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Abstract
In this work, the microstructure evolution in the near-surface of tungsten under
hydrogen (H) plasma exposure conditions was observed by means of scanning
electron microscopy (SEM), plasma focused ion beam (FIB) and transmission
electron microscopy (TEM) techniques. Blisters, with existing dislocations distributed
around obviously, were observed beneath the tungsten surface when the exposure
temperature was 573 K, which was rarely reported in previous studies. However, H
bombardment at 1273 K did not lead to the formation of blister-like microstructures.
Correspondingly, irradiation hardening occurred after low temperature exposure, but
not after high temperature exposure, according to the Berkovich nano-indentation
experiments. In order to characterize the indentation size effect and irradiation
hardening behavior of plasma-exposed materials, a mechanistic model was proposed
for the hardness-depth relationship. A good agreement between the experimental
indentation data and theoretical results revealed that plasma-induced dislocations play
a dominant role in determining the increase of hardness for H plasma-exposed
tungsten.
Keywords: Blistering, Irradiation hardening, TEM, Nano-indentation, Theoretical
model
1. Introduction
Tungsten has become one of the most promising candidates for the plasma facing
materials (PFMs) in the ITER divertor because of its favorable physical properties
such as the high thermal conductivity, high melting temperature and low sputtering
yield [1]. As a PFM, tungsten would be subject to the exposure of high flux
(1022~1024 m-2 ∙ s-1) and low-energy (from tens of eV to several hundreds of eV) H
plasma, which might congregate on the surface of tungsten to form blisters or
penetrate through the surface and diffuse deeply into the bulk [2, 3].
Noteworthy, plasma exposure-induced defects are blamed for the degradation of

the mechanical properties of tungsten. In terms of H penetration, a few previous
studies have reported its effects on the irradiation hardening. For instance, Terentyev
et al. [4] found that interstitial H atoms are strongly bound to screw dislocations, and
the growth of multiple HN clusters could result in the punching of a jog as indicated
by the density functional theory calculations and TEM observation. In their following
study, the mechanical properties of deuterium (D) plasma-exposed tungsten was
tested by the Berkovich nano-indentation, and the surface hardening was attributed to
the D deposition measured by the corresponding nuclear reaction analysis (NRA)
profile [5]. Zayachuk et al. [6] also suggested that the irradiation hardening after high
flux D plasma exposure originated from the trapping of diffusing D atoms by
dislocations in both deformed and recrystallized tungsten.
In the meanwhile, H blisters, acting as the primary surface modification at the
service condition [7] are also expected to be strongly connected with the changes of
mechanical properties after H plasma exposure. For example, according to the
analysis of elastic plates theory and finite element simulation, Li et al. [8] reported
that the bulging deformation and growth of a blister are directly controlled by the
yield stress and fracture energy, respectively. The formation of blisters is generally
associated with a cavity/crack in the sub-surface, which has already been confirmed
by the FIB fabricated cross-section observations [9-11]. It is known that blister
formation includes the nucleation of cavity/crack and growth of these nuclei. The
nucleation mechanisms of cavities in recrystallized W are suggested as the dislocation
loop punching initially from vacancies [12-14], dislocations [4, 15, 16], and H platelet
aggregations [17], but not yet experimentally confirmed. While, the growth
mechanisms of cavities are generally acknowledged as the plastic deformation [11, 18,
19], dislocation loop punching [20] and agglomeration of H-vacancy complexes [21,
22]. Theoretically, these mechanisms deserve to have significant effects on the
irradiation hardening behavior of plasma-exposed materials, owing to the triggered
damage defects. For instance, according to the plastic deformation theory,
dislocations distribute around the blisters are expected to contribute to the hardening.
Unfortunately, so far, there is no direct experimental proof for these theoretical
assumptions. Therefore, further attention undoubtedly should be paid in dealing with
the explicit hardening mechanism behind blisters.
These considerations inspire the motivation of this work, in which, the blistering
and hardening mechanisms of H plasma-exposed tungsten are, respectively, studied
by experimental observations and theoretical models. SEM, plasma FIB and TEM
techniques are utilized to observe the damage microstructures in tungsten under the H
plasma exposure at different temperatures. The analysis of these plasma-induced
microstructures is intended to help explain the plastic deformation mechanisms of
blisters-induced dislocations. Then, the Berkovich nano-indentation tests are
performed to characterize the hardness-depth relationship of tungsten with and
without plasma exposure. In order to analyze the fundamental hardening mechanisms,
a mechanistic model is proposed by physically taking into account the hardening
contribution of exposure-induced defects and geometrically necessary dislocations
(GNDs).

