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The strain rate dependence of the brittle-to-ductile transition (BDT)
temperature was investigated in notched and un-notched miniature bars
made of high-purity polycrystalline tungsten and in notched bars of
less-pure sintered material. The activation energy, Egpr, for the process
controlling the BDT in pure tungsten was equal to 1.0eV both in
un-notched and notched specimens, though the brittle-ductile transition
temperature, Tgpt, Was ~40 K lower at each strain rate for the un-notched
samples, indicating that the activation energy, Epprt, 1S a materials
parameter, independent of geometrical factors. The experimental data
obtained from pure tungsten are described well by a two-dimensional
dislocation-dynamics model of crack-tip plasticity, which is also discussed.
For sintered tungsten, Egpt was found to be 1.45eV; Tgpr at a given strain
rate was higher than in the pure tungsten by ~90 K, suggesting that the
BDT in tungsten is very sensitive to impurity levels.

Keywords: tungsten; fracture; dislocation; brittle—ductile transition;
plasticity; purity

1. Introduction

Tungsten has been proposed as a plasma-facing material for critical components,
subjected to high levels of radiation damage, high temperatures and stresses, in
next-generation fusion reactors such as ITER [1]. At room temperature, tungsten
generally fails by low-energy brittle cleavage; above a critical brittle—ductile
transition temperature, Tgpt, the fracture mode may be ductile, with a greater or
lesser amount of crack-tip or macroscopic plastic deformation [2]. One of the major
concerns about tungsten being used for fusion applications is its high Tgpr.
Brittle-to-ductile transition temperatures typically depend on strain rate, with Tgpt
being lower at higher strain rates. Stresses produced at high loading rates by
thermal/electromagnetic shock during a transient event (for example, a plasma
disruption) are known to lead to formation of cracks in tungsten [3,4] and could
possibly lead to catastrophic failure in practice. Also, in such applications, the
transition temperature will also be lowered by radiation damage and helium
accumulation, which are likely to decrease plasticity and to weaken grain boundaries.

There is thus a need to understand the mechanisms controlling the Tgpt and its
strain-rate dependence in high purity tungsten and in commercial tungsten grades.
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Data on brittle-ductile transitions in tungsten are scarce and mostly related to pure
crystals [2,5]. In studies of the brittle—ductile transition (BDT) in single-phase
materials, such as silicon [6], germanium [7], alumina [8], Tgpt Was measured as a
function of strain rate, ¢ and the following relationship was experimentally
obtained:

é:Aexp(— EBDT), (1

kTgpr

where A4 is a constant and k is Boltzmann’s constant. The activation energy for the
BDT, Egpt, was found to be equal to that experimentally found for dislocation
glide [9]. This implies that the controlling process for the BDT in these materials is
dislocation glide in the region near the crack-tip (rather than whether dislocations
can be nucleated at or near the crack-tip). In these materials, dislocation-dynamics
models of slip around crack-tips and the elastic ‘shielding’ of the crack-tip by the
active dislocations can fit experimental results to high accuracy [10]. Similar
modelling of the BDT in some bce metals (Fe, V, Mo) has been performed with some
success [11,12], but has been hampered by the lack of experimental data on
dislocation velocity, which is difficult to measure in bcec metals using conventional
etch-pitting techniques such as those successfully adopted for semiconductors
(for example Si, Ge [12] and GaAs [13]).

In general, the expansion of dislocation loops from crack-tips in bcc metals
requires motion of both screw dislocations and edge dislocations, but the dislocation
nucleation rate in the general case will be controlled by the rate at which the slower
screw dislocations can move away from crack-tip sources [14]. In a study of the BDT
in single-crystal tungsten, Gumbsch et al. [5] deduced an activation energy for the
BDT, Egpr, of approximately 0.2eV. This value is considerably lower than the
activation energy required to promote glide of screw dislocations by nucleation of
double-kinks (1.74 eV [15]); this may be attributed to the crystallographic orientation
of the specimens used in the experiments reported in [5], which uniquely allows the
controlling process to be the glide of edge dislocations [2]. In similar experiments
using single-crystal specimens of a different orientation and fine-grained pure
polycrystalline material, Giannattasio and Roberts deduced an activation energy of
1.05¢eV, and attributed the difference between this activation energy and that for
double-kink nucleation to the action of the shear stresses acting on dislocations in
the array; this hypothesis was consistent with modelling of crack-tip plastic zones by
2D dislocation-dynamics [2,16,17].

