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Abstract

The aim of this work is to investigate the effect of high-temperature neutron irradiation on the mechanical
properties of single-crystal tungsten W(100) studied by non-destructive mechanical testing and modelling.
Neutron irradiation up to 0.12 displacements per atom was performed at 600, 800, 900 and 1200 C in the
Belgium material test reactor BR2 at SCK*CEN in Mol. The mechanical properties of the irradiated
tungsten were assessed by impulse excitation and depth-sensing indentation measurements. The values of
Young’s modulus, shear modulus and Poisson ratio are not affected by the irradiation. The mean hardness
of the irradiated tungsten increases by 48, 45, 46, and 34 % after irradiation at 600, 800, 900 and 1200 °C,
respectively. The results obtained by the instrumented hardness tests were used as inputs for the finite
element method model, applied to deduce the contributions coming from the neutron irradiation defects to
the plastic deformation upon the indentation process, which include the impediment of sliding
dislocations by sessile defects and modification of surface morphology due to the inhibited strain
hardening ability through the dislocation-defect interaction. The validation of the fitted constitutive laws
was realized by the crystal plasticity finite element method (CP-FEM) model, which was applied to
simulate the indentation load-depth curves with certain assumptions on the irradiation-induced
microstructure and calculate the distribution of stress under the indenter to investigate the extension of the

plastic zone in the process of the indentation.
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1 Introduction

Tungsten (W) is the candidate material for plasma-facing components (PFCs) in ITER and DEMO
reactors due to its high melting temperature, high thermal conductivity, low tritium retention, good
sputtering resistance, low swelling, thermal stress and shock resistance, and high-temperature
strength [1,2]. Application of tungsten in a monoblock design concept does not imply structural
function, however, the concern on the loss of vacuum accident requires structural integrity of the
PFC component under operation [3]. It is well known that W suffers from a brittle fracture at low
temperatures, with a ductile to brittle transition temperature (DBTT) ranging from room temperature
to several hundred degrees Celsius [2], which causes a limitation of its application in the water-
cooled PFCs. Several methods of microstructure modification [4,5,6,7] have been proposed to cope
with the problem of tungsten’s low toughness, among which, cold rolling and forging are the most
promising ones. The actual operating temperature of tungsten will depend on the location of PFC and
reactor design. The lower operation temperature boundary is defined by tungsten’s DBTT while the
upper limit should not exceed the recrystallization temperature, whose nominal onset is above 1300
°C in pure W (the recrystallization onset is expected to be significantly lower for a duration of
operation of thousands of hours) [8,9].

In a fusion environment tungsten will be subjected to a high flux (up to 7-10* m2s?) of high
energy neutrons (up to 14 MeV) accompanied by extreme heat fluxes (10-20 MWm™s?) and
implantation of hydrogen (H) and helium (He) ash ejected from the plasma [10]. Neutron irradiation
in tungsten generates three distinct types of structural damage. (a) Neutron reaction with W nuclei
results to their transmutation to Rhenium (Re), Osmium (Os), and Tantalum (Ta) [11]. (b) Neutron
collision cascades produce displacement damage in the form of Frenkel pairs, i.e. vacancies and
interstitials, and their clusters, such as voids and dislocation loops [12,13]. (¢) The induced damage
facilitates radiation enhanced segregation and/or diffusion that results in the formation of W-Re-Os
precipitates [14]. The population of each of these defects types dictates W’s hardening/embrittlement
and further increase its DBTT, that can go as high as 800 °C [15,16,17].

Irradiation conditions strongly influence the type of the defects that are produced in W. It is
known that raising irradiation temperature and dose promotes voids formation and then precipitates,
while dislocation loops prevail at temperatures below 500 °C [18]. In the literature, the formation of
void lattice together with dislocation loops was observed after neutron irradiation of W at 550 °C
[19]. Other studies of neutron irradiation of pure W at 500 °C revealed, apart from the formation of
dislocation loops, the formation of sigma-phase (WRe) and chi-phase (WRes) precipitates containing
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Re and Os, whereas at elevated temperatures (800 °C) only voids and precipitates are present [20].
With increasing damage level up to 1 dpa, the irradiation hardening of pure W begins to increase,
and significant hardening occurs when highly dense precipitates (chi-phase) are formed [21]. Thus,
the neutron irradiation has a drastic impact already at low irradiation doses, especially if the
irradiation temperature is below 600 °C. Naturally, this will affect the material performance and will
radically limit the service lifetime in terms of the structural integrity of the PFCs. Therefore, a
combination of thermal cycling and accumulation of neutron irradiation damage in W may result in
its cracking. This is one of the risks having the highest impact for water-cooled divertor concepts
because in an accidental loss of vacuum, toxic and volatile tungsten trioxide particles will be formed.
In the case of prolonged neutron irradiation, not only displacement damage but also the
transmutation products of Re and Os will contribute to further degradation of thermal and
mechanical properties due to irradiation induced diffusion resulting in precipitation [22,23,24].
Insight about the evolution of defects in neutron irradiated single crystal W and their effects in its

