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Tungsten–potassium (WK) alloy with ultrafine/fine grains and nano-K bubbles is fabricated through spark plasma
sintering (SPS) and rolling process. In this study, 3-MeV W2+ ion irradiation with a tandem accelerator is adopted to sim-
ulate the displacement damage caused by neutrons. As the depth of irradiation damage layer is limited to only 500 nm, the
hardening behaviors of WK alloy and ITER (International Thermonuclear Experimental Reactor)-W under several damage
levels are investigated through Bercovich tip nanoindentation test and other morphological characterizations. The indenter
size effect (ISE), soft substrate effect (SSE), and damage gradient effect (DGE) are found to influence the measurement of
nano-hardness. Few or no pop-ins in irradiated samples are observed while visible pop-in events take place in unirradiated
metals. Extensive pile-up with different morphology features around the indentation exists in both WK and ITER-W. The
WK shows a smaller hardness increment than ITER-W under the same condition of displacement damage. This study
provides beneficial information for WK alloy serving as a promising plasma facing materials (PFMs) candidate.

Keywords: irradiation harden, spark plasma sintering, WK alloy, nanoindentation
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1. Introduction

International Thermonuclear Experimental Reactor
(ITER) is a meaningful way to solve the current energy crisis
considering fossil energy consumption and intractable long-
lived radioactive waste in the nuclear fission industry.[1] How-
ever, the core materials in ITER usually serve in complex
environments, especially the plasma facing materials (PFMs)
which are always subjected to thermal shock, plasma irra-
diation, and neutron irradiation.[2–5] Therefore, the develop-
ment of PFMs with excellent performance is the prerequisite
for the ITER project. Tungsten (W) is expected to be one
of the most promising candidates serving as PFMs in ITER
due to the high level of melting point (∼ 3420 ◦C), density
(∼ 19.25 g/cm3), thermal conductivity (∼ 170 W/m·K), high-
temperature strength, sputtering thresholds, and irradiation
resistance.[6]

Despite these intrinsic advantages mentioned above, W
needs to be further investigated in order to meet specific re-
quirements in engineering. The WK alloy (potassium-doped
tungsten/K-bubble W) was initially developed from the elec-
tric filament industry. The researches of Coolidge (powder

metallurgy tungsten processing, 1909), Pacz (the non-sagging
tungsten, 1917), and Tury (the AKS-doping of tungsten, 1931)
all played a great promotion role in developing the K-doped W.
The strengthening mechanism of non-sagging tungsten (potas-
sium bubble strengthening) was not verified by Wronski et
al. until the 1960’s.[7,8] Tungsten–potassium (WK) alloy has
proved to be another potential candidate for PFMs, due to
its excellent mechanical properties, high thermal shock resis-
tance, and low hydrogen retention. In general, the displace-
ment damage of PFMs caused by high energy particles in fu-
sion reactor is of major concern in engineering requirements.
Especially, irradiation hardening of W alloys in PFM’s service
conditions (including 14-MeV neutron irradiation) is one of
the most critical issues of degradation in nuclear fusion mate-
rials. Moreover, tungsten will mainly transmute to rhenium,
osmium, etc. by neuron bombardment in the fusion envi-
ronment. This change of composition will cause detrimental
or beneficial influence on W-based PFMs. Additionally, the
light-nuclei elements produced in transmutation can introduce
extra brittleness. Displacement damage and transmutation in-
duced by neutron both have an important influence on mate-
rial properties. It has been shown that the neutron-irradiated
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W and tungsten–rhenium alloy exhibit substantial irradiation
hardening. It was also confirmed that the dominant irradiation
defects such as dislocation loops and small clusters will evolve
into single-crystal bulk W and polycrystalline W foils during
neutron irradiation.[3,5,9–12]

However, since high neutron doses are very time-
consuming (a few displacements per atom per year), ion ir-
radiations are usually utilized to simulate the displacement
damage of neutrons. In the 1980s, Zinkle published the first
paper about the study of the irradiation hardening behav-
iors of nuclear materials through ion irradiations and nanoin-
dentation tests.[13] The depth-dependence in the hardness on
ion-irradiated steels was investigated by nanoindentation tests
through continuous stiffness measurement (CSM). The rela-
tions between the damaged microstructure of W-based alloys
and parameters of self-ion irradiation were reported in the pre-
vious investigations.[14–16] Most of these obtained results fo-
cused on the depth-dependence or damage to microstructure of
irradiation in tungsten or ferritic alloys, but little attention was
paid to the comparison of hardening behaviors between ITER-
W (tungsten materials which meet the specification defined by
ITER Organization) and WK alloy irradiated by self-ions. Our
previous studies have discussed the design of doping phases
and SPS preparation process optimizations.[17,18]

