
metals

Article

Properties of Mechanically Alloyed W-Ti Materials
with Dual Phase Particle Dispersion
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Abstract: W alloys are currently widely studied materials for their potential application in future
fusion reactors. In the presented study, we report on the preparation and properties of mechanically
alloyed W-Ti powders compacted by pulsed electric current sintering. Four different powder
compositions of W-(3%–7%)Ti with Hf or HfC were prepared. The alloys’ structure contains only
high-melting-point phases, namely the W-Ti matrix, complex carbide (Ti,W,Hf)C and HfO2 particle
dispersion; Ti in the form of a separate phase is not present. The bending strength of the alloys
depends on the amount of Ti added. The addition of 3 wt. % Ti led to an increase whereas 7 wt. %
Ti led to a major decrease in strength when compared to unalloyed tungsten sintered at similar
conditions. The addition of Ti significantly lowered the room-temperature thermal conductivity of all
prepared materials. However, unlike pure tungsten, the conductivity of the prepared alloys increased
with the temperature. Thus, the thermal conductivity of the alloys at 1300 ◦C approached the value
of the unalloyed tungsten.

Keywords: tungsten-titanium alloys; mechanical alloying; particle dispersion; pulsed electric current
sintering; thermal conductivity; bending strength

1. Introduction

With the progress of nuclear fusion research, the need for new, advanced materials is becoming
more urgent. For the International Thermonuclear Experimental Reactor (ITER), the choice of
materials has been made. Thus, the area of the ITER’s first wall will be covered by armor produced
from beryllium and the exhaust components will be covered by tungsten. However, materials for
the next step of reactors will have to satisfy strict requirements for the lifetime and safety levels.
Thus, nontoxic, highly durable and functional materials would be the prime choice for tokamak such
as DEMO tokamak.

Until recently, pure tungsten was considered the most suitable plasma-facing material for the
future reactor’s first wall. Its superiority over other materials was granted by the following group of
properties: high resistance to sputtering, high melting point, good thermal conductivity, low thermal
expansion and low tritium retention. Nevertheless, tungsten also has certain disadvantages,
with thermally induced grain growth (depending on its thermomechanical history, starting at
temperatures as low as 1000 ◦C) among the most serious. Thus, in the conditions of fusion plasma
and plasma disruptions, excessive grain growth leads to the degradation of mechanical properties,
which subsequently causes premature failure of the plasma-facing component during heat cycling.
A further problem arises during exposure of the tungsten to the irradiated particles, such as those of
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helium and deuterium present in the fusion plasma. The particles penetrate into the material bulk and
under specific conditions, such as high particle fluencies, the crystalline lattice becomes supersaturated
which leads to blister or helium fuzz formation [1] and, therefore, the further degradation of the
mechanical properties. Another concern of tungsten’s behavior is related to the formation of tungsten
oxides in the presence of oxygen. Tungsten trioxide represents a serious risk in the case of reactor
accidents under which oxygen or oxygen-containing compounds (such as coolant water) enter the
reactor chamber. The formation of volatile tungsten trioxide could lead to radiation escaping into
the surrounding environment. Thus, efforts to develop a smart tungsten material that can suppress
thermal and radiation degradation as well as the formation of volatile oxides have emerged recently.

Most recent attempts to improve tungsten properties have been conducted through the
modification of tungsten’s microstructure and the addition of minor alloying elements. Many of
the developed materials show promising results. For example, some studies point out that
ultrafine-grained tungsten not only has better mechanical properties but is also significantly more
resistant to irradiation from ions [2]. In order to stabilize the grain size at higher temperatures, tungsten
with a particle dispersion has been developed. In the case of tungsten, usually small amounts of oxides,
e.g., Y2O3, La2O3 (ODS—oxide dispersion strengthening), or carbides of transition metals, e.g., TiC
(CDS, carbide dispersion strengthening), are added [3,4]. The suppression of the formation of volatile
tungsten oxide has been suggested by the formation of tungsten self-passivating alloys [5] consisting
of W with the addition of Cr and Ti or Si. In the oxidation atmosphere, complex Cr-W oxide layers
are formed, encapsulating the tungsten oxides at the surface of the armor. However, the effect of the
various alloying elements is still being studied.