mechanical properties is reported in a number of studies [21,25,26,27,28].

The aim of the current work is to investigate the effect of high temperature neutron
irradiation on the mechanical properties of single crystal tungsten, W(100) and to establish a basic
understanding of the underlying phenomena. Impulse excitation technique (IET) is employed to
study the elastic properties of W(100), while depth sensing micro-indentation is used to measure the
hardness, as well as their dependence on the irradiation temperature. The results obtained by the
instrumented hardness tests are used as input for the finite element method model, applied to deduce
the constitutive laws for the plastic deformation in the presence of the irradiation defects. The
validation of the constitutive laws is realized by the crystal plasticity finite element method model,
which was applied to simulate the indentation loading-depth curves. The physical mechanism behind
the hardening of the irradiated W(100) is revealed employing the crystal plasticity finite element
method (CP-FEM) by simulating the Vickers indentation loading curves and extracting the physical

parameters describing the plastic deformation of the materials [29].
2 Experimental
2.1 Materials and irradiations

Single crystal W(100) rod of 99.99 % purity of 12 mm diameter was supplied from MaTeck. Circular
disc shaped specimens of 1 mm thickness were sectioned using electrical discharge machining

(EDM). The specimens were mechanically polished from both sides using SiC paper and diamond
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suspension up to 0.25 um, followed by polishing using 0.05 um colloidal silica, achieving mirror-
like surface and removing any surface oxide and stresses/surface damage induced by the EDM
cutting. Prior to the indentation measurements, the samples were ultrasonically cleaned, and the
quality of the samples’ surface was evaluated employing optical microscopy. Preliminary
experiments for evaluating the adequateness of the applied mechanical polishing process in the
hardness measurements were also performed. Specifically, Vickers indentation experiments were
performed on W(100) single crystal specimens that had been mechanically polished following the
described procedure and on specimens in which the mechanical polishing was followed by an
electropolishing step. It was found that the Vickers hardness and depth-load curves were the same
within error bars showing that the applied polishing procedure was adequate for the indentation

measurements and that the results are representative of the samples.

Neutron irradiation was performed in the Belgian Material Test Reactor (BR2). Fission
reactors deliver mixed spectrum which causes transmutation rates of W into Re and Os to be higher
compared to those expected in ITER and DEMO conditions. As a result, the accelerated production
of Re/Os leads to radiation-induced precipitation as was discussed in refs. [21,28], where the
irradiation-induced microstructure after HFIR and JOYO irradiation was compared. To minimize the
transmutation, the irradiation was performed inside the fuel element in the maximum fast neutron
(>0.1 MeV, 7-10* n/cm?/s) flux position. The samples were encapsulated in a stainless steel tube, of
1.5 mm wall thickness, filled with helium. The thickness of the steel tube was adjusted to maximize
the shielding from the thermal neutrons. The gap between the samples and the tube was adjusted to
achieve 600, 800, 900 and 1200 °C following the thermal and neutronic calculations. The irradiation
dose was 0.12 displacement per atom (dpa), which was calculated by MCNPX 2.7.0 based on the
total fast neutron fluence (5.8-:10%° n/cm?, >0.1 MeV) achieved after two irradiation cycles of a total
duration of 49 days [30]. The dpa cross sections for W have been prepared from the JENDL4 file
(MT444) for the threshold displacement energy of 55 eV, following the recommendation of
International Atomic Energy Agency (IAEA) [31]. Furthermore, the value of 55 eV comes from a
recent evaluation based on experimental measurements of single atomic displacements [32,33]. The
transmutation of W into Re and Os is calculated based on the ALEPH code developed by SCK*CEN
and available nuclear databases [34,35,36] and for the irradiation position and spectrum, the upper
limit of the summed concentration (at%) of Re and Os is 0.35 %. The fraction of Os is about 1-5 %
of the total produced Re and Os. The low concentration of Re and Os is in agreement with previously
published results from transmission electron microscopy (TEM) investigation of neutron irradiated

single crystal W.
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2.2 Impulse excitation