2. Experiment
Polycrystalline tungsten of 99.99 w.t.% purity was supplied by Plansee Gruppe,
Austria. The bulk tungsten was cut from the as-received materials, then heat treated in
a vacuum at 1873 K for 2 h after electro-polishing and before plasma exposure. The
average grain size is about 50 μm on the surface which is normal to the exposure
direction. High flux H plasma exposures were performed in the Magnum-PSI linear
plasma device (DIFFER, Eindhoven, the Netherlands), which allowed for the
steady-state exposures of target materials in ITER-relevant conditions [23]. In this
experiment, a superconducting magnet of the Magnum-PSI provided a alterable
magnetic field strength up to 1.8 T, in order to control the plasma into a beam
(FWHM ≈ 20~28 mm) [24]. The H plasma flux arriving at the surface of the
specimen was calculated from the electron temperature, and the density was measured
by Thomson scattering [25] The ion flux, herein, was about 2~3×1023 m-2 ∙ s-1, and the
total fluence was fixed to be about 1.5×1026 m-2. The ion energy was controlled by
negatively biasing the sample, and was fixed to be ~50 eV. The surface temperature
of each sample was controlled by the water cooling system from the back side of the
samples, and monitored by an IR camera. The temperature conditions across the
surface during the exposure were 573 K and 1273 K, respectively.
An Xe+ plasma FIB system (FEI Helios G4) was used to extract foils from the
irradiated tungsten, in order to observe the cross-section parallel to the exposure
direction. Previous literatures have shown that the depth of damage introduced by the
Xe+ plasma FIB created 20~40% less damage than that created by a Ga+ FIB [26, 27].
A final flash electro-polishing procedure [28] was used to remove the beam damaged
layer induced by plasma FIB on both sides of the lamellae at 14 V in 0.5 w.t.% NaOH
aqueous at 273 K for 4 ms. The TEM microstructural characterization was carried out
on an FEI Talos F200 at 200 keV. The detection of irradiated damage defects was
developed under two-beam condition in Scanning TEM mode.
Nano-indentation experiments were performed with Agilent Technologies Inc.
Model Nano Indenter G200 nano-indentation with the continuous stiffness
measurement (CSM). A Berkovich indenter tip was applied to measure the
mechanical properties. The oscillation amplitude and frequency were set to be 2 nm
and 45 Hz, respectively. At least 20 indents spaced by 70 μm have been measured on
each sample, which can eliminate the influence of the plastic zone between each
indentation. The maximum penetrating depth was 1 μm. The testing temperature was
controlled to be 290 ± 1 K.
3. Hardness-depth relationship for plasma-exposed materials
3.1 Model development
It is recognized immediately that two primary mechanisms result in the hardening
behavior of ion-irradiated materials tested by nano-indentation. One is the
well-known indentation size effect arising from the generation of GNDs when the
indenter pierces into the materials. The other is the incremental increase of hardness
due to the presence of irradiation-induced defects [29, 30].

Preliminarily, the Taylor relationship is generally used to estimate the deformation
resistance that the critical resolved shear stress can be written as
𝜏CRSS ∝ 𝜇𝜇�𝜌

(1)

where μ and b, respectively, refer to the shear modulus and magnitude of the Burgers
vector. 𝜌 denotes the total density of dislocation barriers. Following the Mises flow
rule and Tabor’s factor, the hardness of the indented materials is given as [31]
𝐻 = 3√3𝜇𝜇𝜇�𝜌