Since the melting temperature of tungsten is the highest among the chemical elements, the powder
metallurgy accompanied by mechanical alloying is the obvious choice of alloying method. The spark
plasma sintering method provides the exceptional advantage of fast heating/cooling rates when
compared to conventional sintering methods. Therefore, a high sintering temperature is achieved
simultaneously with the suppression of unwanted grain growth. In the present study, we attempted to
prepare W-Ti alloys with the addition of HfC or Hf by means of mechanical alloying. According to our
experience, HfC has a tendency to oxidize either during mechanical alloying or during sintering to
form HfO2. In this way, the mitigation of Ti oxidation was approached. The alloys were analyzed for
their phase composition during each individual step of the preparation. Thus, the alloying process
can be better understood and used for further tailoring of the alloys. The phases were correlated with
the microstructural information. Basic mechanical properties of the prepared alloys were analyzed
and the effect of the addition of Ti was discussed. The effect of the alloying elements on room-
and high-temperature thermal conductivity was studied as it remains overlooked in the majority of
published studies due to the low amounts of alloying elements.

2. Materials and Methods

The powder batches of composition W-3 wt. % Ti-2 wt. % HfC, W-7 wt. % Ti-2 wt. % HfC,
W-3 wt. % Ti-2 wt. % Hf and W-7 wt. % Ti-2 wt. % Hf (see Table 1) were prepared in a planetary ball
mill Pulverisette 5 (Fritsch, Germany). The starting powders were W (99.9% purity, 1.2 µm average
powder size), Ti (99.4% purity, 5 µm average powder diameter size), Hf (bimodal powder diameter
size distribution, 15 µm and 45 µm) and HfC (bimodal powder diameter size distribution, 5 µm and
20 µm). For the ball milling process, the powders were loaded in tungsten carbide bowls with tungsten
carbide grinding balls in the ball to powder ratio (BPR) 11:1. High purity argon was used as protective
atmosphere in order to prevent oxidation during the milling process. The summary of the milling
parameters can be found in Table 1. The powders were consolidated by pulsed electric current sintering
machine SPS 10-4 (Thermal Technology, Santa Rosa, CA, USA) under similar sintering conditions,
i.e., sintering temperature 1750 ◦C, pressure of 70 MPa, vacuum of 10 Pa and sintering time of 3 min.
Sintering was performed in graphite molds and graphite foils or graphite foils covered by hexagonal
boron nitride (BN). All milling and sintering parameters are summarized in Table 1.
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Table 1. Summary of the materials and production conditions.

Sample Designation * Starting Powders
(Average Size, µm) Ball Milling Conditions Sintering Conditions

W-3Ti-2HfC
W (1.2), Ti (5), HfC
(bimodal 5 and 20) 11:1 (BPR), 30 min mixing

at 80 RPM 270 rpm
(milling speed), 40 h
(milling time), Argon
atmosphere, WC-Co

milling bowls and balls.

100 ◦C/min (Heating speed), 1750 ◦C
sintering temperature, 3 min hold time at

1750 ◦C, powder surrounded by a graphite
foil, vacuum, 120 ms/30 ms on/off pulses

at started at sintering temperature.W-7Ti-2HfC

W-3Ti-2Hf
W (1.2), Ti (5), Hf

(bimodal 15 and 45)

Identical to the above except that powder
was surrounded by a graphite foil covered

by BN (boron nitride) layer.
W-7Ti-2Hf

W W (1.2) no ball milling Identical to the above (W + Ti + Hf case)

* Numbers refers to weight percentage.

Phase compositions and lattice parameters were determined from X-ray diffraction (XRD) patterns
obtained at room temperature by CuKα (divergent beam was used for mechanically alloyed powders
and parallel beam of 1 mm diameter in the middle of the cross section cut was used for sintered
samples) and 1D LynxEye detector (Bruker, Karlsruhe, Germany) (Ni β filter in front of the detector)
mounted on Bruker D8 Discover (Bruker, Karlsruhe, Germany) and subsequent Rietveld refinement [6]
was performed in TOPAS 5 (Bruker, Karlsruhe, Germany) [7].

The flexure strength was measured using universal tensile test machine Instron 1362 (Instron,
High Wycombe, UK) with support diameter of 5 mm, support span of 14.55 mm and loading rate of
0.2 mm/min.

The hardness was evaluated on a universal hardness tester Nexus 4504 (Innovatest, Maastricht,
The Netherland) using Vickers indenter, load equivalent to 1 kg and dwell time of 10 s.

The microstructure was evaluated on polished cross-sections using SEM EVO MA 15 (Carl Zeiss
SMT, Oberkochen, Germany) in backscattered mode and equipped with EDS detector XFlash® 5010
(Bruker, Karlsruhe, Germany).