The Young’s modulus, E, the shear modulus, G, and the Poisson ratio, v, of the non-irradiated and
irradiated W(100) samples were obtained employing IET [37] using the Buzz-o-Sonic system. For
these tests, the disc shaped specimen was supported by a foam material and excited by a light
mechanical impulse. The impulse tool used consisted of a steel ball (2 mm diameter) attached to the
end of a thin elastic rod. A microphone located in the vicinity of the sample was used to transmit
sound vibrations to the signal processing unit. The first and second natural resonant frequencies, fi 2,
are identified, which in turn can be used to calculate the values of Ei» corresponding to these

frequencies using the following equation

- 127d° f5m(1-v?)
2 K1%2t3

Eq. 1

where d, m, and t are the diameter, mass and thickness of the sample, respectively. Using d=2r and
m=Vp=nxritp, where p, r, and V are the density, the radius and the volume of the specimen,

respectively, Eg. 1 becomes

_ 31t f0(1-v?)

1,2 212
Kot

Eq. 2

v is determined according to ASTM E1876 [38] as a function of 2t/D and fi/f>. K12 are the first and
second natural geometric factors listed in ASTM E1876 as a function of v and 2t/D. G is determined

using the equation

2.3 Indentation

Indentation experiments were performed employing NANOVEA’s mechanical tester. During an
indentation experiment an indenter of specified geometry, in our case a Vickers indenter, penetrates
the surface of the material under investigation with constant loading rate. When the load reaches its
set maximum value the indenter is held at this maximum load for a time period (holding time), and
then the unloading takes place at the same rate with the loading. The load and penetration depth are

measured versus time and these measurements are combined to give a load versus depth curve. In
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this work, the maximum load was set at 3 N, while the (un)loading rate was 20 N/min. A holding
time of 200 s was applied in all experiments before starting of the unloading process. The loading
rate was selected after a series of indentation tests to achieve stability in the hardness values. The
holding time was chosen such as to attain equilibrium conditions, i.e. almost no change of the
indentation depth. A set of nine indentation tests, spaced by 200 um, were performed. An optical

microscope was used to select the indented area free from visible defects.

The hardness, H, of the samples was calculated using the projected area, Ap, of the residual
imprint after the indentation tests determined from its optical microscopy images and the maximum

applied force Fmax through

F 2F
H = —max = = max Eq. 4
Ap dmean

where dmean is the mean diameter of the residual imprint.
3 Modelling
3.1 Single crystal plasticity theory

According to the classical crystal plasticity theory, deformation of materials consists of the elastic

and plastic stages [39]. The plastic deformation is dominated by the dislocation motion in the slip

system and this dislocation glide can be related to the viscoplastic strain rate, £, by
N, .
& = Z Raya’ Eq. 5
a=1
where Ns and R* are the number of slip systems and the Schmid factor, respectively.

a 1 a a a a - - . - - .
R* = E(s XN +n°®s ) where the unit vectors for the slipping and normal direction of the a™ slip

system are represented with s* and n*, respectively. The plastic shear rate, @, for the a™ slip system

can be described by

a
TRss

a
TeRss

m
ya

4 :Vo

Sgn(fgss) Eqg. 6
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where y, and m are the reference shearing rate and strain rate sensitivity, respectively. 7z, is the

resolved shear stress, and 2., is the critical resolved shear stress (CRSS). 7. is expressed by

three hardening mechanisms as follows
a o o
Terss = Tir T 7ssp T 7pLs Eq. 7

where 7, is the lattice friction stress, zg, is the dislocation hardening term, and 7, the hardening

term from irradiation induced defects (DL).

For temperatures below 580 K, the z . for W can be expressed as [29,40]

kT . (7
Tir = Tho l:l 2lB_| In [?'.)Oj], Eq. 8
k

where 7, is the reference stress for the screw dislocation, ks is the Boltzmann constant, 2Hy is the

formation enthalpy of the kink pair on the screw dislocation and 7po is the reference strain rate. ¢ is

the loading strain rate defined as in ref. [29].

