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Abstract

This work aims to establish a mechanical reference database of tungsten materials that are currently
under assessment of their susceptibility to neutron irradiation. To obtain the mechanical properties,
we performed a set of parametric tests using mini-tensile sample geometry and fracture surface
analysis. Six different types of tungsten-based materials were assessed: two commercial grades
produced according to ITER specifications in Europe and China - i.e., Plansee (IGP) and AT&M (CEFTR),
and four perspective lab-scale grades. These are grades reinforced with particles of TiC, Y,0s, and ZrC
(W1TiC, W2YO, and WO0.5ZC, respectively) as well as fine grain structure W (FG). Tests were performed
in the temperature range 150-600 °C, selected specifically to reveal the ductile to brittle transition
temperature and mechanisms of full plastic deformation. Most of the materials showed onset of the
ductile behavior at 300 °C, except FG and IGP (in transverse orientation) grades. High yield strength and
ultimate tensile strength were recorded for CEFTR, W0.5ZC, and W1TiC at the maximum investigated
temperature (600 °C), which can be considered as promising for performance in the high-temperature
regime. The lowest threshold temperature for ductility was determined to be 200 °C registered for the
WO0.5ZC grade, CEFTR (in longitudinal orientation) grades, and IGP (in longitudinal orientation) grades,
hence demonstrating its high potential for diverter applications.

Keywords: Tungsten, mechanical properties, uniform elongation, fusion.

*responsible author, email: dterenty@sckcen.be
1. Introduction

Nuclear fusion energy is considered as one of the alternative energy sources to replace fossil fuel in the
future. Extraction of energy from the thermo-nuclear fusion reactor implies transfer of the kinetic
energy of a neutron to a material thereby converting it into heat. Neutron irradiation in materials,
potentially suitable for the nuclear fusion installations, insensibly degrades thermal, physical and
mechanical properties thereby causing technological and safety concerns under prolonged operation
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[1]. Among different types of fusion reactor designs, Tokamak is one of the candidates, which has a
high potential to be commercialized, and therefore it serves as main concept for DEMO (DEMOnstration
Power Station) and ITER (International Thermonuclear Experimental Reactor) [2]. In both cases,
tungsten is selected as primary candidate material for the heat exhaust system and divertor.

The operational conditions of DEMO are more demanding as compared to ITER as the first wall armor
and diverter will experience longer pulses (> 2 hours) and higher heat flux load (MW/m?) [3], which will
create thermal shock and fatigue phenomena along the operational period. Since tungsten (W) has high
melting point, low erosion rate, high thermal conductivity, excellent thermal stress resistance, etc., it
is selected as main candidate for the first wall armor and diverter applications [4]. However, high
intrinsic ductile to brittle transition temperature (DBTT), neutron irradiation embrittlement, and
recrystallization at high temperature imposes strict limits on the operational conditions of the plasma
facing components to ensure its structural integrity.

Currently, EUROfusion consortium carries a large scale campaign to investigate the thermo-mechanical
properties of baseline commercial tungsten and its advanced grades to account for the impact of
neutron irradiation to make a step forward towards development of plasma-facing components
sufficiently tolerant to neutron irradiation [5]. The mechanical properties of the commercial tungsten
in non-irradiated state, produced by hot rolling/forging (e.g. produced by Plansee and ALMT
companies), have been studied earlier in Refs. [6-11] including investigation of the effect of texture,
annealing and cold-rolling processing. Overall, it is agreed that successful application of W in fusion
reactors will be determined by a best compromise between reduced DBTT and enhanced fracture
toughness as well as high recrystallization temperature. For that purpose, advanced W-based grades
are under development to improve low- and high-temperature performance. For example, particle-
reinforced tungsten and reduced grain size material can suppress the grain growth, improve the
strength of grain boundary as well as fracture toughness of the material, and reduce DBTT (see reviews
[12, 13]). Fiber-reinforced tungsten allows one to overcome the intrinsic brittleness of tungsten and its
susceptibility to embrittlement induced under operation, as W fibers arrest and deflect the propagating
cracks (see e.g. [14, 15]). By dedicated alloying with zirconium-carbon (ZrC) nano-sized particles as well
as by applying the powder metallurgical process, it was possible to reduce the free oxygen occupying
grain boundaries and successfully fabricate bulk plate of W-0.5wt.%ZrC alloy [16]. Preliminary
mechanical and high heat flux (HHF) assessment demonstrated that this material exhibits as low DBTT
as 100°C and sufficiently withstand HHF loads up to the power density of 0.66 GW/m? [16], simulate by
electron beam. Next step is thus to investigate the impact of the neutron damage. As of now, there is
a number of perspective lab-scale tungsten grades with improved mechanical properties whose
performance under neutron irradiation is yet to be explored.