(2)

where α is the hardening coefficient of dislocations. Without irradiation effect, two
dislocation sources mainly contribute to 𝜌, which include the GNDs, 𝜌G , and
statistically stored dislocations (SSDs), 𝜌s . Following the work of Nix and Gao [31],
the hardness of unirradiated material 𝐻uni can be recast based on Eq. (2) as
𝐻uni = 3√3𝜇𝜇𝜇�𝜌̅G + 𝜌̅s = 𝐻0 �1 +

�∗
ℎ
ℎ

(3)

where 𝜌̅G and 𝜌̅S refer to, respectively, the average density of GNDs and SSDs
within the plastic zone, and can be expressed as
3

1

3

𝜌̅G = 2𝑏𝑀3 tan𝜃 ℎ

1

and 𝜌̅S = 2𝑏tan𝜃 ℎ∗

(4)

where θ denotes the angle between the surface of the conical indenter and the plane of
the sample surface. M is a dimensionless coefficient which is associated with the
plastic zone. ℎ is referred as the indentation depth. The derivation process of Eq. (4)
is reported in details in reference [31, 32]. Note that, ℎ�∗ = ℎ∗ /𝑀3 and ℎ∗ is the
characteristic length depending on the density of SSDs through 𝐻0 , which is the
hardness arising from the SSDs alone [31] and is given by
𝐻0 = 3√3𝜇𝜇𝜇�𝜌̅s

(5)

For plasma-exposed materials, there exists an obvious increase of the density of
SSDs, which is inhomogeneously distributed in the damage layer. To characterize the
additional hardening behavior induced by these plasma-induced dislocations, the
hardness with plasma effect can be given in the following form, i.e.
𝐻irr = 3√3𝜇𝜇𝜇�𝜌̅s + 𝜌̅G + ∆𝜌̅s = 𝐻0 �1 +

�∗
ℎ
ℎ

+

�s
∆𝜌
�s
𝜌

(6)

where ∆𝜌̅s is the average density of the plasma-induced SSDs within the plastic zone
beneath the indenter tip, which is calculated by dividing the total length of
plasma-induced SSDs (∆𝐿s ) by the volume of the plastic zone (V), i.e.
∆𝜌̅S =

∆𝐿s
𝑉

=

𝑅

∫0 𝜋�𝑅 2 −𝑥 2 �∆𝜌s (𝑥)𝑑𝑑
2
𝜋𝑅 3
3

(7)

where R is the radius of the plastic zone, and ∆𝜌s (𝑥) is the density distribution of
plasma-induced SSDs within the irradiated layer. Considering the non-uniform
distribution of the plasma-induced SSDs as observed in the experimental results (see
Fig. 5 in the following), ∆𝜌s (𝑥) is assumed to follow as

∆𝜌s (𝑥) = �

𝑥 𝑛

∆𝜌smax �1 − 𝐿 � , 𝑥 ≤ 𝐿d

(8)

d

0, 𝑥 > 𝐿d

where x and 𝐿d , respectively, describe the distance from the sample surface and depth
of the damage layer. ∆𝜌smax defines the peak value of the density of plasma-induced
SSDs, and 𝑛 ≥ 0 is a parameter that refers to the profile of the defect distribution.
The similar expression of ∆𝜌s has been used before in the previous study [32]. To
compute the average defect density ∆𝜌̅s (𝑥) from the ∆𝜌s (𝑥) above, the volume of
the plastic zone induced by the indenter is needed. There is a consensus that the
plastic zone is generally noted as a hemisphere zone [32, 33]. The radius of the
hemispherical plastic zone could be estimated as 𝑅 = 𝑀 ∙ ℎ [32, 34].
With the increase of the indentation depth, the size of the plastic zone under the
sep
indenter tip also increases gradually. Here, we define ℎc as the critical indentation
depth at which the plastic zone reaches the maximum depth of the damage layer 𝐿d ,
sep
and could be written as ℎc = 𝐿d /𝑀.
When the plastic zone is fully inside the irradiated zone, i.e., 𝑅 ≤ 𝐿d , or
sep
ℎ ≤ ℎc , as shown in Fig. 1 (a), ∆𝜌̅s (𝑥) in the plastic zone is established as the
following equation,
∆𝜌̅s (𝑥) =

