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Abstract

The mechanical properties of “cold” rolled tungsten sheet after neutron irradiation at high temperature
are investigated by instrumented indentation and crystal plasticity finite element modelling (CPFEM).
Neutron irradiation to a dose of 0.2 displacements per atom was performed in the temperature range
from 600 to 1200 °C in the Belgium material test reactor BR2 at SCK CEN, Mol. The contribution of
the irradiation damage in the constitutive laws has been deduced by utilizing the load-depth curves of
the indentation measurements and incorporating microstructural information from transmission
electron microscopy measurements. The simulated load-depth curves are in very good agreement with
the experimental data indicating that the model can characterize the plastic deformation of the
irradiated W material. It is found that the irradiation temperature has almost no effect on the load-
depth curves and the hardness increases of around 19% after irradiation is temperature independent
within errors. The formation of voids after irradiation is the main cause of irradiation induced
hardening while the dislocation loops have a much lower influence. Indentation tests at low and high
loading rate revealed that void dominated microstructure is more sensitive to the increase of the
deformation rate.
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1 Introduction

The materials of plasma facing components (PFCs) of a fusion reactor have to withstand high
energy neutron irradiation, high heat fluxes, the impact of highly energetic particles and cyclic stress
loading [1]. Tungsten (W) is the principal candidate material for PFCs application as it possesses high
melting temperature, high thermal conductivity, low tritium retention, good sputtering resistance, low
swelling, thermal stress and shock resistance, and high-temperature strength of [2, 3]. However, the
low fracture toughness and the high brittle to ductile transition temperature (DBTT) of W (100 -
300°C) which are also dependant on microstructure, strain rate and impurity levels [4], are significant
drawbacks which have to be addressed for its utmost exploitation. Several methods of microstructural
modification have been proposed to alleviate these limitations [5, 6, 7, 8]. Among them “cold” rolling
is a promising route as it decreases tungsten’s DBTT down to room temperature and increases its
strength [9, 10, 11].

As W in PFCs needs to withstand high neuton fluxes numerous campaigns of neutron
irradiation of W in fission reactors have been carried out. Neutron irradiation of W results in the
formation of vacancy clusters, voids and dislocation loops, as well as chemical composition changes
arising from transmutations, i.e. production of Re, Os, and Ta. These neutron irradiation defects affect
adversely the mechanical properties of the material [12, 13]. The defect structures, concentration and
sizes of the different irradiation produced defects versus irradiation temperature and dose have been
extensively investigated for irradiation temperature up to 800 °C [14, 15, 16, 17, 18, 19]. For
irradiations at temperatures up to 500 °C dislocation loops are the main irradiation induced defects,
while increase of the dose or temperature promotes the formation of voids [20, 21]. Precipitates and/or
clusters of the transmutation products have also been observed after irradiation at doses higher than 1
displacement per atom (dpa) [18, 22, 23, 24]. However, data from neutron irradiation at temperatures
higher than 800 °C are limited even though the plasma facing components are expected to operate at
temperatures between 300 and 1200 °C [3, 25, 26]. To fill this gap several neutron irradiations
campaigns have been employed within the European Fusion Project (EUROfusion), targeted to the
investigation of neutron irradiation effects on different grades of W material to doses up to 1 dpa and
irradiation temperatures up to 1200 °C [27, 28, 29, 30, 31, 32]. Transmission electron microscopy
investigation of W materials, irradiated in one of these campaigns, show that the increase of the
irradiation temperature from 600 to 1200 °C results in the decrease of the density of both dislocation
loops and voids and the increase of their size [27, 32].

A powerful tool in the investigation of the mechanical properties of irradiated materials is the
instrumented indentation technique (IIT). The advantages of the IIT are that no bulky specimens are
required and that information from depths ranging from nm to tens of pm is obtained. The utilization
of small volume specimens is significant for the investigations of materials irradiated by fission
neutrons as there is limited space in a fission reactor for irradiations [33]. The extended range of
depths accessible permits both the study of tungsten after ion irradiation which can generates swallow
damage profile (1-2 pum) [34, 35, 36] and after neutron irradiation damaging the whole volume.
Therefore, there is an ongoing effort to establish procedures for the assessment of the mechanical
properties of materials through IIT [37, 38, 39, 40, 41]. Simulation models based on crystal plasticity
theory have been developed utilizing ITT experimental data for the determination of the mechanical
properties of materials [42, 43, 44].