This paper reports: (a) effects of impurities on the brittle-ductile transition in
tungsten, comparing data from sintered commercial tungsten with those previously
published for the same specimen configuration for pure polycrystalline tungsten [2];
(b) effects of specimen configuration on the brittle—ductile transition in pure
tungsten, comparing un-notched with pre-cracked specimens.

2. Experimental details

The materials studied were 99.99% pure tungsten polycrystals (Metal Crystals and
Oxides Ltd, Cambridge, UK) and commercial sintered tungsten, nominal purity
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Figure 1. Geometry of the four-point bend tests on specimens of 1 mm x 1 mm cross-section.
The samples were loaded such that the notch and pre-crack were on the tensile face of the
specimen.

99.97% (excluding Mo) (Plansee SE, Reutte, Austria). The sintered tungsten
material was in two forms: as-sintered, and subjected to a post-sintering high
temperature deformation treatment.

The nominal chemical composition of the sintered tungsten included Mo
(100 appm), Fe (30 appm), C (30 appm), Cr, Ta, O, Si, P (all present at 20 appm),
with other elements in concentration <10 appm. TEM investigation of the
sintered/deformed material revealed the presence of thorium-containing particles
in the matrix and also at grain boundaries, although the density of these visible
particles (approximately 50nm in size) was very low. Thorium was possibly
introduced as an impurity during the mechanical deformation at high temperature,
which was performed in the same furnaces and machines as those used to produce
‘thoriated’ tungsten (W containing 2% by weight of ThO,), a material largely used in
arc welding applications [18].

Brittle—ductile transition behaviour was investigated using four-point bend
testing of bars with rectangular shape (1 mm x 1 mm x 11 mm), as shown in Figure 1.
The small tungsten bars were cut using a circular saw with a diamond-coated blade
and then were mechanically polished on three sides. Electropolishing at 10V in 2 wt
% NaOH solution was carried out to remove most of the residual damage from these
surfaces. Electron backscattered diffraction (EBSD) was used to determine grain
sizes: for the pure polycrystalline material the mean grain size was ~3 pm, whereas
sintered/deformed tungsten contained larger grains of size of ~50pum, although
smaller sub-grains were also observed. Pre-cracks (~60 pum deep) were produced on
the tensile faces of the test bars by using a sharp edge in a spark erosion machine for
a few seconds at room temperature. Pre-cracks were a combination of a wedge notch
and sharp thermally-induced pop-in cracks, which were found to be a mixture of
intergranular and transgranular cracks with randomly distributed orientations.

Fracture tests were conducted in the temperature range 77-610 K. For temper-
atures above 300 K, the tests were carried out in a flowing argon gas atmosphere,
whereas below room temperature they were conducted in a cooling nitrogen
atmosphere. Specimens were tested at five outer-fibre strain rates in the range
4x107°-5%x 107%2s~! (at the specimen surfaces, the strain is proportional to the
measured deflection; see [19] for details). For pre-cracked specimens this gives, dK/d¢
in the range 0.2-250 MPam'"?s™". Specimens which fractured with no plastic strain
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(deduced from stress/strain curves) were considered to be fully brittle; those which
did not fracture after >5% of plastic strain (the test rig’s limit) were considered to be
fully ductile; those which fractured in an apparently brittle manner after a limited
amount of plastic strain were designated as ‘semi-brittle’. Further details of the
fracture surfaces and plastic strain observed in pure tungsten bars can be found
elsewhere [2].

Pure polycrystalline tungsten bars, which did not have any intentional notch/
pre-crack, were also prepared and tested under the same conditions as the notched
samples in order to investigate possible influences of specimen geometry or test
configuration on Tgpt and Egpr.