𝑅

𝑥

𝑛

∫0 𝜋�𝑅 2 −𝑥 2 �∆𝜌smax �1−𝐿 � d𝑥
d

2
𝜋𝑅 3
3

sep

3C𝑟

ℎ

𝑟

𝑛
= ∆𝜌smax ∑𝑛𝑟=0 (𝑟+1)(𝑟+3)
�ℎsep �
c

(9)

When 𝑅 > 𝐿d , or ℎ > ℎc , as shown in Fig. 1 (b), ∆𝜌̅s (𝑥) can be reduced as
∆𝜌̅s (𝑥) =

= ∆𝜌smax �∑𝑛𝑟=0
𝑛!

where C𝑛𝑟 = 𝑟!(𝑛−𝑟)! .

𝐿
𝑥 𝑛
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ℎ

sep
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d
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ℎ

3

�ℎsep � �
c

(10)

By substituting Eqs. (4), (9) and (10) into Eq. (6) yields the depth dependent
hardness of plasma-exposed materials,
𝐻irr =

where 𝑃(𝑟) =
𝑇(𝑟) = ∑𝑛𝑟=0

C𝑟𝑛 (−1)𝑟

(𝑟+1)(𝑟+3)�ℎcsep �

�∗

⎧𝐻0 �1 + ℎ + ∑𝑛𝑟=0 𝑃(𝑟)ℎ𝑟 , ℎ ≤ ℎcsep
ℎ
⎨
⎩

𝑟

𝐻0 �1 +

ℎ

𝑇

𝑍

+ ℎ − ℎ3 , ℎ >

2𝑏tan𝜃ℎ∗ ∆𝜌smax ,

C𝑟𝑛 (−1)𝑟
sep
𝑏tan𝜃ℎ∗ ∆𝜌smax ℎc ,
(𝑟+1)

and 𝑍(𝑟) = ∑𝑛𝑟=0

�∗
ℎ

C𝑟𝑛 (−1)𝑟
max sep 3
∗
𝑏tan𝜃ℎ
∆𝜌
�ℎc � .
s
(𝑟+3)

sep
ℎc

(11)

3.2 Parameter calibration
Intuitively, a few parameters are generally known prior to the indentation
experiments such as θ, μ and b. Others like 𝐿d , ∆𝜌smax , n, 𝜌̅s and α are usually not
known prior to the indentation test. The hardness model as expressed in Eq. (11)
contains a few parameters, thereinto, seven physical parameters appear explicitly,
sep
including 𝐻0 , ℎ�∗ , ℎc , P, T, Z and n. In the following, the method for the
calibration of these parameters is introduced by fitting the experimental data.
Firstly, one should note that 𝐻0 and ℎ�∗ are independent of irradiation effect. The
𝐻uni − ℎ relationship can be transformed into the (𝐻uni )2 − 1/ℎ curve, which
should be a straight line, theoretically, at which its intercept with the vertical axis is
𝐻02 and its slope is 𝐻02 ℎ�∗ . Thus, the value of 𝐻0 and ℎ�∗ could be obtained.
Next, with the known values of 𝐻0 and ℎ�∗ , the experimental data with
irradiation effect can be expressed in the form as 𝑓(ℎ) = (𝐻irr /𝐻0 )2 − ℎ�∗ /ℎ − 1.
According to Eq. (11), 𝑓(ℎ) can be further expressed as
𝐻irr 2

𝑓(ℎ) = � 𝐻 � −
sep

0

�∗
ℎ
ℎ

∑𝑛𝑟=0 𝑃(𝑟)ℎ𝑟 , ℎ ≤ ℎcsep
−1=� 𝑇 𝑍
sep
− ℎ3 , ℎ > ℎc
ℎ

(12)