This work is dedicated to the systematic characterization of tensile properties and fracture surface of
the several above discussed grades in non-irradiated state, selected for screening of the neutron
irradiation impact. The samples are systematically fabricated, tested and inspected using the same lab
equipment to provide one-to-one comparison. The same sample geometries are used to investigate
the effect of neutron irradiation, which is currently being performed in BR2 reactor, Belgium. In order
to assist the analysis of the impact of neutron irradiation, this research focuses on mechanical
properties in the low-temperature range (< 600 °C), where the irradiation induced embrittlement is
considered to play a crucial role.
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2. Experimental

2.1 Materials

Six types of materials were studied in this work. The W grades were selected in accordance with the
most recent advances in the development of W for DEMO applications. Two commercial grades were
produced in Europe and China: Plansee ITER specification W (IGP) and AT&M ITER specification W
(CEFTR), respectively. Four R&D grades were developed, respectively, by Karlsruhe Institute of
Technology at Germany (two particle reinforced tungsten products), by Institute of Plasma Physics at
Czech Republic, and Institute of Solid State Physics at China: W-1 wt% TiC (W1TiC), W-2 wt% Y,0s
(W2YO), Fine Grain W (FG), and W-0.5 wt% ZrC (W0.5ZC). The main elements of the chemical
composition of those grades are reported in Table 1.

Three grades (IGP, CEFTR, and WO0.5ZC) were produced by powder metallurgy and normalized by
forging or rolling. The double-hammering was applied for IGP, and rolling for CEFTR and WO0.5ZC grades.
The manufacturing process of W0.5ZC, which is developed by Chinese Academy of Sciences, also
introduced thermal mechanical treatment (TMT) to reduce the grains size [16]. The two particle
reinforced tungsten products (W1TiC and W2YO) were manufactured by powder injection molding
(PIM). Finally, the FG products were manufactured by spark plasma sintering (SPS) processing.

To provide a quick glance at the variety of the microstructure, we performed SEM-EBSD analysis. The
maps, which was mapped by Bruker Quantax software, reported in Fig.1 indicate the morphology and
size of grains (reported in Table 1; analyzed and calculated by MTEX). IGP and CEFTR show strong
texture with elongated grains parallel to the rolling direction. As a result, IGP has carrot-like grains, and
CEFTR has plate-like grains. W0.5ZC also shows crystallographic texture but with the nearly equiaxed
grains, which is apparently the result of TMT. Since normalization forging or rolling was not applied to
the advanced grades, they all have equiaxed grains. Among the selected R&D materials, W0.5ZC has
the smallest grains. The commercial IGP and CEFTR grades have comparable grain size.

Tungsten

[001]

[111]
[101]

Figure 1. Normal direction (ND) Inverse pole figure (IPF) of baseline and advanced W; (a) IGP; (b)
CEFTR; (c) FG; (d) W1TIC; (e) W2YO; and (f) W0.5ZC



114
115
116

117

118
119
120
121
122
123
124
125
126
127
128
129

130
131

132
133

Table 1. The composition and grain size of tested materials observed from ND; the equivalent
medium diameter is defined as the equivalent diameter of grains that have 50% cumulative area

fraction
Materials IGP CEFTR FG WI1TiC W2YO WO0.5z2C
Composition Pure W Pure W Pure W 99 wt% W + 98 wt% W + 99.5 wt% W +
P (>99.97 wt%) | (>99.94 wt%) | (>99.7 wt%) 1 wt% TiC 2 wt% Y,03 0.5 wt% ZrC
Equivalent Medi
quivatent Medium 87.44 60.28 9.36 7.76 7.32 6.66
Diameter (um)