The stress due to the dislocation hardening, z¢,, can be expressed as
Tssp = Gbhsgp\/ P5sp Eq. 9

where hg,, is the dislocation strength coefficient, b is the magnitude of Burgers vector and pg,, the
density of statistically stored dislocations (SSDs). As the plastic deformation progresses, the

generation of SSDs within the plasticity affected region would result in the evolution of zg , i.e.

NS
-a _ aff
Tssp = Z heép
=

7’ Eq. 10

where the hardening matrix for SSDs, hg‘fD , Is expressed as [41]

My

m® Eq. 11

7 Té'éD

a —_—

hSSD =q, 1- max
Tssp

In Eq. 11 a0 and no are the dislocation hardening coefficient and the dislocation interaction

sensitivity coefficient, respectively. m* is the matrix describing the interaction strength between
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dislocations gliding in slip systems a and f [42]. 75, denotes the maximum SSD hardening strength

when the density of SSDs gets saturated.
Finally, stress due to the radiation induced defects hardening, z, , can be expressed as

5. =Gbhy /Ny dp, =Gbhy /Ly, Eq. 12

where hp is the defect strength coefficient, Np. is the number density of the induced defects and dp.
their mean diameter. hpL is the strength of the obstacle (i.e. irradiation induced defects), which
ranges from O (corresponding to no resistance) up to 1 (Orowan type of the interaction [43]),
respectively. The obstacle strength for dislocation loops and voids was studied by atomistic
simulations in bce Iron (Fe) and it was found that hp. varies between 0.2 to 0.8 depending on the
loop size and orientation, and being 0.5 on average [44,45,46]. Given that no study was performed
for W, we take hp. to be 0.5 following the knowledge obtained for Fe, which should be relevant
accounting that both W and Fe have the same crystallographic structure. The effective length of

defects generated by irradiation, i.e.

INDL(r)dDL(r)d3r
v :

L, = Eq. 13

has the physical meaning of the radiation induced obstacle length per unit volume. If we assume a
mean diameter of defects or use that obtained by TEM, then their number density can be calculated
based on the best fit of the FEM model to the experimental data.

The rate of the radiation hardening term is given by

NS
.a .
TpL :Zhgﬂﬂ/ﬂ‘, Eq. 14
p=1
where
y/j min |
aff _ Tp. 7 aff
ho. =—F rlr?':x Drr|1_in . Eqg. 15
To. ~ 7oL

is the defect hardening matrix, and fo is the defect hardening coefficient. 7™ and <" are,

respectively, the maximum and minimum defect hardening strength when the defect density reaches
the maximum and minimum value. Further, the minimum value of irradiation induced defects

density, Npi, is taken as one-tenth of the maximum value of Np, i.e. the initial density of DLs before
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indentation starts. n; is the defect interaction sensitivity coefficient. n is the interaction matrix for

the interaction between dislocation of the o slip plane and DLs on the ™" habit plane. Specifically,

[naﬂJ = P, when the normal direction of the o™ slip plane is not parallel to the normal direction of

the A" habit plane of DLs, otherwise, [naﬁ]:o. The assumption on the minimum value of Np_ is

purely empirical and based on our earlier study made for the neutron irradiated Fe-Cr alloys [47,48].

The annihilation of irradiation-induced defects by plastic deformation is considered in the
constitutive equations (via Eq. 15). The details behind the formulae to account for the removal of the

irradiation defects can be found in our earlier works [47,48].

3.2 Finite element method model setup

(a)y 2R=100 ym _‘ -

Figure 1. (a) Schematic of the geometrical model for the indentation of tungsten with a Vickers
indenter. The indentation is represented as a cylinder with a height of 50 um and a radius of 50 pum.
(b) The meshes of the sample and the Vickers indenter with the tip radius of 100 nm employed in

these experiments

The theoretical model developed in the previous subsection is applied to simulate the indentation of
W(100) with the Vickers indenter. The constitutive equations are implemented into the subroutine
VUMAT of Abaqus. For the simulations, the sample is to be a cylinder with a height of 50 um and a
radius of 50 um as illustrated in Figure 1(a). The meshed elements for the sample and Vickers
indenter are shown in Figure 1(b) and (c), respectively. The sample consists of 31212 linear
hexahedral elements of type C3D8R and 33696 nodes, and the Vickers indenter is taken as a rigid
body meshed with R3D4 and R3D3 elements. For the region beneath the indenter tip, the mesh is
refined with the minimum size of 0.1 um and 0.25 um along the z-axis direction and in the x-y plane,

respectively. The bottom of the sample is fixed, and the rest surfaces are free of constraints. The



interaction between the sample surface and the indenter tip is set as frictionless as it has a little effect

on the force-depth relationship [49].