In a previous paper, the crystal plasticity finite element method (CP-FEM) model was applied
in neutron irradiated tungsten single crystal [45]. In this work, the CP-FEM model is extended to
simulate instrumented micro-indentation load-depth curves of W polycrystalline sheet material
irradiated to 0.2 dpa, for temperatures ranging from 600 up to 1200 °C and to deduce the constitutive
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laws for the plastic deformation in the presence of irradiation defects. Low and high loading rates
were employed to investigate the sensitivity of the material microstructure to the dynamic loading.
Data from Transmission Electron Microscopy (TEM) were incorporated as input parameters in the
CP-FEM modelling. The various physical mechanisms controlling the hardening of the irradiated W
sheet are determined and their contribution to hardening is quantified.

2 Experimental

2.1 Materials and irradiation

The W material was produced by PLANSEE SE in sheet form using a powder metallurgical
route consisting of sintering and rolling [46]. The tungsten sintered compact is heated to a temperature
of above 1250 °C and it is subsequently rolled to a sheet of thickness 5.5 mm (“hot-rolling”). Next,
the sheet is “cold” rolled at a temperature of below 1000 °C and it is brought by progressive rolling
steps to a thickness of 1 mm. The resulting material has plate-like grains [27, 47, 48]. Disks were
sectioned from the 1 mm thick sheet using electrical discharge machining (EDM). For the removal of
surface oxide and surface damage induced by the EDM cutting, both sides of the disk were
mechanically polished using diamond suspension up to 0.25 um and for the final stage colloidal silica.
A mirror quality surface was obtained and the final thickness of the samples was reduced to about 0.5
mm. It is noted that due to the fabrication process the texture of the “cold” rolled W sheet specimens
varies as a function of depth from the free surface of the 1 mm thick sheet. Electron backscattering
diffraction (EBSD) analysis of the cross-section of the unirradiated specimen shows that there is an
approximately 500 pm thick volume in the middle of the sheet exhibiting constant texture [45]. Thus,
reducing the thickness of the specimens to approximately 500 um by polishing both of their surfaces
results in specimens with small texture variation.

Neutron irradiations were performed at the Belgian Material Test Reactor BR2. The samples
were encapsulated in a filled with helium stainless steel tube. The wall thickness (1.5 mm) of the steel
tube was designed to act as shielding for the thermal neutrons aiming to attain transmutation rates of
W into Re and Os closer to those expected under ITER and DEMO conditions. The irradiations were
performed inside a fuel element and in the position of maximum fast neutron flux (7x10" n-cm™s™,
E > 0.1 MeV). The gap between the samples and the tube was adjusted to achieve the targeted
radiation temperature (600, 800, 900, and 1200 °C) based on thermal and neutronic calculations. The
irradiation dose was 0.2 displacement per atom (dpa) calculated by MCNPX 2.7.0 for the total fast
neutron fluence of 8.9x10%° n-cm™ for £ > 0.1 MeV was reached after three irradiation cycles of a
total duration of 70 days [49]. The transmutation of W to Re, Os and Ta according to neutronic
calculations, using FISPACT-II inventory code and TENDL-2019 nuclear library have been found in
the ranges: 0.54-0.59 at% Re, (1.3-1.5)x107 at% Os and (2.3-2.4)x10” at% Ta.

22 TEM

Transmission electron microscopy measurements were carried out using a JEOL 3010 TEM operating
at 300 kV. The TEM specimens were cut from the irradiated disks into pieces having a size of about
1.5 x 1.5 x 0.5 mm?® which were subsequently mechanically polished using SiC paper with grit sizes
up to 4000 resulting in sample thickness in the range from 70 to 100 um. The samples were then
glued on 3 mm copper grids with an aperture of 1 mm. Finally, the TEM specimens were
electropolished using a aqueous solution of 1.5 wt.% NaOH with an applied voltage of 30 V.
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Conventional bright field and dark field diffraction contrast images were recorded mostly under
weak beam two beam conditions, while cavities were visualized in out-of-focus imaging conditions.
More details about the experimental setup and the method can be found in [27].

2.3 Indentation

Depth-sensing indentation experiments were performed employing NANOVEA’s mechanical
tester. The maximum applied load was 3 N and the experiments were carried out using two
loading/unloading rates of 0.25 N-min™ and 20 N'min™'. A holding time of 200 s was applied in all
experiments before the unloading process. A set of nine indentation tests, spaced by 200 pm, were
performed. An optical microscope was used to select the indented area free from visible defects.

The Vickers hardness, HV , of the samples was calculated using the contact area, 4.,

determined from the optical microscopy images of the resulted imprints, and the mean applied force,

F, .. , during holding time through

F 2F, .
HV = Za" dzma" sin(¢/2), Eq. 1

4 mean

where d, . is the mean diagonal of the residual imprint, and ¢ is the face angle of the square-based

mean

diamond pyramid of the Vickers indenter, equal to 136°.