3. Results

Figure 2 shows the measured fracture toughness, Ki. = or/mc (Where o is the
fracture stress and c is the total crack depth as measured on each specimen), as a
function of temperature and strain rate for sintered tungsten, and (from [2], for
comparison) similar results for pure single-crystal and polycrystalline tungsten. For
ductile specimens which did not fail by brittle or semi-brittle cleavage, the stress
intensity factor at yield, Kiy = o,+/7c, (Where o, is the measured yield stress) is
plotted. The purely brittle fracture toughness measure at 77K was
4.6+ 0.3MPam'/? in pure polycrystalline and 5.4 +0.9 MPam'/? in sintered and
deformed tungsten. These low temperature results are in agreement with data from
previous investigations of the BDT in polycrystalline tungsten by other authors [20]
but are higher than those found in single-crystal tungsten (2.7+0.2 MPam'/?) [2,5]
where fast fracture occurs easily on the low energy {100} cleavage planes. In these
polycrystalline materials, fracture was by transgranular cleavage (‘pure’ and ‘sintered
and deformed’) and approximately 70:30 transgranular cleavage:intergranular
fracture (‘sintered’).

With increasing temperature, the fracture toughness increased steadily in all the
materials, though final failure was still by rapid brittle fracture (i.e. ‘semi-brittle’
behaviour). Over the whole semi-brittle range, the fracture toughness of pure
polycrystalline tungsten was larger than that of the sintered tungsten. This is possibly
due to its smaller grain size.

Above a critical temperature, pure tungsten and sintered/deformed tungsten
specimens no longer fractured but bent in a ductile manner, up to the strain limit
possible in the test jig. For each value of the strain rate, the transition from
semi-brittle to fully ductile behaviour occurred over a very narrow temperature
range. The transition temperature, Tpprt, for these materials increased with
increasing strain rate.

The as-sintered material fractured in a brittle manner at all temperatures up to
800°C, the limit of the test apparatus. This may be due to grain-boundary
embrittlement by impurity segregation, combined with some residual porosity from
the sintering process. Such behaviour correlates with high-temperature brittle-
ness observed in thermal shock experiments performed using similarly sintered
tungsten [3,4].
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Figure 2. Fracture toughness (solid symbols, left axis) measured in pure tungsten ((a) poly-
crystal [2] and (b) single-crystals [2]) and (c) in sintered/deformed tungsten materials as a
function of temperature and strain rate. Open symbols represent ductile specimens (no fracture
events, right axis). The vertical dotted lines mark the brittle-ductile transition at each
strain rate. Taken from Strain-rate of the brittle-to-ductile transition temperature in tungsten, A.
Giannattasio and S.G. Roberts, Philosophical Magazine A, Vol. 87, Issue 17, 2007, reprinted
by permission of Taylor & Francis Ltd. http://www.tandf.co.uk/journals.
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Figure 3. Arrhenius plot of the strain rate versus reciprocal Tpr for the different tungsten
materials investigated. Data obtained from un-notched pure polycrystalline samples are also
shown.

3.1. Activation energies for the BDT

Figure 3 shows an Arrhenius plot of the measured Tgpt as a function of strain rate
for the materials that exhibited a brittle-ductile transition; data from notched single-
crystal tungsten [2] are also shown for comparison. The slope of the straight lines in
the plot gives activation energies, Egpr, via Equation (1).

Sintered and deformed tungsten is more brittle than the pure materials; Tgpt is
~80 K higher for all the strain rates used. Intergranular fracture was not observed in
this material, implying that the effects of any impurities on the fracture process are
via modification of the behaviour of the ‘bulk’ materials, rather than by segregation
to, and weakening of, grain boundaries. The value of Eppr derived for sintered and
deformed tungsten is 1.45¢V, higher than that for pure tungsten (1.05eV). This
indicates that dislocations have to overcome a higher energy barrier in order to glide,
probably because of interaction with solute atoms. The difference observed in
activation energies between pure and sintered tungsten is consistent with typical
values of the binding energy of a solute atom to a dislocation: ~0.2-0.5eV in
metals [21].