In the simulations, the constant force increment boundary condition is applied. As the
maximum loading force is 3 N and the loading rate 20 N/min, the loading time is set to 9 s. Thus the

AL 4.5 um
loading strain rate can be estimated as ¢ = ﬁ ~ 509;m = 0.01 s~1. By substituting this strain rate

into Eq. 8, the obtained lattice friction, 7, , is 409 MPa.

Table 1. Parameters of the constitutive law for tungsten.

Parameter Value Units Used in Ref.

Y, 0.001 51 Eq. 6

m 0.05 Eq. 6 [50]

hssp 0.26 Eq. 9

po 1038 MPa Eq. 8

Hi 1.65-10°1° J Eq. 8 [40]

Y0 3.71-10'° st Eqg. 8

G 159 GPa Eq. 9 Current study
According to TEM

Piso 1-10% m-? Eq. 9 initially it is below 10

m2 while after tensile

1 ) lastic deformation at RT
PssD saturated 110" m Eqg.9 P
it reaches 10 m
ao 165 MPa Eq. 11 ) o
Fitted (unirradiated)
No 4.0 Eqg. 11
hoL 0.5 Eq.12
. See text
N™ 0.1N™ Eq. (12) & (15)
po 5-108 Pa Eq. 15 _
Common Fitted for
N1 2 Eq. 15 o
irradiated samples
[n]=Po 1 Eq. 15
NpL-dbL Eg. 12 Fitted

10
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4 Results and Discussion

4.1 Elastic properties

The Young’s modulus, E, and shear modulus, G, and Poisson ratio, v, of the non-irradiated and

irradiated W(100) single crystal were determined as described in Section 2.2 and are presented in

Table II. The values for the unirradiated sample are in a good agreement with literature data

[51,52,53]. The elastic properties of the irradiated sample remain the same, within error bars, with

those before the irradiation. It can thus be concluded that neutron irradiation to a dose of 0.12 dpa for

irradiation temperatures in the range 600 to 1200 °C does not affect the elastic properties of W(100).

Table I1. Experimentally determined Young’s modulus, E, shear modulus, G, Poisson’s ratio, Vv,

hardness, (H) and Ho (Eqg. 16) of unirradiated and irradiated W(100) single crystal to 0.12 dpa. Also,

from the model fitting the effective length of defects, Lp., the defect number density, Np, and the

volume fraction, f, of the defects assuming spherical size with a diameter of 5 nm.

Tir E G (H) Ho LoL NpL f
(°C) (GPa) | (GPa) ' (GPa) (GPa) (10 m-m3) | (10 m?3) | (%)
Unirradiated| 400 + 7| 160 £3 | 0.28 £ 0.03 | 3.68 £ 0.03 |0.016 + 0.003 - -
600 410+6| 161+3 | 0.27 £0.03 | 5.43 £ 0.03 |0.487 = 0.003 4.0 8.0 5.24
800 402+6| 158+ 3 [0.27+£0.03|5.32+0.03 | 0.34+0.01 1.75 3.5 2.29
900 407+6| 160+ 2 [0.27 £0.03 | 5.36 + 0.05 |0.257 + 0.006 2.0 4.0 2.62
1200 405+6| 159+3 | 0.28+0.03|4.92 +0.04 |0.094 = 0.007 1.25 2.5 1.63

4.2 Vickers Hardness

From the optically determined diameter of the Vickers’ indenter imprint and Eq. 4, the hardness of

the material was determined. The hardness of single crystal materials can vary, depending on the

azimuthal indenter orientation with respect to the in-plane crystallographic axes [54]. Vickers

indentation experiments with different indenter azimuthal angle were performed in the unirradiated

and irradiated W(100) single crystal specimens.

11
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Figure 2. (a) Hardness versus azimuthal angle of unirradiated and irradiated W(100) single crystal.
The dashed lines are least square fits to the data as described in the text. The vertical dotted lines
show the two in-plane crystallographic orientations. (b) Hardness increase versus irradiation
temperature for the mean hardness and that at 0 and 45 degrees azimuthal angles. The dashed lines

are least square fits to the data as a guide to the eye.