2.2 Material testing procedures

Uniaxial tensile tests were performed on small dog-bone shaped specimens, as shown in Fig. 2. The
overall length of the specimens is 16 mm with a gauge length of 5.2 mm and an effective cross section
of 2.4 mm2 (1.6 mm x 1.5 mm) or 2.88 mm2 (1.6 mm x 1.8 mm). Moreover, the gauge length to width
ratio of was 3.25, which is close to the ASTM standard value (being 4). The thickness of the specimen
will not influence the mechanical properties if the grain size is smaller than =1/10 of the specimen
thickness such that each cross-section slab is being a representative volume element [17, 18]. According
to the EBSD analysis, all selected products have grain size smaller than 100 um. Thus, the cross-section
contains at least hundreds of grains making the response of the material to be representative.
Moreover, for the IGP product, it has been confirmed by the tensile tests that the mechanical response
is equivalent (within the error of the measurement) using both 2.4 and 2.88 mm? cross-section in the
bounds of the test temperatures. Moreover, according to the work by Zhao, et al. [19], the effect of
thickness on R.A.% is negligible when the thickness of specimen is larger than 1 mm.
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Figure 2. Sketch of small dog-bone shaped specimens

Given that the commercial products exhibit the texture, two sets of samples with longitudinal (L) and
transverse (T) orientation were investigated for IGP and CEFTR, as shown schematically in Fig. 3. For all
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the studied materials, the samples were cut by electric discharge machine using the wire of 20-50 pm
and no special treatment was applied to the surface.
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Figure 3. Sample orientation

The tests were conducted within the temperature range from 150 to 600 °C to comply with the critical
need to clarify the onset of ductility in W for the water-cooled design of DEMO Diverter. The tests were
performed using a 50 kN load cell. To align the specimen, a preloading of 100 N or 200 N was applied.
The selection of preloading force was determined on the basis of the yield strength of the materials:
the higher the yield strength the higher preloading force is. The tests were performed at a constant
displacement rate of 0.2 mm/min, corresponding to the strain rate of 6.41 x 10-4 s-1. In order to reduce
the uncertainty of the cross-head displacement, the employed test bench was calibrated and qualified
according to the industrial ASTM standard prior to start the measurements. The precis true strain will
not be discussed in this work because small size testing techniques (SSTT) requires advanced
methodology to measure strain (or even its distribution in the gauge section)[19, 20].

After the tensile test, the fracture surface was investigated by scanning electron microscopy (SEM;
JEOL6610 — 15 kV, spot size of 50 with secondary electron detector), and the initial microstructures
were analyzed by electron back-scattered diffraction (EBSD; Bruker Quantax). The characterization
methods and sample geometry are exactly the same as those to be used for post irradiation analysis,
thus the current data and approach will establish the reference database.

In order to compensate for the influence of the machine compliance, the elastic region of stress-strain
curve of pure W was calibrated by the known elastic moduli [21]; and for the particle reinforced W, the
elastic region was adjusted by Halpin-Tsai equation, which describes the change of elastic modulus
after introducing additional particles into matrix [22].

The definition of mechanical properties is descripted as follow. Yield strength (YS) is the engineering
stress, which is measured at 0.2% of plastic deformation followed after the linear elastic deformation.
Ultimate tensile strength (UTS) is the highest engineering stress measured, and the sample elongation
at UTS point is defined as the uniform elongation. Fracture strength (Fstrength) is the true stress at
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the point of the fracture. Fracture strain (Fstrain) is the true strain at the point of the fracture, which
is determined by the cross-area of the gauge before test and the smallest cross-area of gauge of the
fractured sample.
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3. Result

3.1 Strength and ductility
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Figure 4. Stress-strain curve of baseline and advanced W

As shown in Fig. 4 and Fig. 5 c, the uniform elongation of W1TiC, W2YO and FG increases with raising
the temperature and W1TiC shows quite large value at 600 °C. Although FG also has a considerable
uniform elongation, its UTS is lower as compared to other tested materials, and increasing the
temperature does not lead to any substantial improvement. The uniform elongation of FG is practically
independent of test temperature.

