength value (2.04 GPa), revealing the high relative density

lays also a role to the ultra-high strength. Moreover, it should be

entioned that the ligaments produced by the used unique foam

rocessing method have a distinct nanocrystalline structure. Thus,

he nanostructured grains in the np W would act as an additional

trengthening effect, since the high density of GBs would effec-

ively inhibit the transmission of dislocations from adjacent grains,

esulting in dislocation pile-up and thus even higher yield stresses.

. Conclusions 

Aiming to satisfy the need for advanced high performance ma-

erials that can endure harsh irradiation environments, nanoporous

 with ultra-strong ligaments is created by applying a unique

echnique. This consists of the fabrication of nanocrystalline W-Cu

recursors by severe plastic deformation and reverse selective dis-

olution of the nobler Cu phase. The research results show that

n the used (NH 4 ) 2 S 2 O 8 etching solutions Cu can be efficiently re-

oved while the less noble W stays unattacked. Moreover, the W

rain structure of the nanocrystalline W-Cu precursor is well re-

ained during the etching process, indicating that the (NH 4 ) 2 S 2 O 8 

olution has little influence on the surface diffusion of W atoms.

evertheless, owing to the creation of mobile W atoms at the in-

erfaces after the removal of Cu atoms, surface diffusion over a

hort range occurs to form low-defective W grain boundaries. As

 result, strong-bonded and interconnected W ligaments consist-

ng of 1–3 W nanocrystals are formed in the tailored porous struc-

ure. Nanoindentation tests reveal that the yield strength of the

anoporous W reaches up to 2.04 GPa, which is ∼3.8 times higher

han the Gibson and Ashby scaling law predictions of the macro-

copic foam counterparts. By adopting new scaling equations to

ationalize the deviation between the experimental data and the

ibson and Ashby scaling law predictions, it is revealed that the

ltra-high strength of the tailored nanoporous W is derived from

ts nanoscale ligament size, its high relative density and its distinct

anocrystalline architecture. 

It is worth to mention that, by adopting the new scaling laws

roposed by Hodge [31] and Fan [82] et al., this work provides an

xplanation for the discrepancy in the yield strength between the

xperimental values and the Gibson-Ashby scaling law prediction

alues. However, as the relative density and the internal structures

e.g. ligament size) of the created nanoporous W are not varied,

he rationality of the adopted new scaling laws in predicting the

ield strength of nanoporous W with different relative densities

nd internal structures remains an open question. Therefore, in our

uture work, nanoporous W with tunable relative densities will be

eveloped by using different nc W 1-x Cu x (X, the weight percentage

f Cu) precursors, which are produced by severe plastic deforma-

ion of W 1-x Cu x powers or bulk composites. Besides, to investigate

he link of internal porous structure to the mechanical properties,

orous W with coarsened ligament sizes may be developed by vac-

um thermal dealloying [84] of a nc W 1-x Cu x percursor at varying

emperatures. As the grain textures changes with the degree of the

evere plastic deformation [37 , 38] , reverse phase dissolution of a

oarse-grained W 1-x Cu x with different severe plastic deformation

ay be an another option to create porous W for addressing the

nternal structure influence on the mechanical properties of metal-

ic foams. 

This work for the first time evolves the fabrication of low den-

ity and ultra-strong nanoporous W on a bulk scale. Moreover, it

s worth pointing out that the developed reverse phase dissolution

ethod is generally applicable. Thus, it will facilitate developments

f other attractive nanoporous active metals which are difficult to

btain using a classical electrochemical dealloying approach. The

romising mechanical results of nanoporous tungsten will serve as
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a foundation for forthcoming related scientific studies and engi-

neering applications. The created nanoporous tungsten itself serves

an model for promoting our basic understanding of foam response

in an extreme radiation environment. 
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