In high-purity tungsten, the value of Egpr is independent of the presence of
grains or pre-cracks in the crystal, being Egpt ~ 1.05¢V in both single-crystal and
notched and un-notched polycrystalline material. In un-notched pure tungsten bars,
the absence of a pre-crack in the specimens induces a downwards shift in 7Tgpt of
approximately 40 K (i.e. such specimens are more ductile, as would be expected given
the absence of a pre-crack), but the activation energy is unchanged. This indicates
that the basic process controlling the brittle—ductile transition is the same in all the
pure tungsten materials, independent of details of the test specimen geometry.
This process has been identified [2] as the glide of dislocations from near-crack-tip
sources and the influence of these dislocations on the crack-tip stress field
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(‘dislocation shielding’). The values of the brittle—ductile transition temperature,
Tgpr, in pre-cracked specimens are the same for pure single-crystal and polycrys-
talline tungsten; the implication is that dislocation motion near the crack-tip is not
significantly affected by the presence of grain boundaries.

4. Modelling
4.1. Dislocation dynamics model for the BDT

A simple two-dimensional discrete dislocation-dynamics model for crack-tip
plasticity [22,23] has been developed further to predict the variation of semi-brittle
fracture toughness with temperature and brittle-ductile transition temperatures for
body-centred cubic metals [16,17]. The model differs from earlier versions (such as
[22]) in that dislocations are nucleated and glide on two slip planes orientated
symmetrically above and below the crack plane, rather than only one slip plane.
In each cycle of the model, occupying a small time-step, the stress on each
dislocation, 7; at a position along the slip plane r; is calculated using

T = ﬁ“;’; F(0) + Ij“j’;’ G(ri,0,¢,L) + %H(O) +u Z M((r; — )", 0). ()

i i

The first term represents stresses from the crack-tip field; the second term
represents bend stresses and the third term represents interaction stresses arising
from image dislocations (present because of the free surfaces at the crack). The final
term accounts for interaction stresses between the dislocations (both between
dislocations on the same slip plane, and between the two slip planes). Explicit
expressions for the first, third and fourth terms can be found in [24] and the second
term is a linear bending term for the experiments being modelled here having the
form G o< 1 —2r;cos6/L. The other parameters are taken from the experiments
being modelled. K, is the applied stress intensity factor, which is proportional to
the applied strain. 6 is the inclination of the slip plane to the crack (45° for {110} slip
planes in the single-crystal beam with all sides aligned along {100}), ¢ is the pre-crack
length (60 um), L is the specimen thickness (1 mm) and u is the shear modulus of
tungsten, (161 GPa). The Burgers vector magnitude, b, was taken as 0.274nm
(see Figure 4).

If the net stress at the dislocation, source position (placed at » =30b) is positive,
then a new dislocation is nucleated at each of the symmetric sources above and below
the crack-tip. Dislocations are moved over a small time-step, according to a screw
dislocation velocity law based on the nucleation of kink pairs [25,26]:

—Ep, (1)

1/2
KT ) Epp(v) = 2Hy, — 201, 3)

Vi =V exp(

where 2H,,, is the energy required to nucleate a kink pair at zero stress (1.75eV [15])
and the stress on each dislocation is calculated using Equation (2). The parameter 2«
appearing in Equation (3) is defined by

20 = 2a’byy)'* = 6.8 x 107* m?> N2, 4)
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Crack .9

Figure 4. Schematic of the model. Dislocations are nucleated near the crack-tip when the local
stress is positive, and glide on the slip planes at 45° to the crack plane. The dislocations
influence the crack-tip stress field via elastic shielding. See text for details.

The numerical values of the parameters used in Equation (4) were obtained
experimentally for tungsten by Brunner and Glebovsky [27]: a is the kink height
(4.459 x 10~ '"m), b is the Burgers vector magnitude (2.74 x 10~'m) and y, is the
pre-logarithmic factor of the line tension (9.55x 107'°N). The only unknown
parameter in the model is the velocity law pre-factor, vy, appearing in Equation (3);
the value of this was fixed by fitting the predicted transition temperature, TgpT, tO
experimental data for the lowest strain rate used for each material type modelled (see
Section 4.3).