It is conceivable that ℎc is the significant bridge connecting the plastic zone
sep
with irradiation properties. Apparently, ℎc
could be extracted from the
experimentally obtained 𝑓(ℎ) − ℎ curve, since it is considered as the critical point for
two different shapes in the curve. Then, the parameters P, T, Z and n could be
formulated with respect to fitting 𝑓(ℎ) for the entire range of ℎ by the linear and
nonlinear regression method. In this way, the parameterization of the hardness model
could be completed.
Finally, the theoretical expression for the hardness-depth relationship with
plasma irradiation effect should be established spontaneously, according to Eq. (11)
and all the known parameters. In summary, in order to carry out the theoretical
hardness profile, the derivation procedure of the theoretical model consists of the
following steps.
(1) Define 𝑓(ℎ) as 𝑓(ℎ) = (𝐻irr /𝐻0 )2 − ℎ�∗ /ℎ − 1, and substitute Eq. (11) into
𝑓(ℎ) to obtain Eq. (12), which plays a key role for the theoretical analysis.
(2) Obtain 𝐻0 and ℎ�∗ from the experimental (𝐻uni )2 − 1/ℎ curve, which
should be a straight line, theoretically, at which its intercept with the vertical
axis is 𝐻02 and its slope is 𝐻02 ℎ�∗ .
sep
(3) Extract ℎc from the experimentally obtained 𝑓(ℎ) − ℎ curve, which is
taken as the critical point for the two different shapes in the curve.
(4) Obtain parameters P, T, Z and n by using the linear and nonlinear regression
method to fit 𝑓(ℎ) for the entire range of ℎ.
(5) Obtain the theoretical 𝐻irr − ℎ curve by substituting the parameters H0, ℎ�∗ ,
sep
ℎc P, T, Z and n into Eq.(11), which yields the theoretical expression for
the hardness-depth relationship with plasma irradiation effect.
4. Results

4.1 Damage Microstructures

Fig. 2 illustrates the surface morphology of tungsten before and after exposure to
H plasma at 573 K and 1273 K. The SEM images are taken on the plane-section that
is vertical to the exposure direction. It is evident from these images that the plasma
exposure causes blistering on the tungsten surface when the exposure temperature
(Texp) is 573 K, however, hardly any when Texp=1273 K. The blister size is determined
as the equivalent circle diameter of the surface area covered by the blister, and the
average blister size is about 0.8 μm when Texp=573 K.
TEM samples at different exposure temperatures were fabricated by the plasma
FIB technology, with its unique advantage of obtaining the cross-section view which
is parallel to the plasma exposure direction. The micrographs were all recorded under
the two-beam condition in the STEM mode. Fig. 3 reveals the microstructures in
tungsten after H plasma exposure at 573 K. The cavities, located at the depth range of
0.1~4 µm away from the surface, are corresponding to the blisters on the exposure
surface as shown in Fig. 2(c) and (d). According to the enlarged images as shown in
Fig. 3(b) and (c), noticeable dislocations are directly observed within 5 µm depth
beneath the exposure surface, which obviously indicates that the occurrence of
blistering is accompanied with plastic deformation [35]. Corresponding mechanisms
will be discussed later.
Fig. 4 describes a visible distinguishable morphology when Texp=1273 K, which
is compared with that as observed in the sample when Texp=573 K (as shown in Fig. 3).
No visible cavities/blisters or surface structures are observed when it comes to the
high exposure temperature. Coincidentally, only a few dislocations appear in Fig. 4,
which clearly substantiates that dislocations are associated with the cavities. Owing to
the increasing diffusion ability at high exposure temperature, H atoms tend to migrate
out of the surface [20] or less H trapped in W [36] , resulting in no presence of
blisters.
In addition, the density distribution of plasma-induced dislocation ∆𝜌s (𝑥) could
be derived from the TEM observations, and the results are shown in Fig. 5. It shows
that ∆𝜌s (𝑥) decreases almost linearly with the increase of depth for the sample
exposed at 573 K, however, it is close to be zero when the exposure temperature
becomes 1273 K.
4.2 Experimental and Theoretical Indentation Hardness
Nano-indentation tests have been widely used to measure the mechanical
property changes of irradiated materials due to its advantages of allowing ultra-small
scale materials testing and convenience on fabricating samples [37-40]. In order to
investigate the effects of the limited penetration in H plasma-exposed tungsten on
mechanical properties, we adopted the Berkovich nano-indentation to obtain the
indentation hardness as a function of the penetration depth at different explosion
temperatures, as shown in Fig. 6 (a). It reveals that the indentation hardness of the
sample exposed at 573 K is higher than that exposed at 1273 K, however, there is no
apparent change between the pristine tungsten and the sample exposed at 1273 K.
Corresponding to the damage microstructures as mentioned previously, it is not hard
to understand that the exposure-induced defects are deserved as the primary reason