2.4 X-ray diffraction

The crystalline structure was evaluated by X-ray diffraction (XRD) measurements carried out at
room temperature using Bruker D8 diffractometer with a Cu K, X-ray source, a parallel beam
stemming from a Gobbel mirror and a scintillator detector.

3  Modelling of the indentation curves

The modelling of the indentation curves is performed by the finite elements method (FEM). For the
FEM calculations the code ABAQUS was used together with a user-defined material subroutine
(VUMAT) where the tungsten material properties based on the theoretical model of crystal plasticity
are implemented. For the definition of the constitutive equations in VUMAT explicit definition of the
stress tensor, stress rate and their time dependence are required. Initially a short description of the
crystal plasticity theory is given and the different parameters required for the FEM calculations and
the sources of these parameters are defined. The values of these parameters have been obtained from
the literature and experimental data. The definition of the parameters and the source of their values are
given in Table I which should be read in conjunction with the equations describing the crystal
plasticity model.

The crystal plasticity model describes the plastic deformation processes by taking into account
dislocations gliding along activated slip systems. A slip system «a is defined by the unit vector for the

slip direction, s*, and the normal to the slip plane, n*. In body centred cubic (BCC) metals the
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primary slip systems are (111){110} and (111){112}, i.e. the total number of slip systems is N, =24

[50]. The viscoplastic strain rate tensor, .~ , is given by [51]

N, N La |

“Vp a - . a RSS | a

€ R R ’a sgn(z'RSS) Eq.2
a=1 a=1 | “CRrSS

.o . 1 . . .
where ** is the plastic shear rate, R = E(S“ ®n“ +n" ®s“) is the Schmid factor tensor and 7z is

the resolved shear stress. The critical resolved shear stress (CRSS), 7(xgs, needed to initiate the

dislocation slip in the slip system « is the sum of the lattice friction stress, 7, ,the stress originating
from the dislocation-dislocation interaction, gy, , the Hall-Petch hardening term from grain

boundaries, 7,p, and the hardening terms from the irradiation induced dislocation loops (DL), 7j,

and VOidS, T,. Thus
T =T, +Ter +Trn, +7,+7T Eq.3
CRSS LF SSD DL v HP q

The lattice friction stress, 7,5, for W and temperatures below 580 K can be expressed as [43,

/k T, (7
TLFZTpO 1- 2;[ ln[— Eq4
k <

where kj is the Boltzmann constant and ¢ is the loading strain rate defined as in Ref. [43]. (The rest

52]

of the parameters are defined in Table I).

The stress due to dislocation-dislocation interaction, 7g, , is considered to follow the dispersed

barrier hardening (DBH) based on the Orowan model, i.e.
Tssp = Gbhggy N Pssp Eq.5

where pggp, is the density of the statistically stored dislocations (SSDs). In BCC crystals, such as W,

slip occurs in the closed packed (111) direction, thus the Burgers vector of a perfect slip dislocation

is of the type %<1 1 1> [53]. As the plastic deformation progresses the generation and annihilation of

SSDs within the plasticity region would result in the evolution of g, . This evolution can be
described by

Ng Ng | r 1M
a B 5D .
“sSD hssp a m* Eq.6
p=1 B=1| tssp |
where m* is the matrix describing the interaction strength between dislocation gliding in slip

systems a and f [54]. rﬁSD denotes the hardening strength corresponding to the initial density of
dislocations, pj, , before the indentation starts and 7y denotes the maximum SSD hardening

strength when the density of the SSDs, p;SD,Wmted, is saturated, at the end of the indentation test,

which is taken as 10" m™.
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The hardening term, zJ), , induced by dislocation loops can be expressed as

Ty, = Gbhy, Phi Eq.7

The rate of the dislocation loop hardening term is given by

N, N, | or min 171

a ap ¢ DL DL a -

' DL hyy h Eq.8
p=1 A=l |*pL ~ ‘DL |

min

where ;" , and 7p," are the maximum and minimum dislocation loop hardening strength when the
defect density reaches the maximum and minimum values, respectively. The minimum value of the

dislocation loop density is taken as one-tenth of the maximum value of N, , i.e. the initial density of
DLs before indentation starts. The interaction matrix [naﬂ J is defined as n“? =1 when the normal to

the slip plane, n“ is not parallel to the normal of the ﬂ’h habit plane of the DLs, otherwise, n/ =0.

The annihilation of DLs by plastic deformation is considered in the constitutive equations via Eq.8.