The stress-strain diagram for W0.5ZC differs from all other tested materials. Even though this material
has extraordinary ductility below 300°C, the uniform elongation at 400°C and above is reduced
drastically appearing the early necking deformation. However, this material preserves high YS and UTS
in the whole studied temperature range.
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Figure 5. Comparison of the mechanical properties of baseline and advanced W as a function of test
temperature; (a) YS; (b) UTS; (c) UTS vs. uniform elongation; (d) Fracture strength vs. fracture strain,
the arrows indicate the trend of increasing/reducing the test temperature.

All the tested materials exhibit similar trends, namely both YS and UTS are reduced with increasing the
test temperature (see Fig. 5 a and b). Depending on the particular grade, the reduction follows either
an exponential or linear trendline.

WO0.5ZC shows the highest YS and UTS among all other advanced W grades in the whole temperature
range. Comparison of IGP and CEFTR products (i.e. baseline commercial materials) reveals that AT&M
grade has a higher YS and UTS. Moreover, as it will follow, the texture, grain orientation and shape, will
also affect the strength of materials, for example, baseline W CEFTR-T had higher strength than CEFTR-
L at all tested temperatures.

In order to compare the ductility and strength of the materials, UTS and uniform elongation were
plotted in the same diagram (see Fig. 5 c). A combination of high strength and large uniform elongation
indicates a material with high toughness and better fatigue resistance, which can also be quantified by
calculating the product of both these value (see iso-values). The UTS variation on that figure could also
serve as representation of the impact of testing temperature, since the UTS is inversely proportional to
the test temperature for these materials. For commercial tungsten, both IGP and CEFTR grades show
similar results, but IGP-L appears to have a larger uniform elongation, which indicates that IGP-L has a
better ductility in terms of resistance to plastic localization.

The fracture properties quantified by the FStrength and by the Fstrain are plotted in Fig. 5 d. As one
can see, the baseline W indicates a better fracture resistance compared to advanced W. The IGP-L has
the highest FStrength and the largest Fstrain among the other grades. Even though the FStrength of
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IGP-L dropped strongly at 600°C, the FStrength is still higher compared to the results obtained for other
grades. The FStrength of CEFTR, for both L and T orientations, remains nearly constant over the whole
temperature range, without dropping below 700 MPa. On the other hand, the FStrength and Fstrain
measured for the advanced W appear to be rather low suggesting poor fracture resistance, at least in
the range of tested temperature.
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3.2 Delamination fracture

Microstructure analysis by SEM shows partial delamination of the fracture surface of IGP-L and CEFTR-
L samples (tested at 300°C) where the crack initiated on the down-left corner and upper two corners,
respectively (see Fig. 6). The fracture surface of the IGP sample, tested at 400 °C and above for L-
orientation, and tested at 600 °C for T-orientation, contains the delaminated fibers that are parallel
with the RD. These features are apparently being related to the elongated grains that can be seen on
EBSD maps. On the other hand, the delamination of CEFTR-L and —T oriented samples occurs along the
TD-RD plane (see Fig. 6) and the grains show plastic deformation with elongated grains and dimples
(see Fig. 7) at the test temperature exceeding 400 °C.

3.3 Transgranular and intergranular fracture

At 300 °C, the majority of the fracture surface of IGP-L and CEFTR-L appears to have features of the
transgranular fracture (see Fig. 7). It indicates that both materials display strong adhesion between
grains. For the T-orientated samples of both baseline W products, the fracture surface indicates the
presence of both intergranular and transgranular fracture with a fraction close to 50/50. At 400 °C, the
IGP-T sample still shows both brittle fracture features. The surface of IGP grade displayed in Fig.7
corresponds to the stress-strain curve in Fig. 4, which proves that the IGP-T fractures in brittle manner
up to 400 °C.

