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Abstract

It is very well known that tungsten is intrinsically brittle at room temperature, and the
characterization of its ductile properties by conventional mechanical tests is possible only above the
ductile-to-brittle transition temperature (DBTT), i.e. above 500-700 K. However, the design of
tungsten-based components often requires the knowledge of constitutive laws below the DBTT.
Here, we carried out instrumented hardness measurements in the temperature range of 300-691 K
by nano-indentation. The obtained results are used to extend a set of constitutive laws for the
plastic deformation of tungsten, developed earlier on the basis of tensile data, which now covers the
temperature range of 300-1273 K. The validation of the constitutive laws was realized by the
crystal plasticity finite element method (CPFEM) model, which was applied to simulate the nano-
indentation loading curves. The distribution of stress and strain under the indenter was also studied

by the CPFEM to bring an insight on the extension of the plastic zone in the process of the



indentation, which 1s of crucial  importance when nano-indentation IS used to resolve the
microstructural features generated by e.g. irradiation by energetic particles, plasma exposure or

thermo-mechanical treatment.
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1. Introduction
Tungsten is one of the important materials for high-temperature applications such as shielding,

armour or heating element in space applications, particle accelerators, furnaces and plasma-
operating devices. Thanks to its high strength, thermal conductivity and melting point, tungsten is
selected as the plasma-facing material in the world’s largest fusion device under construction —
ITER [1, 2]. Tungsten will protect the functional components, required to extract the fusion power,
and therefore it will be subject to cyclic thermo-mechanical stresses originating from the plasma
discharge. The mechanical and microstructural properties of the sub-surface region of the plasma-
facing material will play a crucial role in its performance [3]. Although tungsten exhibits extremely
high strength, bulk tungsten suffers from intrinsic brittleness, as its ductile-to-brittle transition
temperature (DBTT) is around 500-700 K [4], which depends on the particular microstructure and
composition (i.e. on the initial purity, fabrication route and final heat treatment). The onset of
ductility appears to be controlled by the dislocation mobility and microstructural features limiting
their multiplication and recombination. As a result of the extended operation in the fusion
environment, the thermo-mechanical properties of the plasma facing material will degrade due to
the repetitive thermal shocks (thermal cyclic fatigue), penetration of hydrogen isotopes (hydrogen
embrittlement) and accumulation of irradiation damage (atomic collision cascades due to 14 MeV
neutrons). Overall, the initially high DBTT will increase even further prompting a risk of cracking
directly under operation [5]. The latter must be avoided to prevent the so-called loss of vacuum
accident. As it was studied recently, the exposure to the high flux plasma and thermal shocks
generates the strong damage pattern but in rather thin sub-surface layer (up to ~10 um) [6-8]. This
is why the understanding of the mechanical properties of rather thin regions of tungsten is of
essential importance for the design of the plasma facing components. In addition, the usage of
heavy ion irradiation is a common practice to simulate the neutron irradiation damage, but such
method generates very shallow damage deposition profile (typically limited to 1-2 um), so that
conventional means of mechanical characterization cannot be applied [9-11].



The emergence of precise nano-scale experimental techniques such as nano-indentation (NI)
and physically robust computational models has promoted a growing interest for the investigation
of material sub-surface regions at nano- and atomic-scales (see e.g. [12-14] as what concerns
tungsten). It has already been demonstrated that NI can be successfully used to characterize the
impact of heavy ion irradiation [15-24] and low and high flux plasma exposure [16, 22-35] of
single crystal or polycrystalline commercial tungsten grades (including grades produced
specifically to comply with ITER specification) and W-based alloys. The application of NI allowed
one to assess the local change of mechanical properties at the nano-scale (hardening or softening in
the grain with a certain crystallographic orientation) due to the presence of radiation- or plasma-
induced defects (i.e. dislocation loops, voids and subsurface bubbles) accumulated within a shallow
depth, and correlate it with the available results of corresponding microstructural investigations

such as transmission electron microscopy (TEM).