The irradiation hardening term, z,, from voids is considered to follow the Bacon-Kocks-
Scattergood (BKS) model [55]

T, = Gb [ln5+B],5=ro[L+ ! } Eq.9

Y, L

void void void

7, is the inner cut-off radius in the energy of dislocation in linear elastic theory and is taken equal to
the Burgers vector [56, 57, 58, 59, 60, 61].

Following the Hall-Petch relation [62], 7, is related to the Hall-Petch coefficient &, and the

mean grain size, d as

grain

=2 Eq.10

Table 1. Parameters of the constitutive laws for tungsten obtained from the literature.

Parameter Used in Value Ref.
;- , reference shearing rate 107 s
e e Eq.2 [63]
m , strain rate sensitivity 0.05
7, reference stress for screw dislocation 1.038 GPa
H, , formation enthalpy kink pair on the 19
i . Eq.4 1.65-107° J=0.97eV [52]
screw dislocation
;, reference strain rate 3.71-10" s
Eq.5,7
b , Burgers vector -, 0.274 nm
&9
Eq.5 .
G , shear modulus EL 9’7 Table 11 Experimental
Pssp = Pssp ¥V , dislocation density Eq.5 Table 11 Experimental
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hggp » dislocation strength coefficient 0.26 [63]

a, , dislocation hardening coefficient 165 MPa

n, , dislocation interaction sensitivity Eq.6 40 [45]
coefficient

hp; , defect strength coefficient 0.15 [16]

P = Pp. Va , dislocation loop density nd Table 11 Experimental
NP minimum dislocation density Eq.8 0.1 Np*

B, dislocation loop hardening coefficient 500 MPa

n, , the defect interaction sensitivity Eq.8 ) [45]
coefficient

L. »void interspacing Table 11 Experimental
d,pia » void diameter Eq.9 Table 11 Experimental
B 1.52 [55]

kyp Eq.10 3.72 MPa'm'”? [43]

4 Results and Discussion

4.1 Microstructure

The TEM investigation of the reference material has shown that the dislocations are arranged in
tangles (Fig.1(a) and (b)) with an average dislocation density of (9.8 + 2.0)x10™* m™. The observation
of dislocation loops is sporadic with an estimated dislocation density of 6.3x10" m™ and sizes
ranging from 3 to 11 nm. The TEM microstructure of the samples irradiated at the temperatures of
600, 800 and 1200 °C has shown that neutron irradiation results in the formation of voids and
dislocation loops [27, 28]. Characteristic TEM images are presented in Figure 1(c)-(h). A detailed
analysis of the TEM investigation can be found in [27].

The line dislocation density, o, , number density, N,, and diameter, d,, , of loops and also
the number density of voids, N,,,, and their diameter, d,, , are presented in Table II. The density of

dislocation loops is given as p,, = N,, d,, whereas the void interspacing, L, ,;, can be determined by

1
the relation L,,;, = ——=—=== (Table II).
’ \/ N void dvoid ( )



pajerpeliiun

O O
o o)
o o
= S
) o




—

O 0 3 & W B~ W DN

—_ = =
N = O

—_ = = =
AN W bW

N N = =
- O O oo

1200°C

Figure 1. Bright field TEM images of the reference material showing dislocations in high (a) and low
(b) magnification, of samples irradiated at 600 °C showing voids (white spots) and loops (dark spots)
(c) and decoration of pre-existing dislocation lines with loops (d), of samples irradiated at 800 °C
showing voids (white spots) (e) and dislocation loops (dark spots) decorating dislocation lines (f), and
of samples irradiated at 1200 °C showing voids (g) and one low angle grain boundary depleted from
voids near the interface (h).

The annealing that takes place during the irradiation causes the reduction of the density of the
statistically stored dislocation, pggp, , from 9.8x10" m™ for the unirradiated material to 1.8x10" m™ at
the highest irradiation temperature of 1200 °C. pg, decreases almost linearly with the increase of the
irradiation temperature (Table II). Dislocation loops are also observed in the unirradiated W sheet
with their diameter ranging between 3 and 11 nm and their density, N, , being approximately
6.3x10" m'3, Irradiation at 600 °C increases their density to 2.1x10%* m™ whereas irradiation at 1200
°C results to a smaller increase of 7x10” m>. The diameter of the dislocation loops, dp, , is
approximately constant and of about 3 nm up to the irradiation temperature of 800 °C and increases to
5.9 nm after irradiation at 1200 °C. Regarding the voids, their number density, N, , decreases by
approximately an order of magnitude with the increase of the irradiation temperature, from 1.3x10%
m” at 600 °C to 2x10** m™ at 1200 °C_ whereas their diameter, d
the irradiation temperature from 1.2 to 3.8 nm, respectively. The shear modulus, G, of the specimens
were determined through the impulse excitation technique (IET) [28]. The evolution of the

microstructure with the increase of the irradiation temperature and the competing factors of annealing
and damage are discussed in more details in [28].