The grades appearing the best mechanical properties have flatter (as compared to the delaminated
samples) fracture surface covered with micro-dimples, which might be initial pores or left-out of
particles, except for the W0.5ZC grade (see Fig. 6 and 7). The delamination fracture surface is observed
only on the W0.5Zsample tested at 300 °C. The FG, W1TiC, and W2YO materials exhibit intergranular
fracture at 300 °C. However, the fracture surface of the FG and W1TiC also contains a small fraction of
transgranular fracture. At 400 °C, a part of the fracture surface of the FG exhibits dimples and a
signature of the grain deformation hence it starts to show large elongation. These dimples indicate
point to the ductile fracture mechanism operating via nucleation, growth and coalescence of voids. On
the other hand, the fracture surface of the W1TiC and W2YO grades, tested at 400 °C, remains the same
as at 300 °C. Finally, at the highest test temperature i.e. 600 °C, the evidence of brittle fracture is no
longer observed. In the FG grade, only dimples are observed on the fracture surface. The fracture
surface of the W1TiC and W2YO grades contains the trace of the deformation of grains, as well as the
typical patterns of both intergranular and transgranular fracture modes are observed.

The fracture surface of W0.5ZC differs from all other products. At 300 °C and 400 °C, the surface
contains several types of fracture patterns, including intergranular fracture, transgranular cleavage,
dimples, deformation of grains, and delamination; however, dimples, deformation of grains, and
delamination are only observed at the edges where the cracks initiated. Moreover, the percentage of
intergranular fracture at 300 °C is higher than the one at 400 °C; intergranular fracture almost
disappears on the fracture surface at 400 °C. With increasing the test temperature to 600 °C, the
majority of the fracture changes and it contains dimples and delamination pattern.
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4, Discussion

4.1 Mechanical properties

The product of UTS and uniform elongation reflects the amount of energy that can be accumulated in
the material prior to the necking or plastic flow localization. The resistance to the occurrence of the
plastic flow localization is directly connected to the strain hardening capacity. Materials with the large
capacity exhibit longer uniform deformation as well as an elevation of the strength compared to the
initial yield stress. The improved uniform deformation and high strength is also important for the good
performance under fatigue condition. Thus, the material with the large uniform elongation and high
strength is preferred for the application in the diverter PFC to sustain the thermal fatigue under the
plasma discharge, to be coupled with the necessity to operate above the DBTT. The latter increases
with the accumulation of the neutron irradiation dose. To this end, the operational temperature range
with acceptable mechanical properties is defined by the DBTT and upper temperature above which the
early necking onsets.

As shown in Fig. 5 ¢, each test material has a different suitable working temperature window. For
example, W0.5ZC can be applied for the components working at low temperature, baseline W can
operate in the medium temperature range, and W1TiC or FG can be used for the high-temperature
components.

A product of FStrength and FStrain can be used to qualitatively indicate the material with the high
resistance to fracture and crack propagation, hence high fracture toughness. A high toughness material
can sustain high stresses and can experience significant plastic deformation before the fracture.
However, the FStrength x FStrain value can only be used as an indicator since the actual fracture
toughness will be proportional to the product of FStrength x FStrain x Xo, where X is a characteristic
microstructural length scale [23]. For instance, it can be the spacing between the particles that promote
stress concentration accumulation and subsequent void damage prior to the development of the crack.
Following the results of the microstructural analysis (see Fig. 7), the average dimple distance observed
in the baseline W products (around 4-6 um at 600 °C) is larger than that in the advanced W materials
(around 3-4 um at 600 °C). Moreover, the average dimple spacing measured in the CEFTR-L (6.49 um
at 600 °C) is larger than in the IGP-L sample (4.90 um at 600 °C). Thus, if one considers FStrength x
FStrain x Xo value as a measure of the fracture resistance, the baseline W product performs better than
the advanced W materials. In particular, among the tested baseline W samples, the IGP-L sample has
the best fracture resistance. It would be important to confirm this by the fracture toughness
measurements.
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4.2 Analysis of stress-strain response
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Figure 8. The variation of uniform elongation with temperature
Table 2. Summary of classification of stress-strain curve
200 °C 300 °C 400 °C 600 °C
IGP-L D D D EN
IGP-T B B B EN
CEFTR-L D D D EN
CEFTR-T B B/EN EN EN
FG B B D D
WI1TiC B D D D
WwW2vyo B B/D D D
WO0.5z2C D D D EN