The obtained hardness as a function of the azimuthal angle, ¢, of the diagonals of the indenter with

respect to the in-plane crystallographic directions is presented in Figure 2a. The experimental data
can be fitted using the equation

H

(H)+ Hosin(2ﬂ¢+9%2'5j, Eq. 16

where <H> is the mean hardness over all azimuthal angles and Ho is the amplitude of the sinusoidal

modulation. When the diagonal of the indenter is along the <010> direction ¢ is zero resulting to the
highest hardness value, while when the diagonal of the indenter is along the <110> direction ¢ is

45° resulting to the lowest hardness value.

The mean hardness,<H>, of the unirradiated W(100) material was found 3.68+0.05 GPa. We

observe that <H> after irradiation at 600 °C increases by a factor of approximately 1.5 compared to

the unirradiated sample (Table II). Irradiation at higher temperature results to a smaller increase
relatively to the unirradiated sample (Table Il). The increase of the hardness with irradiation is
related to the formation of dislocation loops and vacancy clusters or voids. No precipitates from the

transmutation products are expected to form at this low irradiation dose. Similar hardness values

12
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after irradiation in the temperature range 609-830 °C for a similar dose have been reported by

Garrison et al [25].

A variation in the amplitude, Ho, that depends on the irradiation temperature is also observed
(Table I1). In the unirradiated sample a very small variation, with peak to peak around 0.03 GPa, in
the hardness with respect to the azimuthal angle is observed, while after irradiation at 600 °C it
increases to about 1 GPa. Increase in the irradiation temperature results to smaller hardness variation
with respect to the azimuthal angle, with the specimen irradiated at 1200 °C exhibiting a hardness

variation of about 0.19 GPa.

The irradiation induced hardening, AH = H (irradiated) — H (unirradiated), in presented in

Figure 2(b) for the mean value of the hardening A(H)=(H (irradiated))—(H (unirradiated)) and at

0 and 45 degrees angle, AH,, (¢=0°)=AH ., (1(010)), and AH . (¢=45") = AH,;, (1I(110)),

respectively.

In Figure 3(b) the load-depth curves (mean value of nine tests) obtained from the depth-
sensing Vickers indentation experiments, with an azimuthal angle of O degrees, which is also the
azimuthal angle of the indenter with respect to the crystallographic direction of the W sample in the
CP-FEM simulation, on unirradiated and irradiated at 600 °C single crystal W(100) specimens are
presented. These curves show that after the irradiation the same maximum load is achieved at a
swallower penetration depth compared to the non-irradiated sample, thereby indicating a hardening

effect due to the neutron irradiation induced defects.

34 = Unirradiated
e 600°C

h (um)

Figure 3. Load-depth curves of unirradiated and irradiated at 600 °C W(100) single crystal.

13
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Figure 4 shows the images of the residual impression after the Vickers indentation tests on
unirradiated and irradiated samples to 0.12 dpa at 600 and 1200 °C for two azimuthal angles

(indenter diagonals approximately parallel to (010) and (110) directions). On the contrary to the

unirradiated specimen, after irradiation at 600 °C W/(100) presents an intense localized pile-up
formation exhibiting a four-fold symmetry, which is more apparent when the indenter diagonals are
at 45 degrees with the crystallographic axes, (Figure 4(b) and (e)) for both azimuthal angles. Black
arrows in Figure 4(b) and (e) indicate slip steps that reveal slip localization and slip channel
formation. This phenomenon has been observed in several previous studies on a variety of irradiated
metals [55,56,57,58]. The proposed physical mechanism describing this behaviour is based on the
hypothesis that the irradiation induced defect clusters are annihilated/moved by gliding dislocations
creating defect free channels that facilitate the movement of subsequent dislocations
[59,60,61,62,63]. This behaviour is observed at a lower degree after irradiation at higher
temperatures (Figure 4(c) and (f)).

It should be noted that when the indenter diagonals are at an angle different than zero with
the crystallographic axes the imprint shapes are not regular but deformed and their exact shapes are
dependent on the orientation of the indented surface. The plastic flow patterns induced at the contact

boundary are along the preferential slip directions located at the subsurface region.

Unirradiated 1200 °C

0 degrees

45 degrees

Figure 4. Images of residual imprints after Vickers indentation tests on (a, d) unirradiated and
irradiated at (b, €) 600 °C and (c, f) 1200 °C W(100) single crystal.
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4.3 CP-FEM simulation

4.3.1 Unirradiated Single Crystal W(100)

3 ] T T T T T T T T ]
® Experimental

Simulation

h (um)

Figure 5. Experimental (red dot) and simulated (black line) of the loading part of the depth-load

curve of Vickers indentation experiment on unirradiated W(100).