The thermal diffusivity (α) and specific heat capacity (Cp) of the samples were measured by
a laser-flash method on an LFA 1000 apparatus (Linseis, Selb, Germany) in vacuum at RT, 100, 300,
500, 700, 900, 1100 and 1300 ◦C. The thermal conductivity (λ) was calculated utilizing the relationship
λ = $αCp, where $ is material density. The samples were cut into 10 mm × 10 mm size and thickness
was approximately 2 mm. Data were averaged from at least four measurements at each temperature.

3. Results

3.1. Microctructural and Phase Analysis

Table 2 shows the results of the Rietveld refinement of XRD diffractograms in the mechanically
alloyed powders used in this study. The lattice parameters were significantly larger than the lattice
parameter of pure tungsten at room temperature a = 0.3165 nm [8]. The dissolution of Ti in W
continuously increased the lattice constant of the bcc phase β-(Ti,W) up to the lattice constant of
the bcc Ti phase, which was close to 0.3283 nm [9]. Since no other phases of pure Ti or Hf were
observed, one can conclude that the alloying elements Ti and Hf were introduced to the matrix of bcc
W and formed a solid solution. Significant refinement of the crystallites’ size was found in all milled
powders after the high-energy milling, and microstrain values suggested that a substantial degree of
deformation energy was stored in the powders.



Metals 2017, 7, 3 4 of 10

Table 2. Results of Rietveld refinement fit for tungsten matrix phase in mechanically alloyed powders
for 40 h. Fit errors of the last digit are given in parentheses.

Composition Lattice Parameter a (nm) Crystallite Size (nm) Microstrain e0 (10−3)

W-3Ti-2HfC 0.317536 (8) 11.9 (1) 3.88 (3)
W-7Ti-2HfC 0.31785 (1) 11.2 (1) 3.78 (4)
W-3Ti-2Hf 0.317207 (7) 13.5 (1) 3.51 (3)
W-7Ti-2Hf 0.317665 (8) 12.4 (1) 3.45 (3)

Figure 1 shows the measured diffraction patterns with Rietveld refinement analysis for the
sintered samples.
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Figure 1. X-ray diffraction patterns with Rietveld refinement analysis for sintered samples,  

(a) W-3Ti-2HfC; (b) W-7Ti-2HfC; (c) W-3Ti-2Hf; (d) W-7Ti-2Hf. 
Figure 1. X-ray diffraction patterns with Rietveld refinement analysis for sintered samples,
(a) W-3Ti-2HfC; (b) W-7Ti-2HfC; (c) W-3Ti-2Hf; (d) W-7Ti-2Hf.

XRD quantitative Rietveld phase analysis of sintered samples, summarized in Table 3, revealed
that hafnium oxide was present in the tungsten-based matrix in the form of a monoclinic HfO2 phase
and a cubic phase with the space group Fm3m. Since W, Ti and Hf all form monocarbides with
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this space group and these isomorphous carbides were found miscible [10,11], a complex carbide,
(Ti,W,Hf)C, was also found in all sintered samples in this work. In addition, sample W-7Ti-2Hf
showed the presence of hafnium titanium tetraoxide (HfTiO4 with the orthorhombic space group Pbcn).
The lattice parameters of the tungsten matrix in the sintered samples (Table 4) were smaller than those
of the powder samples (Table 2).

Table 3. Phase analysis of sintered samples by XRD quantitative Rietveld refinement noted in
weight percent.

Identified Phases W-3Ti-2HfC W-7Ti-2HfC W-3Ti-2Hf W-7Ti-2Hf

W matrix 94.8 (6) 91.6 (4) 93.5 (8) 90.1 (8)
HfO2 monoclinic 0.9 (3) 2.2 (2) 1.5 (4) 2.3 (3)

(Ti,W,Hf)C 4.3 (6) 6.2 (4) 5.0 (7) 6.1 (7)
HfTiO4 - - - 1.6 (3)

Table 4. Lattice parameters of W-Ti alloy in sintered samples.

Phases W-3Ti-2HfC W-7Ti-2HfC W-3Ti-2Hf W-7Ti-2Hf

W matrix 3.16476 (7) 3.16631 (4) 3.16410 (7) 3.16464 (6)
(Ti,W,Hf)C 4.356 (1) 4.2866 (6) 4.353 (1) 4.245 (1)

The microstructure of compacted W-3Ti-2HfC and W-7Ti-2HfC shows features identical to
W-3Ti-2Hf and W-7Ti-2Hf; therefore, only representative micrographs of chosen compositions will be
presented here (Figure 2). Generally, the microstructure consists of regular polygonal equiaxed grains
representing the W-Ti matrix and numerous smaller particles located mainly at the grain boundaries.
Virtually no porosity was found in the sintered samples. According to the results of EDS (Figure 3),
the brighter intergranular particles were rich in Hf and O and the darker particles were rich in Ti,
an indication of Hf content being visible as well. A local increase in the C concentration was not
observed due to the carbon contamination layer already present and/or deposited by the electron
beam on the sample surface. Therefore, it can be expected that the lighter and darker particles are
oxides (HfO2, HfTiO4) and a complex carbide (Ti,W,Hf)C as reported by XRD, respectively.