More recently, several works were dedicated to modelling of NI experiments in tungsten [36-
41], which is needed to extract the physical properties of tungsten, to mature the NI measurement
methodology and to interpret the experimental data. These works have already provided a
considerable insight into the physics of NI process in tungsten, but all of them treat the
experimental data obtained at room temperature only. However, due to its relatively high DBTT,
tungsten will operate at elevated temperature, therefore the characterization of the plasma- and
neutron-damage by NI will be needed at high temperature, i.e. at least at 473 K (the base
temperature of W in ITER) and above. Besides, the above-cited simulation works have been based
on either linear elastic (considering elastic regime solely) or the Peirce-Asaro-Needleman crystal
plasticity constitutive laws [42]. However, the classical formulation of this model treats the critical
resolved shear stress (CRSS) as a single state variable, which is a limitation when multiple

deformation mechanisms are at play.

In the present paper, we extend the Peirce-Asaro-Needleman model by decomposing the
CRSS into the different contributions accounting separately for the impact of lattice friction,
dislocation forest hardening and dislocation grain boundary pinning (i.e. the Hall-Petch effect). In
our model, each component depends on the temperature and actual microstructure of the material
under investigation. Thus, we can account for the impact of the microstructural changes induced,
e.g. by plasma exposure, heat shock or irradiation by energetic particles, including heavy ion

irradiation which is known to produce strongly non-homogeneous damage profile.

In the very recent work, the indentation of tungsten done at the elevated temperature up to

1223 K has been reported [43]. However, the studies focused on T above 773 K and the hardness



was calculated using a theoretical dependence of the 'contact area on the indentation depth. In this
work, we present NI experiments carried out at room and elevated temperature, covering the range
below 700 K down to room temperature. The results are treated by a crystal plasticity finite element
method (CPFEM) model, which is applied to extract the constitutive law parameters in the
temperature range of 300-691 K. The material plasticity parameters were identified by comparing
the measured and predicted load—displacement curves and hardness data. To ensure the industrial
relevance of this work, we carried out the experiments on the commercial tungsten grade of 99.97

weight % purity produced according to the ITER specification.

2. Methodology

2.1 Experimental procedure
The original bulk material has been supplied by Plansee AG as a bar with a 36x36 mm? square

cross-section. The bar was fabricated by hammering on both sides. The grains had therefore the
needle-like shape, as shown in Fig. 1(a). The samples for NI were cut to 20x20x1 mm?® dimension
and then annealed at 2073 K for one hour to remove any damage associated with the electric
discharge machine cutting and to recrystallize the grains. As a result of this annealing, the scanning
electron microscopy—electron backscatter diffraction (SEM—EBSD) analysis revealed that grains
became equiaxed, and their mean size was 36 um, as shown in Fig. 1(b). The initial dislocation
density was about (4-8)x10** m™ and after the annealing it was reduced below 10 m?, as it was
revealed by TEM. Then the samples were grinded using 1200 grit paper and polished in 9 pum, 3
pm and 1pm grain size diamond suspensions, followed by a final polishing step using silica

nanoparticles.

w
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Fig. 1. SEM-EBSD inverse pole figure maps of (a) as-fabricated and (b) recrystallized tungsten.