\oid » INcreases with the increase of
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Table II. Dislocation density, dislocation loops and voids of unirradiated and irradiated to 0.2 dpa
“cold” rolled W sheet. The data for gy, , Np,, d,,, N,,;; and d,, are taken from [27].

Vi

T Dislocations Dislocation loops Voids

Oi” Pssp N,, dy,, Py Nyoia dyia L
(©) 10%m?) | (10%mY) | @m) | (10°m?) | 10w | (m) | (am)
Unirradiated 9.8£2.0 0.0063 3-11 0.14 - - -
600 35+1.2 2.1+£09 31+14 21+£13 1.3+03 | 1.2+£0.7 80
800 3.1+08 |032+0.05| 2.7+0.9 27+1.0 09+02 | 1.8£0.6 79
1200 1.8+1.0 | 0.07+£0.02 | 59+3.9 1.3+£09 |02+0.04 | 3.8£1.0 115

The crystal structure of the specimens was investigated by XRD. The XRD patterns of the
specimens show bcce crystal structure and that no significant change in the texture of the specimen is
induced after irradiation (Figure 2). Small differences between the texture of the unirradiated and
irradiated specimens are due to their small thickness difference, since according to EBSD data of 1
mm thick W sheet presented in Ref. [48] the texture varies as a function of depth from the surface of
the 1 mm W sheet (see relevant discussion in section 2.1). For the calculation of the volume fraction
of the grain orientations from the XRD patterns the relation [ 64]

. 2
Ly :Nhlg My 'DWT(ghkl)'|F(Hhkl)| -LP(6,,), Eq. 11

was used. 1, is the integrated intensity of the (hkl) crystal planes, N/ is the number of crystallites
that contribute to the integrated intensity with the direction <hkl > perpendicular to the sample surface,
F is the structure factor, m,,, is the multiplicity factor, DW, (9,1,(,) is the Debye-Waller factor and

LP(@hk,) the Lorentz-Polarization factor.

1200 °C

800 °C

600 °C

Intensity (Arb. Units)

A
Unirradiated

(200)

I 110

1211
—

t222)
(321)

8 1 (310)

40 60 80 1 120
20 (degrees)

Figure 2. XRD patterns of the unirradiated and irradiated W sheet.
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The percentage of [001], [111] and [110] grains for the unirradiated and irradiated samples
calculated using Eq.11 are presented in Table III. The percentage of the [001], [111], and [110] grains
calculated from the XRD patterns in the present work and those from obtained from the EBSD data in
[48] are in general agreement.

From Table Il we can conclude that the main orientation of the grains are <100> and <111>
and the majority of them (above 65%) are in the <100> orientation. The observed differences in
texture (Table III) arise from statistical variations which are due to the fact that the texture depends on
depth as it is shown in EBSD measurements [45].

Table IIl. Crystallite percentages in the crystallographic orientations [001], [111] and [110] for the
investigated samples.

T, [001] [111] [110]
“C)

Unirradiated 87.5 11.5 1
600 64.5 35 0.5
800 65 345 0.5
1200 64 35 1

4.2 Hardness and Load-depth curves
In Table IV the shear modulus, G, the Vickers hardness, HV , and the maximum penetration
depth, &,

impulse excitation technique (IET) [28]. It is observed that the irradiation does not change the shear
modulus, i.e. the elastic properties of the material. We observe that the hardness for both loading rates

are presented for the two loading rates. The shear modulus has been determined by

is equal within errors. Irradiation at 600 °C induces an 18 % increase in hardness. However, the
induced irradiation hardness increase does not depend on irradiation temperature as the hardness for
all the irradiated samples is equal within errors. The hardness increase after irradiation is due to the
neutron irradiation induced defects, i.e. voids and dislocation loops.

Whereas HV does not differ for the two loading rates, the depth before the creep stage, &

is different, with that of the higher loading rate being smaller. As it will be discussed below in
combination with Figure 4, during the creep stage there is a faster increase of the depth for the higher
loading rate which results in equal total penetration depths for both loading rates at the end of creep
giving almost equal hardness values.

11
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Table IV. Shear modulus, Vickers hardness and maximum penetration depth for the two loading

rates.