which contributes to the difference of hardness.
To investigate the relationship between the damage microstructure and
indentation hardness, the mechanistic model for the depth dependent hardness as
given in Eq. (11) is applied for the plasma-exposed tungsten.
Following the parameter calibration as mentioned in Section 3.2, the values of 𝐻0
and ℎ�∗ can be firstly derived from the pristine tungsten. Under plasma exposure, the
additional increase of dislocations is believed to be responsible for the irradiation
hardening. According to the distribution of the dislocation density as shown in Fig. 5,
∆𝜌s (𝑥), when Texp=573 K, tends to decrease linearly from the maximum value on the
surface to zero when 𝑥 = 𝐿d . Therefore, n = 1 is taken in Eq. (8), and Eqs. (11) and
(12) can be recast as
𝐻irr =
and

�∗

⎧𝐻0 �1 + ℎ + 𝑃1 − 𝑄1 ℎ , ℎ ≤ ℎcsep
ℎ
�∗
⎨
ℎ
𝑇
𝑍
sep
𝐻0 �1 + ℎ + ℎ1 − ℎ13 , ℎ ≥ ℎc
⎩
𝐻irr 2

with 𝑃1 =

2𝑏tan𝜃ℎ∗ ∆𝜌smax

sep 3

𝑏tan𝜃ℎ∗ �ℎc

12

3

� ∆𝜌smax

.

𝑓(ℎ) = � 𝐻 � −
0

, 𝑄1 =

�∗
ℎ
ℎ

sep

𝑃1 − 𝑄1 ℎ , ℎ ≤ ℎc
− 1 = � 𝑇1 𝑍1
sep
− ℎ3 , ℎ ≥ ℎc
ℎ

𝑏tan𝜃ℎ∗ ∆𝜌smax
sep
4ℎc

(13)

, 𝑇1 =

sep

𝑏tan𝜃ℎ∗ ℎc
3

∆𝜌smax

(14)

and 𝑍1 =

Note that there exist five irradiation-related parameters as expressed in Eq. (13),
sep
sep
namely, 𝑃1 , 𝑄1, 𝑇1 , 𝑍1 and ℎc . When taking 𝑃1 and ℎc as the independent
sep
sep
variables, the rest three can be expressed as 𝑄1 = 3𝑃1 /(8ℎc ), 𝑇1 = 3𝑃1 ℎc /4
sep 3
sep
and 𝑍1 = 𝑃1 (ℎc ) /8. Therefore, there are only two parameters, i.e. 𝑃1 and ℎc ,
that need to be fitted by comparing the 𝑓(ℎ) − ℎ relationship with experimental data.
Taking the sample exposed at 573 K for instance, the theoretical results with fitted
parameters are compared with the experimental data as illustrated in Fig. 6. One can
see a good agreement is achieved for both the 𝑓(ℎ) − ℎ and 𝐻irr − ℎ relationship.
The fitted parameters are listed in Table 1.
While, when Texp=1273 K, 𝐻 = 𝐻0 �1 + ℎ�∗ /ℎ is adopted due to the limited

increase of the dislocation density in the irradiation region (as illustrated in Fig. 5).
The fitted results of the sample exposed at 1273 K are virtually the same with those of
the pristine tungsten, which are coincident with the experimental features, as shown in
Fig. 6 (a). It turns out that a desirable agreement is observed between the theoretical
predictions and experimental data.
In order to further validate the rationality of the fitted parameters, the distribution
of the ∆𝜌s − ℎ relationship when Texp=573 K is compared between the experimental
data and theoretical results deduced from Eq. (8) with fitted parameters. The specific
procedures are as follows. According to the experimental data as shown in Fig. 5, 𝐿d
sep
could be extracted as 4 μm for the sample exposed at 573 K. With 𝑀 = 𝐿d /ℎc and