The size distribution of the W-Ti matrix grains is depicted in Figure 4. Local maxima within
1–5 µm2 represent the most frequent area grain sizes. Lower size frequencies are not shown in the plot
as they most likely represent HfO2 particles and/or noise. The main difference between microstructures
containing different amounts of Ti was that the frequency of larger carbide particles (i.e., 0.6 µm and
larger) was higher for samples containing 7% Ti (Figure 5); a similar, though less obvious, trend shows
the size distribution of HfO2 (Figure 6). Fine spherical particles in the size range of tens of nanometers
present within the matrix grains were more frequent in the samples containing 3% Ti (see Figure 2a).
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3.2. Mechanical and Thermal Properties

Figure 7 summarizes results on the basic mechanical properties of the prepared alloys in
comparison to pure tungsten sintered at similar conditions. A major influence of Ti content on
the material strength was apparent. W-3Ti-2Hf and W-3Ti-2HfC showed an increase in the flexural
strength when compared to pure tungsten whereas W-7Ti-2Hf and W-7Ti-2HfC showed a significant
decrease in the strength. Slightly better values of flexural strength could be also observed for materials
mechanically alloyed with the addition of HfC.

The hardness of the prepared alloys significantly increased when compared to pure tungsten.
A larger increase was observed for materials containing 7% Ti. However, there was no apparent trend
for the Hf/HfC content.
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The small addition of alloying elements had a significant effect on the thermal conductivity
(Figure 8). In the most extreme case, i.e., for materials containing 7% Ti, the drop in the conductivity
reached almost 80% at room temperature when compared to pure tungsten. The addition of HfC
slightly improved the thermal conductivity at higher temperatures (above 300 ◦C) when compared to
the materials with the addition of Hf. Generally, the thermal conductivity of metals inherently decreases
with an increasing material temperature as in the case of pure tungsten. However, some alloys have
an inverse dependency on the temperature, as is the case for the W-Ti-Hf(C) samples. Consequently,
the difference between the prepared alloys and the pure sintered tungsten tended to decrease at higher
temperatures. A minimal difference was reached for W-3Ti-2HfC above 900 ◦C, and for other alloys
except W-7Ti-2Hf at 1300 ◦C. At this point, the conductivity of W-3Ti-2Hf, W-3Ti-2Hf and W-7Ti-2HfC
was 20% lower than the thermal conductivity of pure tungsten.
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Figure 8. Thermal conductivity of the sintered samples in comparison with properties of sintered
pure tungsten; points with red outlines depict the second room-temperature measurement after the
high-temperature analysis.

In order to evaluate the stability of the thermal conductivity, the room-temperature value was
measured twice. The first measurement was performed at 25 ◦C and the second measurement after
the thermal cycle of the laser-flash method (appropriate points are outlined in red), i.e., after 14 h at
gradually elevating temperatures from 25–1300 ◦C. For the W-Ti-Hf(C) samples the value of the first
and second measurement is almost identical.

4. Discussion

After the sintering of the alloyed powders, new phases emerged, i.e., (Ti,W,Hf)C and HfO2.
Micrographs of the sintered materials proved the TiC phase was located at grain boundaries, where it
can play an important role together with HfO2 in grain stabilization at high temperatures by pinning
grain boundaries. The dispersion of TiC particles supports the assumption of carbon surface diffusion
through the powder materials and carbon grain boundary diffusion (in the later stage of sintering).
The high affinity of carbon to titanium caused the depletion of excess Ti from the W-Ti matrix.
Alloys with 7% Ti contained higher number of larger (Ti,W,Hf)C particles, as the higher amount
of Ti led to particle coarsening. Besides the W-Ti solid solution, (Ti,W,Hf)C and HfO2 (and HfTiO4