The stress intensity at the crack-tip, Kj;,, which is lower than the applied value
K,y due to dislocation shielding, is calculated using

We -1
V2r(l —v) & i)

where the applied loading rate Ka,,,, ¢, and f(6) is as given in [24]. The dynamic part
of the dislocation shielding term depends only on the distance of each dislocation
from the crack-tip, r{f), and the number of dislocations, N(¢). The shielding term,
Kgis(t), was found in the model to increase non-linearly in time, whereas K,,,(t)
increases linearly. At high temperatures where dislocations are readily emitted from
crack-tip sources, the effects of shielding can be strong enough after some time 7,
that I'(a,,,,(tm) = Kd,'.y(tm), so that K,[,,(t,,1) = 0. K,;, then has a maximum value at 7,

Kn‘p(t) = Kapp([) - Kdis(t) = Kappt -

)
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and if Kj;,(t,,) is below the critical value for cleavage fracture K;. (2MPa m'’? for
tungsten [28]), then K. will never be reached and ductile behaviour is predicted. At
lower temperatures, fewer dislocations are emitted, so that the effects of shielding are
weaker. K, can then reach the critical value for cleavage K., and fracture may
occur, though at an elevated value of K,,,, due to the effects of dislocation shielding.
To model the BDT, the velocity law pre-factor vy in Equation (3) was chosen so that
the modelled peak in K;;, occurred just below Kj. at one strain rate (the lowest used
experimentally) and at the corresponding transition temperature at that strain rate
(see Section 4.3). Other strain rates were then simulated using this value of v,. The
model was then found to produce a good fit to the change in transition temperature
with strain rate in pure single-crystal tungsten; see [17] for details.

4.2. The velocity law pre-factor

The velocity law pre-factor for pure tungsten was set at 5.5 x 10’ ms ™' by fitting the
transition temperature predicted by the model to the experimental value (392K) at
the slowest strain rate (¢ =4 x 10>s~"). The velocity law pre-factor can also be
estimated using the kink-pair model proposed by Seeger [25,26]:

2nHiyp I 3x 107
rmykT Ny Ny

where N, is the dislocation density, L, is the distance along the dislocation lines
between obstacles that are insurmountable for the kinks (and the product N,L,; ~
1.66 x 10°m™"), my is the kink mass (1.69 x 1072°kg) and wy is the kink width
(34.4 x 107" m). Values of the other parameters are given in [26]; those used were for
a temperature characteristic of the experiments modelled (450 K). The velocity law
pre-factor used in these simulations then implies a dislocation density of 5 x 10°m™2,
which is not unreasonable for a well-annealed pure metal.

It is possible to write the exponent in the velocity law, Equation (3), in the form

vo & aNyLq— (ms~"), (6)
w

Ei(t)) = 2Hy, — 201)"* = 2Hy, — 1V 4, (7)

as has been done elsewhere [16,17]. This is consistent with the Seeger model [25] as
the activation volume V', in Equation (7) can be equated to 2V}, where Vy, is the
activation volume of kink-pair formation, defined in Seeger’s model to be:

®)

E, 2 . 10724
Vaszk,,:—z(M) _ 2 OBXITT
T=const

ot VT VT

We have used the value of «=3.4x 107>*J for tungsten obtained by Brunner
[26]. The stress in the simulated dislocation arrays was found to be approximately
300 MPa over the range of temperatures and strain rates modelled. Equation (8) then
gives an activation volume ¥, of & 195°; this in good agreement with the values used
in the modelling [16,17] and with experimental measurements [27]. The dislocation
velocity law used thus appears to be self-consistent, and in agreement with
experimentally-measured parameters, where available.
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Figure 5. Modelling results: quard shift in the brittle-ductile transition temperature
(at a strain rate of 4.0 x 107>s™") resulting from increasing the kink-pair separation energy
Eyp(t) by an amount AE.

4.3. Modelling the effects of impurities on the BDT

To model the influence of impurities, the double-kink activation energy used in the
dislocation mobility law was increased by an amount AE. The predicted transition
temperature at a given strain rate was then found to increase linearly with the
increase in activation energy (see Figure 5). The experimentally measured increase in
Tgpt was approximately 90 K. To achieve this in the simulations a value of AE =~
0.2¢eV is required. However, the experimentally found value of AE is ~0.45eV
(see Section 3.1). This may be because the 2D modelling used here can only introduce
the influence of impurities on the dislocation mobility as an averaged effect, whereas
in reality solutes atoms are more likely to act as local pinning centres distributed
along the dislocation line. The model does not currently include the influence of
grain boundaries so implicitly assumes that: (a) fracture is transgranular cleavage
rather than intergranular (as is experimentally found for the material modelled);
(b) grain boundaries do not exert a controlling influence on dislocation mobility
(as is supported by the identity of activation energies and BDT temperatures for
single-crystal and pure polycrystalline tungsten [2]).