Three types of the stress-strain deformation patterns were identified, namely: brittle (B), ductile (D),
and early necking type (EN). B-type deformation corresponds to the fracture during the load in the
elastic mode or just right after the yield point. D-type of deformation is the textbook curve of a ductile
metallic material, which has a yield point, work hardening stage, ultimate tensile strength, and fracture
limit. EN-type deformation refers to the case when necking occurs right after the yield point but it is
accompanied with considerable total post-necking elongation.

The materials, which have early necking at 600 °C, were produced by rolling or forging process, which
implies texture, presence of elongated grains. This was less apparent for W0.5ZC due to the post-heat
treatment but still present in some extend. According to our understanding, the main deformation
mode in those materials is the in-grain plastic deformation; this kind of deformation by dislocation
multiplication and glide is essentially limited by the small grain size. The inter-grain deformation occurs
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by the formation of dislocation pile-ups in front of GBs, they absorb by GBs and the newly formed
dislocations move along the GBs. Note that transmission of dislocation slip between grains in the
materials with strong texture and chaotic grain misorientation should be strongly suppressed. In such
a picture, the GB triple junctions will act stress-concentrators where the nano-voids should nucleate
and then coalescence. In turn, the nucleation and stress-driven coalescence of these voids would result
in the reduction of the actual cross-section area of the sample being loaded under constant
deformation rate. This would promote the formation of the necking region, and then the main plastic
deformation would be concentration in the neck making the reduction of the ligaments even faster
[24]. The reason why such flow softening behavior is promoted by increasing temperature is apparently
due to the fact that thermal activation assists coalescence of voids in the temperature range where the
transmission of plasticity between grain boundaries is still suppressed.

Table 2 summarizes the pattern of the stress-strain responses registered for the tested conditions. One
can see that all tested materials can be sub-divided into two groups for which the trend, as the test
temperature increases, is B-D-EN or B-EN. The materials of the former group are IGP-L, CEFTR-L, WO0.5ZC,
FG, WITIC, and W2YO. On the other hand, IGP-T and CEFTR-T belong to the second group. This
classification can also be observed from the plot showing the UTS and uniform elongation, presented
in Fig. 8. As soon as the material operates above its DBTT, the uniform elongation increases with raising
the test temperature and reaches its largest value at around DBTT+100 °C. However, as temperature
reaches around DBTT+200 °C the uniform elongation starts to decrease. Clarification of this trend for
the FG, W1TiC, W2YO materials requires additional tests at a higher temperature.

4.3 Baseline W

The results of the tensile tests for the commercial grades show that these materials exhibit early
necking with increasing the test temperature irrespective of the load orientation. Below, we reconcile
our explanation for the early necking in the L- and T-orientation of baseline W. In the case of L-
orientation, the micro-cracks nucleate on the rough high angle grain boundaries, which oppose the
transmission of piled dislocations into neighboring grains. Upon continuously applied load, the
nucleated micro-crack begins to propagate until they get arrested by the elongated grain boundary
interfaces. This results in the crack deflection and promotes intergranular fracture pattern [25, 26].
Sustaining this deformation process requires input energy, and therefore material keeps undergoing
macroscopic plastic deformation without significant loss of the engineering flow stress. As a result, a
series of micro-cracks nucleate until they coalesce into a larger crack which defines the formation of
the localized necking region. The numerous micro-cracks can be seen as delaminated grains all over the
fracture surface, while few macro-cracks propagated across the whole fracture surface. Thus, the
formation of numerous micro-cracks and their deflection by the elongated grains apparently delays the
formation of the localized stress concentration resulting in the local necking region and eventual
fracture. Macroscopically, such deformation results in the large post-necking elongation.