For the fitting of the loading part of the depth-load curve the parameters of Table | were
incorporated. From the fitting of the data of the unirradiated W(100) sample (Figure 5), the values of
the dislocation hardening coefficient, ao, and the dislocation interaction sensitivity coefficient, no, of
Eqg. 11 were found to be 165 MPa, and 4.0, respectively. It is noted that the strain gradient was not
considered in the CP-FEM simulations. This was based on the fact that the indentation size effects
induced by strain gradient are not manifested when indentation depth exceeds beyond 0.5 um, where
the bulk hardness of the material can be reliably measured [29,64]. This leads to the deviation of the
simulated data from the experimental ones for shallow depth penetrations as it is observed in Figure

5 and Figure 7.

In Figure 6(a) and 6(b), the images of the experimental and simulated residual imprints of the
non-irradiated W(100) sample are presented. The simulated imprint (Figure 6(b)) indicates that the
surface topography produced by the indentation load exhibits an upward (pile-up) deformation

around the imprint with respect to the original surface plane. The distribution of the dislocation

hardening term, réSD, resulting from the distribution of the ,OéSD, after the indentation test, is

presented in Figure 6(c).
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Figure 6. Experimental (a) and simulated (b) residual imprints of unirradiated W(100). (c)

Distribution of the dislocation hardening term, TéSD, for the slip system (110)[1-11] for maximum

indentation applied load of 3 N applied along [100].
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4.3.2 Irradiated Single Crystal W(100)
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Figure 7. Experimental (circles) and simulated (line) depth-load curve of the loading part of Vickers
indentation experiment on irradiated W(100) to 0.12 dpa at (a) 600, (b) 800, (c) 900, and (d) 1200
0
C.

Initially, the values of the dislocation hardening coefficient, ao, and the dislocation interaction
sensitivity coefficient, no, were determined from the fitting to the unirradiated sample data (Table I)
and these were used for the fitting of the depth-load curves (Figure 7) for the irradiated samples.
From the fitting of the depth-load curves (Figure 7) of the irradiated samples the effective length of
obstacles, LpL, was determined (see Eqg. 13). The values of Lp_ are presented in Table Il and its
variation as a function of the irradiation temperature is presented in Figure 8(a). It is observed that as
the irradiation temperature increases the effectiveness of irradiation in producing obstacles to the
moving dislocations is reduced. If the type of defects and their size remains the same at the different
irradiation temperatures it could be said that their number is reduced as the irradiation temperature
increases. This reduction with temperature can be explained by assuming a diffusion controlled self-
annealing process acting to the generated defects. As the self-annealing mechanism is diffusion
controlled it is apparent that the annihilation of defects will be higher the higher the irradiation
temperature is. Therefore, there will be an irradiation temperature, T¢, at which all the irradiation
generated defects will be self-annealed. This temperature will be close to the melting point. Under
the above physics reasoning, the data of Figure 8(a) have been fitted to the empirical equation

Tirr

L, =Le ", Eq. 17
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where Lo=(10.1+4.7)-10*® m/m?, ¢ =4.7+1.7, T, was taken the melting point of tungsten, i.e. 3422 °C

and Tirr in °C. The large errors are due to the limited number of points.

It is expected that the effective length of obstacles produced by the irradiation and the

measured hardness values will be correlated. This is verified in Figure 8(b) where the correlation

between Lpr and A(H ) can be described by the equation

Lo
A(H)—AHw[l—e LOJ’ Eq. 18

where AH»=1.8+0.1 GPa and Lo=(0.9+0.2)-10"> m/m?.

Further, it was assumed that the defect strength coefficient, hpy, is 0.5 and the diameter of the
defects, dpi, is around 5 nm. The assumption for dp. is based on preliminary results of a TEM study
(the complete study is to be published). This assumption is also supported by the results of
previously published TEM studies of neutron irradiated W single crystals. These studies showed that
W single crystal irradiated at conditions close to those in the current work exhibit voids and

dislocation loops having a mean size close to 5 nm [25,26,27,28]. Thus, from the fitted values of
Lo, = Np, -dp,, the number density of the irradiation induced defects, Np., was determined (Table
I1). The obtained values of Np_ are close to the up to now reported values in the literature for defects
density in neutron irradiated single crystal tungsten (between 10?2 and 102 m=) [18,26,28,65]. The
increase of the number density or the volume fraction of the irradiation induced defects is lower the

higher the irradiation temperature.
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Figure 8. (a) The effective defect length versus irradiation temperature. The solid line is a least
square fit to the data (see text). (b) Mean hardness increase versus the effective defect length. The

solid line is a least square fit to the data (see text).