Here in this work, SPSed WK alloy is further rolled to
improve its mechanical properties. We study the irradiation
hardening behaviors of WK alloy and ITER-W irradiated by
3-MeV W2+ ions through nanoindentation technique because
the depth of irradiation damage is usually limited in the or-
der of micron meters. Hardening data obtained from a CSM
nanoindentation technique with Berkovich pyramidal tips are
analyzed and discussed in detail. Moreover, the pop-in events
and pile-up phenomena as a function of ion dose are investi-
gated as well.

2. Materials and methods
2.1. Preparation of WK alloy

Commercial AKS (Al–K–Si)-doped tungsten powder
(purity> 99.9%, average particle size 3.28 µm, Zigong Ce-
mented Carbide Corporation) was used as raw material.
Firstly, the prepared powder was pre-compacted at 80 MPa
to form a block in a graphite die. Then the following sinter-
ing process was carried out in sequence: the entire graphite
die was moved into an SPS chamber and heated up to 1750 ◦C
at a heating rate of 100 ◦C /min. After being maintained for
3 min, the system was self-cooled to the room temperature in-
side the chamber. The detailed sintering parameters can be
found elsewhere.[17,18] After sintering, the WK bulk with rel-
ative density> 97% was multi-pass continuously rolled with
a deformation rate of up to 80%. The consolidated ingot with

relative density ∼ 100% and average grain size 35 µm was
cut into plates with 15 mm in diameter and 2 mm in thickness
for irradiation experiments and various characterizations. All
plate samples were mirror polished and annealed in a vacuum
furnace at 1473 K for 2 h prior to irradiation experiments.

2.2. W2+2+2+ ion irradiation

The 3-MeV W2+ ions were used for the self-ion irradi-
ation in a tandem accelerator (Fig. 1(a)) located at Sichuan
University, China.[19] The software “Stopping Range of Ions
in Matter” (SRIM) was used to simulate the irradiation results
and calculate the projected ranges (approximately 200 nm) in
bulk samples. A typical displacement damage profile calcu-
lated by SRIM-2008 is shown in Fig. 1(b). Full damage cas-
cade code and the threshold displacement energy of 90 eV for
tungsten were used in the calculation process.[20] The maxi-
mum damage depth was about 500 nm with peak damage at
140 nm. The peak damage rate was 2.77× 10−4 dpa/s and
the total displacement damages reached up to 2 dpa, 5 dpa,
and 8 dpa, respectively. The irradiation temperature was con-
trolled at 650 ◦C within an error of ±10 ◦C, the incident angle
was set to be 0◦ (perpendicular to rolling direction), and the
fluence rate was about 1× 1014 (ion/cm2)/h. In this research,
0 dpa represented the unirradiated case and the ITER-W (aver-
age grain size 33 µm) counterparts were supplied by Xiamen
Tungsten Corporation.
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Fig. 1. (a) Tandem accelerator terminal in Sichuan University, and (b) depth
profile of displacement damage under self-ion irradiation of pure W (by
SRIM).
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2.3. Nanoindentation test

The nanoindentation tests were performed in EMS-60
(Agilent Technologies), and the depth (h)–hardness (H) pro-
files were obtained through CSM. In the CSM, a small si-
nusoidal oscillation in the load signal was used to measure
stiffness dynamically during the indentation sequence, and the
corresponding displacement signal was monitored. The 2-nm
displacement amplitude, 45-Hz constant loading rate, 0.05-s−1

strain rate, and a maximum indentation depth of 2 µm were set
for all Berkovich indentations. The Berkovich indenter was
more readily fashioned to a sharper point than the four-sided
Vickers geometry, thus ensuring a more precise control over
the indentation process. The Oliver–Pharr method was used
to calculate hardness and calibrate the blunting of the indenta-
tion tip. Traditional XRD (DX2700, Haoyuan, China) tests at
an acceleration voltage 50 kV, operating current 150 mA, and
a step width 0.02◦, AFM (Edge, Bruker, USA) tests with stan-
dard probe in tapping mode, and SEM (S4800, Hitachi, Japan)
characterizations with acceleration voltage 15 kV–20 kV were
also utilized in this work.