ℎ∗ = ℎ�∗ ∙ 𝑀3 , both M and ℎ∗ can be obtained. Since b and tanθ are known for
tungsten which, respectively, equals 0.275 nm and 0.358 [31], ∆𝜌smax is calculated
by ∆𝜌smax = 3𝑃1 /(2𝑏tan𝜃ℎ∗ ). Therefore, the theoretical expression of ∆𝜌s − ℎ is
obtained and compared with experimental data, as shown in Fig. 7. As expected, a
reasonable agreement is achieved that can verify the validity of the fitting procedure.
5. Discussion
Substantially, irradiation hardening in plasma-exposed materials has been
generally ascribed to dislocations (loops) [6], bubbles or cavities [5, 41] and D
penetration [42], etc. However, the specific roles played by distinct damage defects on
irradiation hardening are rarely reported in previous literatures. The main concern in
this study is to quantify the effect of irradiation-induced defects on the hardening of H
plasma-exposed tungsten. Therefore, in this section, the hardening mechanisms for H
plasma-exposed tungsten at different exposure temperatures are formulated with
respect to the damage microstructures and indentation results.
When Texp=573 K, blisters on the surface and corresponding cross-sectional
structures were observed by SEM and TEM images. More specially, dislocations
dramatically appeared around the blisters. It is conceivable that the growth of blisters
is facilitated by the movement of dislocations and their multiplication, which has been
reported as the plastic deformation mechanism [35]. However, it is well known that
the exposure temperature has a significant impact on blistering in tungsten [11].
Owing to the enhanced diffusion ability and less amount of trapped H in W at high
temperature, the formation and growth of the H platelet will be suppressed. Therefore,
when Texp=1273 K, no blister-structures and rare dislocations were observed as shown
in Figs. 2 (b) and 4.
It is notable that the fundamental mechanisms resulting in irradiation hardening
can be categorized into the source hardening and friction hardening. For friction
hardening, the increase of external force originates from the stress-activated cutting of
dislocation network and obstacles by sliding dislocations, which belongs to a
long-range interaction that is determined by the virtue of their stress fields [43]. In
this study, an obvious increase of dislocation density was observed when Texp=573 K,
which strengthens the dislocation-dislocation interaction by virtue of their stress fields.
Therefore, it is believed that friction hardening is the fundamental mechanism that
results in irradiation hardening when Texp=573 K. Moreover, it has been proved by our
theoretical model that the hardness-depth relationship with plasma exposure effect can
be effectively characterized when the effect of exposure-induced dislocations is
considered. When Texp=1273 K, no remarkable change of the hardness is noticed
when compared with that of the pristine tungsten. It can be ascribed to the rare
existing dislocations. Thus, the hardness model without irradiation effect, i.e. the
Nix-Gao model [31], is applied to fit the hardness-depth data of the sample exposed at
1273 K, and a satisfied agreement is obtained when compared with the experimental
data.
6. Conclusions

In this paper, we attributed the irradiation hardening mechanism to the damage
microstructures of H plasma-exposed tungsten at different exposure temperatures.
Experimental measurements such as SEM, TEM and Berkovich nano-indentation
techniques, as well as the establishment of a mechanistic model were combined to
explore the intrinsic mechanism. The main results can be summarized as follows:
(1) When Texp=573 K, the cavities located at the depth range of 0.1~4 µm
beneath the exposure surface are corresponding to the blisters on the exposed
surface. Dislocations dramatically appeared around the cavities.
(2) When Texp=1273 K, no visible blisters and rare dislocations were observed,
owing to the enhanced diffusion ability and less amount of trapped H in W at
high temperature.
(3) The irradiation hardening appeared in the sample exposed at 573 K, however,
no remarkable change of the hardness was observed between the sample
exposed at 1273 K and pristine tungsten.
(4) In order to characterize the indentation size effect and irradiation hardening
behavior of plasma-exposed materials,, a mechanistic model was carried out
to characterize the indentation hardness as a function of the indentation depth.
A good agreement between the experimental indentation data and theoretical
results revealed that plasma-induced dislocations play a dominant role in
determining the increase of hardness for H plasma-exposed materials.
In conclusion, this study established the relationship between the mechanical
properties and microstructure evolutions of plasma-exposed tungsten, with the
collaboration of both experimental and theoretical efforts.
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