Loading rate 0.25 (N/min) Loading rate 20 (N/min)
T (OC) G (GPa) HV (GPa) hmax (“_m) HV (GPa) hmax (um)
Unirradiated 158+1 | 476+0.02 | 4.74+0.01 4.77 +£0.04 4.53 +0.01
600 155+2 | 5.63+0.06 | 4.40+0.01 5.61 £0.07 4.16 £0.01
800 154+2 | 5.63+0.07 | 4.40+0.01 5.97 £ 0.06 4.02+0.01
1200 152+2 | 5.67+0.07 | 4.36+0.01 5.94+£0.08 4.08 +0.01

The load-depth curves to be discussed are the average of nine (9) indents. In Figure 3, the load-
depth curves of the unirradiated and irradiated W sheet specimens are presented for the loading rate of
0.25 N/min. The load depth curves for all the irradiated samples are quite similar. In order to fully
appreciate if the different defect structures as presented in Table II result in different load curves, the
difference between the irradiated sample indentation depth from the unirradiated one is plotted versus
load in Figure 4 for the 0.25 N/min loading rate. The figure shows that the load-depth of 800 and 1200
°C irradiations are almost the same, whereas these differ from that of the 600 °C with the maximum

difference being about 100 nm in depth for loads up to about 1 N.

3_""|""|""|""|""_
] Unirradiated ]
1 —— 600 °C
1 ——800°C

— 1 —— 1200 °C

z °] 1

©

®

(@)

—l ]
14 i
0 T T 1T T
0 1 2 3 4 5

Depth (um)

Figure 3. Experimental load-depth curves of Vickers indentation tests on unirradiated and irradiated
to 0.2 dpa W “cold” rolled W sheet for 0.25 N/min loading rate.

12
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Figure 4. Difference in penetration depth between the irradiated and unirradiated sample as a function
of load for 0.25 N/min loading rate.

In Figure 5a, the load-depth curves of the indentation experiments on unirradiated and
irradiated W samples at 600, 800, and 1200 °C are presented for the two loading rates of 0.25 and 20
N/min. It is observed that the maximum depth reached at the end of the loading segment and the
penetration during the creep stage depend on the loading rate. The maximum penetration depth at the
end of the loading stage is smaller the higher the loading rate (Figure 5a). In addition, the loading rate
of 0.25 N/min results in an increase of the penetration depth during the creep stage of about 80 nm,
over the dwell time of 200 s, whereas for the 20 N/min loading rate the maximum creep depth is
around 300 nm (Figure 5b). Furthermore, for the same creep time, as the loading rate decreases the
rate at which the depth increases is reduced. This can be understood as follows. During the loading
stage with high loading rate, the time is not sufficient for the plastic deformation to be fully
developed, i.e. for the dislocations to dissipate away from the stress-concentration indentation zones
thereby limiting the plastic strain. This strain is released in the creep stage resulting in high creep
depth. On the other hand, when the loading rate is sufficiently low the plastic deformation will be
fully developed during the loading stage. This suggests that as the loading rate decreases the response
of the material approaches the quasi-static behavior. Similar effects have been observed in [65,66],
where the influence of the loading rate and creep time on the calculated hardness and modulus of
several bulk and thin film materials was investigated by nanoindentation.

13
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Figure 5. (a) Load-depth curves of unirradiated and irradiated to 0.2 dpa at 600, 900, and 1200 °C
with (un)loading rates of 0.25 and 20 N/min. (b) Creep depth-time curves for (un)loading rate for
0.25 and 20 N/min.

4.3 CP-FEM simulation
a) Simulation procedure

The theoretical model described in section 3 is applied to simulate the indentation curves of the
W material with the Vickers indenter. The constitutive equations are implemented into the subroutine
VUMAT of Abaqus. For the simulations, the sample is simulated by a cylinder with a height of 50 um
and a radius of 50 um as illustrated in Figure 6(a). The meshed elements for the sample and Vickers
indenter are shown in Figure 6(b) and 6(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 elements. For the region beneath the indenter tip, the mesh is refined with
the minimum size of 0.1 pm and 0.25 pm 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 little effect on the force-depth
relationship [67].

The only parameter of the experimental load-depth curves which is implemented in the FEM
calculation is the loading strain rate ¢ which is introduced via Eq. 4. However, the experimental
loading rate is connected with the value of strain rate sensitivity m (Eq. 2). Due to numerical issues,

the power-law relationship exponent n (m = %) used had the typical value of 20. This value

ensures uniqueness in selected deformation systems but much higher values are needed to accurately
model the actual material strain-rate sensitivity as it is well known that for most metallic materials the
value of n needs to be significantly greater in order to capture their strain-rate sensitive response [68,
69, 70].