3. Results and discussion
3.1. Nanoindentation

The representative load–depths and modulus–depths of
samples after irradiation damage in the nanoindentation test
are displayed in Fig. 2. Generally speaking, in Fig. 2(a), the
load for the irradiated ITER-W alloy rises faster than that for
the unirradiated specimen with the same indentation depth.
Figure 2(b) exhibits the common load–displacement profiles
for all 8 samples. The loads on the WK alloy surface show dif-
ferent patterns: slightly larger load for unirradiated (also called
0 dpa) WK alloy than that of ITER-W, but larger scattered data
under the same conditions. The plasticity indexes (= plastic
work/total work ≈ hresidual/hmax)

[21] span a very narrow range
from 0.915 to 0.936, which means that both WK and ITER-
W show similar plasticity at room temperature. The initial
slopes of the unloading curves are found to be almost paral-
lel to each other, indicating almost identical elastic modulus
in the specimens. Figure 2(c) shows the indentation modulus
as a function of depth for each dose. The average modulus is
450 GPa with no significant variation. The slight increment of
measured modulus at smaller indentation depth is thought to
be due to the slight bluntness of the indenter tip.[22] It should
be noted that some sudden jumps in displacement are observed
in these tests of unirradiated WK and ITER-W samples as de-
picted in Fig. 2(d). Discrete jumps in tip displacement known
as pop-in (“staircase”) events are produced mainly by the nu-
cleation of the initially formed dislocations, relieving strain
beneath the tip. A general understanding of pop-in events dur-
ing nanoindentation in metals is that they are related to acti-
vating dislocation source in a probed material volume. In the

irradiated material, there are plenty of irradiation-induced de-
fects (such as dislocation loops) which can easily activate dis-
location sources, reduces or even eliminates the need to arouse
a dislocation source. Similar phenomena have been reported
by many indentation studies on ion-irradiated materials.[10,23]

Thus, it well explains the fact that there are practically few
or no pop-ins in the irradiated damage 2 dpa, while here exist
several pop-in events in unirradiated samples.

Figure 3(a) displays the depth profiles of hardness in self-
ion irradiated samples. Each sample has ten indentations in a
straight line, with spacing of 40 µm to avoid the deformation
overlap. The inset in Fig. 3(a) shows the morphology of ITER-
W 8 dpa indentation captured by an optical microscope. Other
ITER-W or WK sample has a similar triangular shape of in-
dentation. From Fig. 3(a) we notice that for both unirradiated
and irradiated samples, hardness decreases clearly with indent
depth increasing. This phenomenon is observed at an indenta-
tion depth of h > 100 nm. Such a depth-dependent hardness
behavior can be ascribed to an indentation size effect (ISE).
In contrast, for the initial dozens of nanometers, hardness in-
creases with depth increasing, which is known as reverse ISE.
The reverse ISE is usually attributed to testing artifacts, so we
will not use the hardness data at h < 100 nm for further dis-
cussion in this paper.

Another significant softer substrate effect (SSE) refers
to the fact that the contribution from beyond the harder ion-
irradiated surface should not be neglected because the sub-
strate begins to plastically deform before the indenter tip
reaches the substrate. This kind of SSE has been seen in
various systems of a hard thin film on a soft substrate.[22,24–28]

It is widely believed that an indentation depth of less than
10% of the coating allows the coating properties to be mea-
sured without influence from the substrate. However for the
self-ion irradiated layer, the data from 0-nm depth to 100-nm
depth are heavily influenced by surface roughness, tip blunting
or initial pop-ins (below approximately 80 nm in depth). The
average hardness values from 100 nm to 200 nm are consid-
ered to be the implanted layer hardness. Figure 3(c) shows the
plots of hardness versus damage of the irradiated layer in WK
and ITER-W samples. The hardness of unirradiated pure W is
5.95 GPa. At a damage level of 2 dpa, hardness significantly
is raised to 8.92 GPa. Moreover, the hardness increases to
9.16 GPa at 5 dpa, and 9.60 GPa at 8 dpa. For the case of
WK alloy, the initial hardness, 6.27 GPa, is higher than that of
ITER-W, with an increment in hardness at 2 dpa of 2.01 GPa
(from 6.27 GPa to 8.28 GPa). A similar increase also happens
at 5 dpa (from 8.28 to 8.98 GPa). Finally, there is a little incre-
ment in hardness up to 9.29 GPa at 8 dpa. The hardness incre-
ment slows down until the damage reaches 8 dpa with a ten-
dency of harden saturation. The dose dependence for these al-
loys in the present study follows a power-law ∆H ∝ (dpa)n,[29]
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then n = 0.29 for ITER-W and n = 0.15 for WK are obtained
(∆H is the amount of irradiation hardening). Supposing that
the number density of obstacles increases linearly with dis-
placement damage, the dose dependence can be modeled by
the power-law with n = 0.5. The smaller n values for WK and
higher for ITER-W are probably due to the defects of satura-
tion at higher dose.[22,30]