NI has been performed in a High Temperature nano-mechanical testing system from Anton
Paar (UNHT3-HTV), which can record the load displacement curves and determine the hardness at
several temperatures and indentation depths. The high temperature NI was carried out in vacuum
using a tungsten carbide (WC) indenter tip mounted in a molybdenum shaft to which
thermocouples have been welded. The UNHT indenter head is based on an active surface
referencing system consisting of two probes (indenter and reference) in order to minimize the
instrumental compliances and the thermal drift. A reference tip, made of a sapphire ball mounted in
a similar shaft as the one supporting the WC indenter, was placed at a distance of 9.3 mm from the
indenter tip. Heating was applied to the indenter tip, the reference tip and the sample, and in each
case the temperature was controlled independently. To avoid the use of glues that may be an
additional source of system compliances, the samples were held in a clamping stage by a retaining
disc that fixed the sample to a highly thermal conductive graphite substrate. The heating was
performed by infrared lamps placed below the graphite substrate. The temperature stabilization was
achieved by equilibration of the thermal bath created between the two tips and the sample. Firstly,
the probes and the sample were heated up to the target temperature and let stabilize in servo-loop
mode while the sample surface was at 500 um distance from the probes. Then, the temperature
feedback control was switched off and the temperature of the reference probe was adjusted to
match the sample temperature by bringing it into contact with the sample and minimizing the
temperature change. Then the temperature of the indenter probe was matched with the sample
temperature by fine tuning the power of the infrared lamp while performing a long indentation (5
min at Fnax, and 5 min at 10% of Fnay). This procedure allowed one to achieve the thermal drifts
below 20 nm/min in all measurements. The thermal drift was determined in between measurements
by the change in displacement after unloading to 10 % of Fnax. After the temperature equilibration a
set of single cycle NI were carried out in force control mode up to 50 mN and 100 mN of maximum
load, Fmax . 3 to 6 standard measurements were performed for each condition using loading and
unloading times of 30 s, a dwell time of 10 s and spacing between indents of 50 um. The test
temperature was considered to be the temperature measured at the indenter tip, i.e. 122 + 1 °C, 232
+ 2 °C and 418 £ 2 °C. The indentation hardness values were estimated using the classical Oliver &
Pharr method [44] and fitting a power law to the first segment of the unloading curve (from 98% to
40%) [44]. The tip area function and the frame compliance were calibrated by an iterative approach
performing a series of indents in two reference materials: used silica and tungsten, as described in
[45], using Poisson's ratio of 0.24 and elastic modulus of 700 GPa for the indenter material, WC.
The frame compliance amounted to 0.51 nm/mN. The zero contact point was set using a contact
stiffness threshold of 800 uN/pm.



2.2 CPFEM for the NI of tungsten
In this work, the CPFEM is applied to simulate the NI process in the temperature range of

300-691 K, following the available experimental data. In the next subsections, the single crystal
plasticity theory with temperature effect is firstly introduced. Then, the detailed information is

presented for the setup of the finite element model.

2.2.1 Single crystal plasticity theory
Within the framework of classical crystal plasticity theory [46], the deformation of materials

can be divided into the elastic and plastic stages. Plastic deformation is dominated by the
dislocation motion in slip systems. The viscoplastic strain rate related to the dislocation glide can

be given as
. vp N, La
& = Z Ry 1)
a=1

where N and R“ are respectively the number of slip systems and the Schmid factor.

R :%(s“®n“+n“ ®s“) with s and n“ representing the unit vectors for the slipping and

normal direction of the « -th slip system, respectively. For each slip system, the corresponding

plastic shear rate can be defined as

a ) 1
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where ;}0 and m are, respectively, the reference shearing rate and strain rate sensitivity. 75 is the

resolved shear stress, and 755 is the CRSS. Concerning the plastic deformation of polycrystalline
tungsten, three hardening mechanisms should be taken into account at intermediate temperatures,

therefore, 7255 IS expressed as follows:

Terss(T) =7 (T) + 76 (T) + 7555 (T) 3)
where 7., 7., and 7, are, respectively, the lattice friction stress, Hall-Petch hardening and
dislocation hardening terms. The term z,,, originates from piling-up of dislocations heading to

grain boundaries, and the term z¢, is induced by the dislocation-dislocation interaction.



Plastic deformation in body-centered ‘cubic (bcc) metals at intermediate temperature is well
known to be mediated by the movement of screw dislocations, which is a thermally activated

process. Following the work of Lim et al. [47], the lattice friction stress 7, can be expressed as:

r:(T)= (4)
KgT

Tl 1-

k &
where 7z, and 7z, are the reference stresses for the screw dislocations below and above To,

respectively. k; is the Boltzmann constant and 2H, is the formation enthalpy of the kink pair on a

screw dislocation. ;}po and T, are the reference strain rate and the critical temperature, which

separates the elastic interaction and the line tension regimes. ¢ is the loading strain rate. For the

case of NI, & can be defined as [48]
- 1dh
E=——

h dt

where h is the indentation depth.

()

Following the Hall-Petch relationship [49], 7, is related to the Hall-Petch coefficient k,,;
and average grain size d in the following way:
T (T) =Ky (T)d°° (6)
The value of k. tends to decrease with the increase of temperature due to the thermally-

activated interaction of dislocations with grain boundaries and facilitated absorption of dislocations
into the grain boundary interfaces.