in one case), the presence of additional phases was not confirmed. A number of research results
reported on the formation of Ti-rich phases in W-Ti, e.g., Ti pools in W-2 wt. %Ti-0.5%Y2O3 and
W-4 wt. %Ti-0.5%Y2O3 [12], in W-10 wt. %Ti [13] and in WCr12Ti2.5 [5]. Considering the potential
high-temperature applications of the alloys, the formation of Ti pools or Ti-rich solid solution is
undesirable due to the low melting point of such phases (for pure titanium it is 1668 ◦C). The materials
studied in this work maintained a high melting point, as the only Ti-rich phase confirmed by XRD was
complex (Ti,W,Hf)C with a melting point most likely around that of TiC (i.e., 3160 ◦C), and the melting
point of WC is around 2830 ◦C.
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The matrix of the prepared materials consists of fine grains, mostly in the size range of 1 µm–5 µm
diameter. It seems there is only a slight effect of the addition of titanium on the matrix grain size
distribution. Alloys with 7% Ti have a slightly higher frequency of fine grains, likely due to higher
occurrence of larger carbide particles.

The effect of titanium on the bending strength of the prepared materials strongly depends on the
added amount of Ti. It seems there is a threshold content of titanium in W, above which the bending
strength starts to decrease and becomes smaller than that of pure sintered tungsten. Nevertheless,
it also seems that the effect might be different when other secondary phases are added. Authors
in [14] report an opposite trend in the bending strength for W-4Ti-0.5Y2O3 and W-2Ti-0.47-Y2O3,
i.e., with an increasing content of Ti, the strength increases. However, the bending strength of
alloys in the mentioned study still remained below the room-temperature strength of pure tungsten.
The hardness of the prepared alloys increased with respect to the pure tungsten due to the increase in
the dislocation density caused by ball milling, grain refinement and mainly due to the presence of hard
particle dispersion. The hardness value was slightly lower for alloys containing 3% Ti as the frequency
of carbide particles in each size category was lower.

The results of the thermal conductivity showed a major decrease for the prepared alloys when
compared to pure tungsten. According to the rule of mixture and the Maxwell-Garnett model applied
on W-3Ti-2HfC and W-7Ti-2HfC with respect to the volumetric representation of the XRD results,
the room-temperature thermal conductivity due to the second-phase dispersion should not decrease by
more than 26% (according to rule of mixture the values are 155 W/(K·m) and 144 W/(K·m), respectively;
according to the Maxwell-Garnett model they are 146 W/(K·m) and 133 W/(K·m), respectively) [15].
The calculated numbers were significantly higher than the measured values which might imply
a significant influence of Ti dissolved in the tungsten lattice. The thermal conductivity of the prepared
materials grew with the temperature, which is a less common phenomenon. That can also be attributed
to the Ti dissolved in the W matrix. However, from 900 ◦C the thermal conductivity of W-3Ti-HfC
alloy was only 20 W/(K·m) smaller than that of pure tungsten. Although at higher temperatures
the difference in the thermal conductivity was minimized, the authors believe that an additional
improvement might be possible by lowering the titanium content or additional thermomechanical
processing. For example, in [16] a dramatic improvement of thermal conductivity for W-TaC alloys
was reached after hot rolling.

The lower rate in the thermal conductivity increase for W-7Ti-2Hf was probably caused by the
presence of HfTiO4.

5. Conclusions

Four types of tungsten materials were prepared in this study, i.e., W-3Ti-2Hf, W-3Ti-2HfC,
W-7Ti-2Hf and W-7Ti-2HfC. Due to the sintering in the presence of graphite, a certain amount of
Ti and Hf was transformed into the complex carbide phase. Thus, no Ti pools were formed, unlike in
the results in a number of other studies. The microstructure consisted of a W-Ti matrix with fine
(Ti,W,Hf)C and HfO2 particles dispersed at the grain boundaries. Besides the mixed Hf-Ti oxide
in the sample with the highest Ti content, no other phases within a detectable limit were present.
It can thus be expected that the prepared alloys possess a high melting point and can be applied in
high-temperature environments. Moreover, it can be expected that the particle dispersion improves
the high-temperature stability.

The effect of the addition of titanium on the materials’ strength was found to depend on the
amount of Ti added. The bending strength of the alloys with 3% Ti increased with respect to pure
tungsten, whereas 7% Ti led to a significant decrease in strength.

The addition of Ti into tungsten significantly lowers the thermal conductivity which is the major
drawback of the prepared alloys. Nevertheless, it was proved that the conductivity has a tendency
to increase with the temperature. Thus, in the temperature window predicted for future fusion
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reactors, i.e., between 700 ◦C and 1300 ◦C, the conductivity reached nearly the value of conductivity
for pure tungsten.
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