3.2. Irradiation hardening

It is generally recognized that the hardness depth profile
after self-ion irradiation can intrinsically include mainly three
different dependent effects: ISE, SSE, and DGE.[24] In order
to explain ISE, Nix and Gao[24] developed a model (Nix–Gao
model) based on a concept of geometrically necessary dislo-
cation. The Nix–Gao model gave the relation between infinite
depth hardness (H0) and the hardness (H) of measured depth
(h) as follows: H = H0(1 + (h∗/h))0.5, where h∗ is a char-
acteristic length dependent on material and indenter shape.
Our hardness data are plotted as H2 versus 1/h as shown in
Fig. 4(a). The value of H0 is calculated by the least square fit-
ting of hardness data in a range of 100 nm < h< 500 nm which
includes most part of the irradiated region. The plots for unir-
radiated (0 dpa) ITER-W and WK are quite similar to each
other, and the unirradiated samples show good linear relation
in a range of h > 100 nm. Comparing with the unirradiated
samples, the hardness for self-ion irradiated sample clearly in-
creases with depth increasing. Such irradiation hardening be-
haviors of the ion irradiated materials can also be seen in the
literature. Over a certain indentation depth, the contribution of
the softer unirradiated region (substrate) below the harder ion-
irradiated surface to the hardness should not be ignored with
indent depth increasing. As a result, the curve of H2 versus
1/h in 8-dpa sample presents two different slopes of the line
while the unirradiated samples each show only one. For 2-
dpa and 5-dpa samples, similar response curves fell in a range
between 0 dpa and 8 dpa. The curve of H0 value and hard-
ening versus displacement damage from the Nix–Gao model
are exhibited in Fig. 4(b) and its inset, respectively. Though
WK presents higher initial hardness than that of ITER-W with-
out irradiation, the hardness increment of WK decreases more
slowly. When the damage level reaches 8 dpa, the ITER-W
shows a much higher hardness than the WK.

A remained problem to model the depth–profile of hard-
ness in the irradiated materials is the damage gradient effect
(DGE). The SRIM result from Fig. 1(b) clearly shows the peak
displacement damage at a depth of about 140 nm, indicating
that there exists a DGE in this case. However, in the present
study, neither the ITER-W nor WK shows evident fluctuations
or peaks of hardness in this damage gradient region. This un-
conformity is probably due to the fact that the ISE and SSE
are too distinct to cover up DGE. As far as we know, the ir-

radiation hardening of W materials depends strongly on the
original composition and irradiation condition. As the irradia-
tion conditions of both materials are the same, the only reason
for hardening difference is the composition and microstructure
between ITER-W and WK. On the one hand, the potassium
bubbles become liquid under the high-temperature irradiation
so that the pressure of K bubbles increases.[31] It will cause
the tungsten lattice to distort, and increase the resistance of
tungsten self-interstitial atoms or the vacancy movement dur-
ing the cascade. On the other hand, although the grain sizes of
ITER-W and WK are basically identical, potassium bubbles,
especially those on the grain boundaries, create additional in-
terfaces, which will absorb the point defects generated in the
irradiation process.[32,33] It also weakens the generation of dis-
location loops or voids.
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irradiation, with different slopes indicating irradiated layer and undamaged
layer. (b) H0 value of WK/IETER-W versus displacement damage. Inset
shows irradiation hardening versus displacement damage.

3.3. XRD, AFM, and SEM

The hardening behaviors of ITER-W and WK self-ion-
implanted at 650 ◦C are characterized by XRD and AFM.
The XRD patterns in Fig. 5(a) are matched with the PDF
data bank to track the evolution of phases during irradiation.
There are no apparent changes in grain size nor γ -W phase
appearing.[33] However, the small changes of the relative peak
positions may be attributed to macro-strain as figure 5(b)
shows. After being irradiated by 8 × 1014-ion/cm2 W2+ at
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650 ◦C, surface strain about 10−4 on the order of magnitudes
is induced by using the Williamson and Hall method. The ef-

fect of irradiation-induced stress on nanoindentation hardness
measurement needs further studying.
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Fig. 5. XRD patterns of WK/ITER-W samples after different dose self-ion irradiations at different doses.
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Fig. 6. (a) AFM images to investigate WK and ITER-W pile-up, (b) 3D AFM image of nanoindentation from WK 0 dpa, (c) 2D image of nanoindentation
from WK 0 dpa, and (d) indentation profiles of WK 0 dpa.