The dislocation interaction and multiplication also result in the material strengthening, and

Tesp CaN be expressed as:

TS;D (T) = u(T)bhssp (T )/ Pssp (7

where ,u(l’):\/[Cll(l')—Clz(I')]CM(l')/Z is the temperature-dependent shear modulus, and the

elastic constants C;; for tungsten can be found in [50]. hgg; is the dislocation strength coefficient,

which is assumed to decrease linearly with temperature i.e. hy(T)=hd, —KspT following the



earlier study [51]. b and pg, are the magnitude of the Burgers vector and the density of

statistically stored dislocations (SSDs), respectively.
As the plastic deformation progresses, the generation of SSDs within the plasticity affected
region would result in the evolution of the CRSS, i.e.

a Ny B
rerss(T) =D H(T) |y | (8)
p=1
where the hardening matrix H“ can be expressed as [52]
au
HOA(T) = gy 11- T o s 9)
T

SSD

where a, and n, are the dislocation hardening coefficient and the dislocation interaction sensitivity

coefficient, respectively. m* is the matrix indicating the interaction strength between dislocations

gliding in slip systems o and B [52]. 7 denotes the maximum SSD hardening strength when the

density of SSDs gets saturated.

2.2.2 Finite element method model setup
In this work, the theoretical model developed in the previous subsection is applied to simulate

the NI of tungsten at elevated temperatures with the Berkovich indenter. The constitutive equations
are implemented into the subroutine VUMAT of Abaqus. The sample is taken as a cylinder with
the height of 20 pm and radius of 20 pum as illustrated in Fig. 2(a). The meshed elements for the
sample and Berkovich indenter are shown in Fig. 2(b). The sample contains 22848 linear
hexahedral elements of type C3D8R and 24344 nodes, and the Berkovich 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 pum 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 indenter tip is set as frictionless as it

has a little effect on the force-depth relationship [53].



Fig. 2. (a) Schematic of the geometrical model for the NI of tungsten with a Berkovich indenter.
The indented sample is taken as a cylinder with the height of 20 um and radius of 20 um. (b) The

meshes of the sample and the Berkovich indenter with the tip radius 100 nm.

The temperature-dependent elastic constants for tungsten are taken from Ref. [50]. N, =24
represents the slip systems of {110}<111> and {112} <111> types. The average grain size is
taken as d =36 um, which was measured by the EBSD software. he(T)=hg, —KepT with
hos, =0.38 and ke, =4x10™ K™[51]. The initial and saturated density of SSD are taken to be

1x10" m? and 1x10" m?, respectively. In the experiment, the loading velocity was calculated
to amount dA#/d¢ = 20 nm/s at the beginning of the dwelling time. Therefore, the equivalent

strain rate can be estimated as 0.02 s following Eq. (5) when the indentation depth ranges from

500 nm to 1500 nm. The rest of parameters used in the simulation are listed in Table 1.

Table 1. Parameters of the constitutive law of tungsten

Variable Value Unit Used in Reference
Ve 0.001 st Eq. (2) [51]
m 0.05 - Eqg. (2) [51]
Tho 1038 MPa Eq. (4) [47]
T 2035 MPa Eqg. (4) [47]
T, 580 K Eq. (4) [47]
Ke 1.38x10% JK Eq. (4) [47]
H, 1.65%10™° J Eq. (4) [47]
Vo 3.71x10" s? Eq. (4) [47]




a, 165 MPa Eq. (9) Fitted
N, 4.0 - Eq. (9) Fitted

3. Results

3.1 Force-depth and hardness-depth relationship
In this subsection, the proposed CPFEM model is applied to simulate the NI of recrystallized

tungsten at room and high temperature. According to the crystal orientation map of the
recrystallized tungsten, obtained with the help of EBSD (Fig. 1(b)), crystallographic orientations
[111], [101] and [212] are dominant, representing 15%, 20% and 65% of the total explored area,
respectively. Therefore, simulations were performed for the three crystallographic orientations for
every considered value of temperature, and the final force-depth relationship for polycrystalline
tungsten is obtained as a weighted sum of the force-depth curves corresponding to the three loading
directions. The contribution of the lattice friction and dislocation hardening terms was established
earlier in a wide temperature range [51]. Thus, the Hall-Petch hardening contribution is the only
parameter that was varied to fit the simulation results to the experimental force-depth curves at

different temperatures. The best match (as illustrated in Fig. 3) was achieved if 7, is taken to be

620 MPa, 486 MPa, 335 MPa and 245 MPa at 300 K, 395 K, 505 K and 691 K, respectively. With
the increase of temperature, the loading force decreases at the same indentation depth, which
indicates the material softening at high temperatures. The softening is attributed to the enhanced
plasticity as the strength of the dislocation-dislocation and dislocation-grain boundary interaction

decreases.