4.4. Modelling the effect of crack size on the BDT

To model the BDT in specimens of pure tungsten without deliberately introduced
notches, simulations were performed using a range of crack sizes between 60 pum
(the crack sizes in intentionally notched samples [17]) and 10 um. The results are
shown in Figure 6 and Table 1. The predicted Tppt decreases with decreasing crack
size. This reduction in TgpTt occurs because decreasing the crack size at a given strain
rate decreases the applied stress intensity loading rate. The shift in Tgpr is larger at
higher strain rates, being —55K at 4.6 x 107°s™' and 40K at 4x 10°s! for a
40 pm crack compared to a 60 pm crack. The experimentally observed shift in Tgpt
between polycrystalline specimens with a notch and pre-crack 60 um deep and
un-notched polycrystalline specimens is of this order, implying that the size of the
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Figure 6. Modelling results: reducing the crack length gives a downward shift in Tgpt: (a) the
predicted Tgprt for ¢=60um and ¢ =40 pum; also shown are the experimental data for the
notched and un-notched bars. The predicted shifts in Tgpr for various crack sizes are shown
in (b) for the fastest (i) and slowest (ii) strain rates.

Table 1. Predicted Tspt (K) at the slowest (4.0 x 107>s~") and fastest (4.6 x 107?s™") strain
rates for different simulated crack sizes. The experimental values for the notched sample were
392K and 520K.

¢ (um) 60 40 20 10

§=40x105s"! Tepr=392K 352K 288 K 225K
§=14.6x 1025 Tepr=515K 460K 374K 291K
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critical flaws for fracture inherent in the microstructure of the polycrystalline
material is ~ 40 pm.

5. Conclusions

The brittle-ductile transition (BDT) temperature as a function of strain rate has been
measured in pure single- and polycrystalline tungsten bars and in commercial
sintered and sintered + deformed material. In pure tungsten, the activation energy
for the brittle—ductile transition, Egpr, was found to be 1.05¢V, and did not change
with specimen geometry (notched as compared to un-notched specimens) or with the
presence of grain boundaries (polycrystalline as compared to single-crystal material).
As-sintered tungsten showed brittle behaviour even at very high temperatures
(800°C) and at low strain rates; this is most probably due to grain-boundary
segregation of impurities, principally Mo, Fe and C, but possibly also Th). Thus its
brittle—ductile transition behaviour could not be measured in these experiments.
Sintered and deformed tungsten, containing the same impurities, but homogenised
by the hot-working process, had higher BDT temperatures and a higher activation
energy for the BDT (1.45eV) than the pure materials.

The BDT temperature, Tgpt, even if measured at a fixed strain rate, cannot be
considered as a physical constant characteristic of the material because Tgpr
depends in general on sample geometry. The Tgpt temperatures themselves reported
in this work are valid only for the specimen shape and size used here (rectangular
bars with 1 mm? cross-section, tested in four-point bending), and are not necessarily
applicable to other specimen or test types. However, the results presented here show
that such geometrical factors do not affect the activation energy Egpt of the BDT in
tungsten, and hence its strain-rate dependence; this is specific to the material.

Dislocation-dynamics modelling of crack-tip dislocation behaviour was con-
ducted. The model used a velocity law based on stress-assisted kink-pair nucleation.
The parameters used in the model were found to be self-consistent and in agreement
with experimental data. The modelled dislocation behaviour produces an explicit
BDT when the simulated temperature is high enough for high enough rates of
dislocation emission from the crack-tip for shielding to keep the crack-tip
stress-intensity factor always below the cleavage value. The model could reproduce
the experimentally found reduction in BDT temperatures with a reduction in crack
length, and predicts a linear increase in transition temperature with increasing
activation energy.
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