Sink-in or pile-up phenomenon of material in the vicin-
ity of the indenter tip is characterized by using AFM, and the
results are shown in Fig. 6. Figure 6(a) shows the indenter
two-dimensional (2D) morphology of the WK/ITER-W sam-
ples. Figure 6(b) displays the detailed three-dimensional (3D)
indentation morphology image of the WK 0 dpa while fig-
ure 6(c) exhibits the 2D image. The three straight lines and the
colored marks in Fig. 6(c) denote the pile-up zone of nanoin-
dentation. The imprint profiles as shown in Fig. 6(d) display
the matched plasticity index mentioned above. There are small
changes in both the height and the lateral extent of the pile-up
with the increase of irradiation influence. Roughly speaking,
the pile-up is clearly observed in the 2D AFM image of inden-
tations; as the damage increases to 2 dpa, a noticeable pile-up

height increases and subsequently decreases. The maximum
values of ITER-W/WK are 2.7 µm/2.3 µm, 3.0 µm/2.9 µm,
2.5 µm/2.7 µm, and 2.5 µm/2.3 µm for 0 dpa, 2 dpa, 5 dpa,
and 8 dpa, respectively. Some finite element simulations indi-
cate that for large pile-ups, the areas deduced from the load–
displacement curves will underestimate the true contact areas
and lead the hardness and modulus to be overestimated. This
argument verifies that the measured modulus is a bit larger
than that from the W theory, 410 GPa. The extent of pile-up
is related to the plastic deformation proximity of the indenter
tip. Different sink-in/pile-up properties between irradiated and
unirradiated materials are likely to obscure the observation of
irradiation-induced changes in mechanical properties.[22] For
indents in bulk materials, this behavior is dependent on the ra-
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tio of elastic modulus to yield stress, and the work-hardening
coefficient.[34] The substrate beneath thin damage layer pro-
duced by ion implantation can also influence the sink-in/pile-
up behavior during indentation.

The SEM micrographs of fracture and surface of some
samples are shown in Fig. 7. Some grain/sub-grain bound-
aries are revealed by sputtering or corrosion, but the ITER-W
5-dpa samples show equiaxed grains (Fig. 7(a)) while the long
and thin grain/sub-grain boundaries exist in rolled WK alloy
after 5-dpa damage (Fig. 7(b)). The preferred orientation of

grains as shown by XRD results could explain the difference in

surface morphology. For the unirradiated samples, the insets

show clean and smooth surface without sub-grain boundaries.

Massive inter- and intra-granular K bubbles formed in WK al-

loy (Fig. 7(c)) which is annealed at 1800 ◦C for 2 h as in our

previous work.[18] Because of the quick sintering process, it

is difficult for some K bubbles to migrate to grain boundaries.

Hence, both intra and inter K bubbles serve as pinning centers

in W which improves the mechanical properties.

ITER-W 5-dpa surface

3 µm 3 µm 3 µm

WK 5-dpa surface

WK fracture

(annealed)

intra K bubbles

inter K bubbles

(a) (b) (c)

Fig. 7. (a) Surface morphology of ITER-W 5 dpa with inset showing the scenario of unirradiated ITER-W, (b) surface morphology of WK 5 dpa with
inset showing the scenario of unirradiated WK, and (c) fracture morphology of annealed WK.

4. Conclusions
In this work, we propose a new approach to the manufac-

turing of the WK alloy through SPS and rolling process which
provides a better irradiation hardening resistance. Some con-
clusions can be drawn from the present study.

(i) Almost the same pop-in phenomena exist in unirradi-
ated WK/ITER-W samples. Pile-ups exist in both WK and
ITER-W samples, no matter whether the irradiation treatment
is implemented. The ITER-W presents a similar plastic defor-
mation to the WK alloy at room temperature.

(ii) Intrinsic ISE in ITER-W is different from that in WK,
which influences the hardness depth profile after self-ion ir-
radiation. The SSE can be identified through the Nix–Mao
model while the effect of DGE on hardness is inconspicuous
and hard to eliminate.

(iii) Despite a higher initial hardness value, the WK has a
smaller hardness increment than the ITER-W under the same
displacement damage. This is due to the suppression of irra-
diation defects by potassium bubbles. On the one hand, potas-
sium bubbles increase the resistance to the development of
irradiation-induced voids during high-temperature irradiation.
On the other hand, the extra interface between the potassium
bubbles and the tungsten grains can absorb the point defects
induced by the cascade process.
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