The CPFEM model was applied to simulate the experimental indentation load-depth curves
for the unirradiated and irradiated W sheet specimens obtained using the low loading rate of 0.25
N/min given that the FEM calculations represent quasi-static load. The constitutive law parameters
used for the simulation, as taken from the literature, are presented in Table I, the microstructural
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parameters as determined by TEM (available for the irradiation temperatures of 600, 800 and 1200
°C) were taken from [27] and [28] (Table II). CPFEM simulations for the three crystallographic
orientations [001], [101] and [111] for these irradiation conditions were performed, and the final load-
depth relationship for polycrystalline tungsten was obtained as a weighted sum of the load-depth
curves corresponding to the three different orientations.

Figure 6. (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 pm.
(b) and (c¢) The meshes of the sample and the Vickers indenter with the tip radius of 100 nm.

For the simulation of the load-depth curve of the unirradiated specimen three hardening
terms, namely the lattice friction stress, 7,5, the dislocation-dislocation interaction term, 7, , and
the Hall-Petch hardening term, 7, , induced by grain boundaries, were considered. TEM results

showed a very low density of dislocation loops on the unirradiated specimen that is negligible, and it
was not taken into account [27]. These terms have been extensively used for the simulation of the
indentation and tensile curves of fusion relevant materials resulting in exceptionally good coincidence
between simulation and experimental results [43, 44, 45].

The lattice friction, 7,,, 1is given by Eq. 4 and using the values of Table I and the

experimental strain rate it is calculated and presented in Figure 7. Notwithstanding the strain rate
varies strongly with the applied forces the lattice friction due the functional form of Eq. 4 varies
reasonably slowly giving mean values for the whole load range with small standard deviation, i.e.

7,(0.25 N/min)=(404+14) MPa and 7,,.(20 N/min)=(450+14) MPa .
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The dislocation-dislocation interaction term, g, , was calculated using Eq.5 and the
dislocation line density from TEM measurements (Table II). Finally, the Hall-Petch hardening term,
Tp , Was calculated by fitting the simulated curve to the experimental one for the unirradiated

specimen.

The simulated curves of the experimental data for the loading segment of the load-depth
curve of the unirradiated W sheet are presented in Figure 8a. A good agreement is observed between
the simulated curves and experimental data. The obtained value for the Hall-Petch hardening term,
Typ, 18 (790£68) MPa. From Eq.11 the mean grain size was determined equal to 22 pm, in close
agreement with the medium equivalent diameter of the grains derived by Scanning Electron
Microscopy (SEM) analysis (~26 um) [27, 71]. The Hall-Petch hardening term, 7., was kept
constant for the irradiated specimens as no change in the grain size was observed in the specimens
after neutron irradiation [27, 71].

The other terms of CRSS in Eq. 3 have been calculated for the irradiated samples utilizing
Table I and TEM results (Table II). Specifically, the hardening term, 7, , induced by dislocation
loops was calculated from Eq.7 and the dislocation loop mean diameter and density, and the
irradiation hardening term, 7, from voids was obtained from Eq. 9 and the void mean diameter and
density (Table II). The calculated CRSS stress terms of Eq. 3 are given in Table V. It should be noted
that in the calculation the CRSS is the same for all the slip planes and any slip plane dependence
comes from eqs. 6 and 8.
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Figure 8. Experimental and simulated (solid line) load-depth curves of Vickers indentation
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“cold” rolled W sheet, for (un)loading rate for 0.25 N/min. The simulated load-depth curves for [001]
(dashed line), [101] (dot dashed line), and [111] (short dashed line) crystalline orientations are also
presented.

The main irradiation induced hardening mechanism is the voids formation as for all
irradiation temperatures the 7, is more than four times higher than 7,, and 74, . This finding is

consistent with an independent study carried out on single crystal and powder metallurgy tungsten
irradiated up to 800 °C [16]. 7, presents a maximum after irradiation at 800 °C, but it does not change
significantly with irradiation temperature. 7, and 75, have comparable values after irradiation at
600 °C, and they both decrease as the irradiation temperature increases, but 74, decreases at a lower

rate than 7, .

The time evolution of the CRSS as indentation proceeds is described by the Eqgs. 6 and 8. In
order to imitate the experimental indentation curve sequential forces on the indenter are applied and
the resulting indenter depth is obtained. Within this approximation time depending effects or
relaxation effects are ignored. Thus, the calculation may be considered as quasi-static.
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Using the calculated irradiation induced hardening terms, the load-depth curves of the irradiated
specimens were simulated and are presented in Figure 8. A good agreement between the simulated
and experimental curves is observed supporting the validity of the CPFEM model.

Table V. Calculated stress terms of Eq. 3 using the microstructural data obtained by TEM. For the
Hall-Petch hardening term, 7, , the value obtained from the FEM simulations is presented.