The residual and the simulated imprints left on the irradiated W(100) specimens for all the
investigated irradiation temperatures are presented in Figure 9(a-d) and (e-h), respectively. Surface
topography of the simulated imprints of the unirradiated and irradiated samples shows pile-ups
(Figure 6b and Figure 9(e-h)). However, the pile-up’s pattern of the irradiated samples is extended to

a smaller area compared to the unirradiated one. The reduction of the area around the imprint that

exhibits pile-ups, after irradiation, is also illustrated in the distribution of g, in the z-direction
(Figure 9(i-1)), in which it is observed that r, reaches the bulk value closer to the surface in the

irradiated samples compared to the unirradiated one (Figure 6(c)). The morphology of the residual
imprints is in qualitative agreement with that of the simulated ones although this is not so apparent
for the unirradiated sample (Figure 6). For the unirradiated sample there is a variation between the
simulated and experimental imprints which is attributed to the difference of the screw and edge
dislocation mobility. At room temperature, edge dislocations move freely in the unirradiated material
while screw dislocations are practically immobile [66]. In the irradiated tungsten the movement of all
dislocations (screw, edge and mixed) is inhibited by irradiation defects and this results in the
formation of pile-up. This could be the reason that the CP-FEM model fails to accurately predict the
surface topography of the unirradiated sample since it is based on the activation and slip of screw

dislocations.
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Figure 9. Experimental (a-d) residual imprints of Vickers indenter and simulated (e-h) ones for the

irradiated W(100) in the temperature range 600-1200 °C. The calculated stress distribution, Téso , due

to dislocation hardening (i-1) and the stress distribution, TlDL , due to the irradiation induced defects

(m-p), for the slip system (110)[1-11] for maximum applied load of 3 N applied along [100].

5 Summary and Conclusions

Mechanical properties of W(100) single crystal irradiated with fission neutrons at 0.12 dpa in the
temperature range 600-1200 ‘C were investigated by Vickers indentation and Impulse Excitation
techniques. The force-depth curves of the indentation experiment have been simulated by Finite
Element Analysis and the use of the crystal plasticity model (CP-FEM). Good agreement between
the experimentally determined load-depth curves and those calculated by CP-FEM is observed. The
experimental and residual imprints of the irradiated samples are in good qualitative agreement. The
modelling by CP-FEM is further validated by the very good correlation between the calculated
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irradiation induced defect density and the measured hardness at the different irradiation

temperatures.

The neutron irradiation does not influence the elastic properties of the material as revealed by
the IET measurements. It may be concluded that the nature and extent of the irradiation induced
defect do not change measurably the average atomic forces of the crystal. On the other hand, the
hardness of the W(100) increases in all the irradiation temperatures. This indicates that the generated
radiation defects have a large influence on the dislocation movement and the plastic behaviour of the
crystal. Irradiation at 600 °C increases the hardness by 48 %, while the CP-FEM simulations show
an irradiation induced defect density of about 8:10%3 m™. Irradiation at higher temperatures results in
a lower increase of the induced defect number density. The decrease of the number of the generated
defects with the irradiation temperature might be related to the annealing/migration of the defects
during the irradiation. Specifically, during the irradiation of W(100) at high temperature, two
competitive processes take place, the creation of defects in the material and the annealing of these
defects. Hu et al. presented the results of isochronal annealing of irradiated single crystal W to 0.006
and 0.03 dpa at a temperature of 90 °C [65]. According to this work, the annealing up to 800 °C
results in the increase of the number density of vacancy-type defects while a further increase of the
annealing temperature causes its decrease, explained as recombination with available dislocation
loops/lines and coalescence of vacancy defects into larger voids. Thus, the trend obtained here for
the Np. reflects this behaviour, i.e. the low irradiation temperature promotes the creation of a higher
number of defects compared to the irradiation above 600 °C, given the same neutron fluence. This
self-healing mechanism is important for the application of W in a fusion environment at high

temperatures.
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