10
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Fig. 3. The simulated (lines) and experimental (symbols) force-depth relationships for
recrystallized W at 300 K, 395 K, 505 K and 691 K.

Based on the force-depth relationship, the indentation hardness can be calculatedas H=F /A

where F and A are the load and contact area, respectively [44]. For the Berkovich indenter, the
contact area A is defined as A=24.56h> where h,=h—k-F/(dF/dh) and k =0.75 [44]. Fig. 4

illustrates the calculated hardness-depth relationships at different temperatures, which are
compared with the experimental data. One can see that a good agreement is achieved. The hardness
decreases from ~6 GPa at the room temperature down to 2 GPa at 691 K, which is consistent with
the evolution of the force-depth relationships, as shown in Fig.3. It should be noted that the
indentation size effect is not obvious when the indentation depth is larger than 500 nm, therefore,
the contribution of geometrically necessary dislocations is not covered in this simulation work, and

the simulated hardness is a constant value for a given temperature.

11
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Fig. 4. The simulated (lines) and experimental (symbols) hardness-depth relationships for
recrystallized W at 300 K, 395 K, 505 K and 691 K. Note that the hardness calculated from the
experimental loading curves is obtained by using the relationship for the area A(h) derived from the

calibration measurements.

3.2 Comparison of lattice friction and Hall-Petch hardening terms
Fig. 5 illustrates the temperature dependency of the CRSS components, namely, the lattice

friction, Hall-Petch effect and their sum. The lattice friction is calculated by Eg. (4), assuming the
equivalent strain rate of 0.02 s™. It can be seen that: (1) Both the lattice friction and Hall-Petch
contribution decrease with the increase of temperature, as expected given their temperature-
dependent features. (2) The Hall-Petch contribution is larger than that of lattice friction in the
whole tested temperature range, indicating that the Hall-Petch effect is the dominant hardening
mechanism for the recrystallized tungsten. Given that the average grain size of the studied tungsten

is 36 um, the Hall-Petch coefficient can be evaluated from the corresponding values of 7,
reported in Section 3.1 as 3.72, 2.92, 2.01 and 1.47 MPa-m®® at 300 K, 395 K, 505 K and 691 K,

respectively (as shown in Fig. 6). Note that its value obtained at room temperature (3.72 MPa-m®?)

is close to the result (3.1 MPa-m®®) of another independent study [54]. Besides, the values of the

Hall-Petch coefficient k., and dislocation strength coefficient hy,, calculated in our previous

work for higher temperature [51] are added in Fig. 6. With increasing the test temperature, the Hall-

12



Petch coefficient strongly decreases inthe! intetval 500-800 K- from ~2 MPa:m®° to 0.45 MPa-m°°
which correlates very well with the range of the DBTT for this tungsten grade.
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Fig. 5. The temperature evolution of the lattice friction, the Hall-Petch effect and their sum revealed

with the help of CPFEM.
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3.3 Dis \/on Mises Stresses and . |

In order to understand the details of the NI process and estimate the size of the plasticity

affected region in the performed FEM simulations, the distribution of equivalent plastic strain
(denoted as PEEQ in Abaqus) beneath the indenter tip is analyzed at every studied temperature.
The indentation depth is 750 nm, and the loading direction is [212]. We approximate the plasticity
affected region as a hemisphere with radius R, which linearly increases with the indentation depth h
with ratio M (R=M-h). As illustrated in Fig. 7, R slightly increases with temperature, which can be
attributed to the reduction of the yield stress with the increase of temperature promoting the
extension of the plasticity affected region. The ratio M as a function of temperature is presented in
Fig. 8(a), which linearly raises from 5.3 to 7.1 with the temperature increasing from 300 K up to
691 K. To clarify how M varies depending on the penetration depth, it was calculated for different
depths for the two limiting values of test temperature. The results are presented in Fig. 8(b), which

shows that M is almost a constant in the range of indentation depth 350-700 nm.