L, TLF Tssp Tpr 7y Thp
°C) (MPa) (MPa) (MPa) (MPa) (MPa)

Unirradiated |Loading rate 0.25 N/min| 111 £+ 11 - -

600 389+5 65+11 | 52+16 252479 700 + 68
800 Loading rate 20 N/min | 61 +38 19+4 289 + 58
1200 440+ 5 46+ 13 | 13<£5 238+ 40

The obtained here results and specifically the evidence of the high contribution to the
irradiation induced hardening coming from the voids signifies the importance of a negative synergistic
effect of void swelling which will simultaneously provoke dimensional changes (swelling), loss of
thermal conductivity (overheating) and embrittlement (reduced fracture toughness). The region to be
exposed to these changes should be located around the temperature corresponding to the peak of the
void swelling, which is 800 °C in the case of pure W. Correspondingly, the development of the W-
based alloys or other refractory alloys (e.g. high entropy alloys) with an improved resistance against
void swelling may have important consequence for operational lifetime of the PFC components.

In the design stage of a Fusion reactor and for the lifetime management of different components,
modelling at the macroscopic level of the mechanical behaviour under various irradiation conditions
(given the thickness of the in-vessel components), temperatures and loads is required. For this the
constitutive equations describing the material response to external loads is a prerequisite.

5 Summary and Conclusions

Instrumented indentation measurements were performed on “cold” rolled W sheet specimens
neutron irradiated at 600, 800 and 1200 °C using two (un)loading rates of 0.25 N/min and 20 N/min.
The penetration depth depends on the loading rate and the higher the loading rate the lower the
penetration depth, which reflects the strain rate sensitivity of the material resistance being usually a
feature of ductile material (which is the case of the studied W sheet known to exhibit ductility at room
temperature). Neutron irradiation results in an increase of the hardness by approximately (19 + 2) %
for the low (un)loading rate of 0.25 N/min, and this increase shows no dependence on the irradiation
temperature. The use of a higher loading rate of 20 N/min does not cause a change in the hardness
value of the unirradiated and irradiated at 600 °C specimens as compared to its corresponding value
for the (un)loading rate of 0.25 N/min. For the samples irradiated at higher temperatures, a slight
increase of the hardness, by approximately 300 MPa, is measured in the case of the high loading rate.
This suggests that the void-dominated microstructure, formed at high temperature, is more sensitive to
the loading rate as compared to the reference and mixed loop-void microstructure formed at 600 °C.

CPFEM calculations were performed to simulate the loading segments of the load-depth curves
of Vickers indentation experiments for the low (un)loading rate, since in the simulations a quasi-static
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equilibrium during the loading stage is assumed. The underlying model accounts for the state-of-the
art plasticity of non-irradiated polycrystalline W and it incorporates the results from the TEM
investigation on the bulk dislocation density, voids, and dislocation loops whose size and density were
determined in the irradiated specimens.

In the case of the unirradiated specimen the critical resolved shear stress, 7,545, Was modelled
as the linear superposition of three hardening terms originating from the lattice friction, the
dislocation-dislocation interaction term and the interaction of the dislocations with the grain
boundaries (Hall-Petch term). The Hall-Petch term was determined to be (790+68) MPa,
corresponding to a mean grain size of 22 um. This is very close to the medium equivalent diameter of
the grains derived from the TEM analysis (~26 um) [27, 71]. Since TEM results show that the
irradiation does not result in any change of the grain structure of the specimens, the value of the Hall-
Petch term for the simulation of the irradiated specimens was thus kept the same as that used for the
reference samples. The strengthening coefficients of the radiation induced defects for CPFEM
simulations were accounted for using the TEM obtained microstructural information and an
exceptionally good coincidence between the simulated and experimental results was achieved,
indicating that the irradiation induced hardness increase can be estimated with good accuracy. The
results show that the dominant irradiation hardening comes from the voids, whose fraction becomes
maximum after irradiation at 800 °C. The contribution of the voids to the irradiation-induced
hardening is five times higher compared to the contribution of the dislocation loops at 600 °C and by
eighteen times higher at 1200 °C. Due to the high temperature irradiation, the density of the
dislocation lines decreased after irradiation. Correspondingly, the hardening term due to the
dislocation-dislocation interaction decreases by a factor of two after irradiation at 600 °C and it
decreases even further at 1200 °C.

This work indicates that the plasticity model successfully describes the indentation of W
exposed to neutron irradiation in various temperature conditions. For the implementation of the
plasticity model in a macroscopic engineering material, the information on the microstructural
evolution under irradiation has to be provided, as it has been done in this work. This crucial
information may be provided by experimental work or theoretical models which can essentially
reduce the time and cost burden otherwise required for the application of transmission electron
microscopy.
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