In the case of T-orientation, the grain interior available for the pile-up accumulation is smaller. As soon
as the resolved shear stress is high enough to activate dislocation glide, the pile-ups will establish stress
concentration near grain boundaries; this phenomenon will generate micro-cracks in a similar way as
for the deformation mechanism of the samples with L-orientation. But since the elongated grains are
parallel to the direction of crack propagation, the crack deflection distance is much smaller. Thus, the
propagation of such micro-cracks should be much faster as compared to the situation in the L-
orientation load. Correspondingly, the strain localization happens shortly after the yield point, and total
elongation is also reduced, as compared to the results obtained for the L-orientation sample.
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4.4 Advanced W

It is well known that the strength of the materials is defined by the properties of the weakest links
available. Usually, it is grain boundary interface which causes the accumulation of stress concentration
by the dislocation pile-up formation. Thus pile-ups can dissolve by transmission through or absorption
by grain boundaries. In the latter case, the absorbed bulk dislocations are converted into grain
boundary dislocations (which produce grain boundary sliding, respectively). Segregation of impurities
to grain boundary interfaces can further suppress plasticity by obstructing movement of grain boundary
dislocations. Thus, the grain boundary accumulated a large fraction of interstitial impurities (like carbon,
nitrogen or oxygen) tend to be prone to an intergranular fracture failure. However, as indicated by
Gludovatz et al. [27], the impurities on grain boundaries have limited influence on fracture behavior at
a test temperature below DBTT. Thus, the fracture behavior can be used as an indication of the
purity/cleanness of grain boundaries from interstitial impurities, based on tests done above DBTT.

The fracture surface of the FG grade contains a high fraction of transgranular fracture is observed. It
indicates that most of the grain boundaries are free from impurities. Moreover, FG grade had the
highest DBTT among the lab grades studied here. The limited porosity found in the FG material, as
observed on the EBSD maps, might be the reason of the high DBTT measured from the tests, since large
number of micro-voids should act as nuclei for stress concentration regions. As a result, the FG samples
fractured without any plastic deformation below 400°C. However, the porosity can be considerably
reduced by advanced heat treatment and improved sintering procedure, as preliminary tests have
already shown.

The fracture surface of the W1TiC and W2YO grades showed the presence of the micrometer size
particles, located on the grain boundaries, which is in line with results of Antusch et al. [28]. The
particles on grain boundaries also will introduce suppression of the grain-boundary plastic deformation
provoking stress concentration. Thus, these materials exhibit a relatively small total elongation below
400 °C. However, the TiC particles strengthen the grain boundaries and therefore shift the temperature
for the onset of the early necking deformation [29-31]. The microstructural analysis has shown that the
W1TiC grade had a higher grain boundary coherency compared to W2YO, which is in line with the higher
fraction of transgranular fracture observed in W1TiC material. Therefore, at elevated temperature,
large uniform elongation was recorded in the W1TiC samples.

In the microstructure of non-deformed materials, we did not observe pores except in the FG grade. The
original work describing the development of W1TiC and W2YO grades indicates that Ti and Y elements,
detected by the Auger electron spectroscopy (AES), are present in the pores of the fracture surface [28].
Thus, the pores on the fracture surface of W1TiC and W2YO observed here might be the left-out of the
carbide or oxide particles. Also, in the fractured grains of W0.5ZC at 300 °C and 400 °C, micro-pores are
observed (see Fig. 7), these pores might be the left-outs of ZrC particles, nearly distributed in the W
grains as mentioned in the original work [16].