Fig. 7. Distribution of the equivalent plastic strain (PEEQ) at (a) 300 K, (b) 395 K, (c) 505 K and
(d) 691 K. The indentation depth is 750 nm, and the loading direction is [212].
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Fig. 8. (a) Ratio M as a function of the test temperature. Indentation depth is 750 nm. (b) Ratio M as
a function of the indentation depth at 300 K and 691 K. Indentation along the crystallographic
direction [212].

Fig. 9 presents the distribution of the von Mises stress when the indentation depth is 750 nm,
and the loading direction is [212]. In accordance with the distribution of PEEQ, the region of high
von Mises stress gradually shrinks with the increase of the test temperature, which is explained by

the temperature-enhanced plasticity. Furthermore, the distribution of the dislocation hardening term
in slip system (111)[110] (i.e. Tesp) IS shown Fig. 10. Comparing Figs. 9 and 10, one can see that

the magnitude of ri, is one order of magnitude lower than that of the von Mises stress. This

means that the dominant contribution to the resistance of recrystallized tungsten against the
indenter penetration comes from the lattice friction and Hall-Petch effect.

15
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and (d) 691 K. The indentation depth is 750 nm, and the loading direction is [212].
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Fig. 10. Distribution of 7, (measured in TPa) at (a) 300 K, (b) 395 K, (c) 505 K and (d) 691 K .

The superscript “1” indicates the slip system (]i'l)[llO]. The indentation depth is 750 nm, and the
loading direction is [212].

4. Summary and conclusions
We have performed the NI measurements on the commercially pure tungsten which was

recrystallized to get large equiaxed grains (thus to avoid the effect of texture, which would
complicate the modelling approach). The experimental results have demonstrated that the saturated
nanohardness decreases almost linearly with increasing the test temperature from 6 GPa at room

temperature down to 2 GPa at 691 K.
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The CPFEM tool was applied 10 simulate the indenter ‘penetration, and an iterative procedure
was used to derive a number of physical parameters determining the plastic deformation in the
material. As a result, we have obtained the lattice friction stress, dislocation-dislocation and
dislocation-grain boundary interaction strengths in the temperature range below and around the
DBTT i.e. 300-691 K. The knowledge of these parameters allows one to derive the constitutive law
to describe the plastic deformation of a representative volume element, which subsequently can be
used in the coarse grain models to predict the response of tungsten and tungsten-based materials to
thermo-mechanical loads with the correct description of its behaviour not just above but also below
the DBTT.

The derivation of the plasticity parameters has been performed with the minimum number of
fitting parameters, thanks to the previous works [51], which provided the temperature dependence
for the lattice friction and dislocation-dislocation interaction strength. Correspondingly, we have
extrapolated some of the plastic parameters from earlier works [51] and calculated the lattice
friction stress using the highly reliable information from the ab initio calculations (such as the
activation energy for the screw dislocation motion taken as 1.65 eV following the literature data
[47]). Hence, the Hall-Petch strength coefficient was therefore the sole fitting parameter in the
present study. It was found that the Hall-Petch strength decreases with increasing temperature
(varied from 300 to 691 K) from 3.72 down to 1.47 MPa-m®>. The dislocation strength parameter
can be well approximated by the linear regression function as 0.38-4x10™.T [K].

Finally, the plastic strain and stress distributions during the indentation process were extracted
from the CPFEM model to investigate the extension of the plasticity affected region underneath the
indenter tip depending on the indentation temperature. The obtained results show that the plasticity
affected region is larger than the penetration depth by a factor of 5.3 to 7.1, depending on the test
temperature. This factor increases with the test temperature due to the progressive activation of slip
systems. This information can be utilized to guide the future NI experiments to probe tungsten
samples after exposure to heavy ions, which is an alternative approach to introduce the radiation

damage and characterize the potential effect of neutron irradiation of the same dose.
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