Following the comparative EBSD analysis, W0.5ZC have the most coherent grain boundary patters as
compared to other studied here grades. This grain boundary coherency should reduce the resistance
(as compared to other grades tests) for the permeation/absorption of dislocations through/by grain
boundaries. That is probably why rather low work hardening is observed for the W0.5ZC 400 °C. Yet
thanks to nano-sized ZrC, the achieved grain refinement apparently enables both high yield strength
and low DBTT at the same time. The limited size of ZrC particles ensures stability and fine structure of
grain boundary interfaces and at the same time does not suppress the inter-granular plasticity. In the
original work [16], it is noted that Zr acts as an oxygen gatherer, which “cleans” the grain boundaries.
As observed from the fracture surface of W0.5ZC, the majority of the fracture grains showed
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transgranular feature, which also support the conclusion on low impurity concentration at grain
boundaries. W0.5ZC also shows early necking at 600 °C but with smaller post-necking elongation. In
the following, we construct our explanation. The grains of W0.5ZC are less elongated and nearly
equiaxed. Therefore, the transmission of dislocation slip between grains is only weakly suppressed;
the transmission of dislocation slip couples with the coherency grain boundaries results in larger
uniform elongation compared with commercial W at 600 °C. However, the coalescence of voids is
promoted by the increasing temperature; and these voids reduce the actual cross-section. Thus, the
result is early necking.

Relatively high DBTT of FG, W1TiC, and W2YO materials, as compared to the fine-grain W0.5ZC grade,
should probably be attributed to the mis-ordered structure of grain boundary interfaces, porosity, and
presence of large-size particles at the grain boundary interfaces (in PIM-produced grades). However,
as FG operates above DBTT, thanks to the presence of initially low dislocation density and refined grain
interfaces (both invoked by the high temperature sintering), the large uniform elongation and work
hardening capacity are ensured by the multiplication of dislocations and transgranular slip [32]. On the
other hand, we suspect that the transgranular slip is reduced in the PIM-based W grades because of
the high density of precipitates, which increase the flow stress but suppress the plasticity in the grain
boundary region.

5. Conclusions

In this work, two commercially available W grades and several lab-scale recently developed grades were
tested in the temperature range 150-600°C using miniaturized tensile sample geometry. The main
purpose of the work was to reveal the threshold temperature for ductile plastic deformation as well as
to clarify the features of the fracture mechanisms in the ductile regime. Based on the obtained results
and discussions it is possible to state the following:
A. Commercial IGP and CEFTR products, tested in L direction, have considerable uniform elongation in
the temperature range 300-400 °C, which depends on the texture and initial microstructure. Although
WO0.5ZC also has large uniform elongation at 250 °C and 300 °C, the uniform elongation gradually
reduces with increasing temperature. Important to note that IGP, tested in L direction, has the highest
fracture resistance out of all tested materials. While, the W0.5ZrC has the lowest DBTT (around 100 °C),
as indicates in the original work [16], and still sustains rather high yield strength at 600 °C.
B. The lab-scale FG, W1TiC, W2YO grades exhibit relatively high DBTT, above 300 °C, however, these
materials show large uniform elongation and capacity for work hardening up to 600 °C, and likely even
higher.
C. Overall, each tested material exhibits brittle-ductile-early necking deformation behavior as the test
temperature rises. The ductile behavior and capacity for work hardening are preserved over a limited
temperature range, which is extends by about 300 degrees above the DBTT, as was revealed for the
IGP-L, CEFTR-L and WO0.5ZC. Clarification of the value for this temperature range for the FG, W1TiC,
W2YO grades requires additional tests at a higher temperature.
D. The presence of texture in the commercial grades has an impact on the above discussed
Brittle/Ductile/Early Necking trend. In particular, for both IGP and CEFTR grades tested in T-orientation,
the observation indicates the direct transition from brittle to early necking deformation pattern
without attaining the ductile deformation with somewhat considerable uniform elongation.
E. The fracture surface analysis indicates that the commercial grades tend to delaminate at high
temperature. On the other hand, the fracture surface of the lab-scale grades mainly consists of
17
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trans/inter-granular fracture. Worth to note that W0.5ZC revealed all types of fracture, where the
fraction of each type of pattern depends on the test temperature.
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