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Abstract 
 

Solid titanium beryllide blocks will be used for neutron multiplication in the in the helium-cooled 
pebble bed (HCPB) blanket concept of EU DEMO. A combination of hot extrusion of Be-Ti powders 
and subsequent hot isostatic pressing (HIP) of the obtained Be-Ti composites has been proposed for 
manufacturing such blocks. This work is devoted to the study of the effect of HIP at 1000–1200°C on 
the structure and properties of Be-Ti composites in order to optimize the HIP parameters. The HIP at 
1000–1200°С resulted in an almost single-phase titanium beryllide (TiBe12) with small amounts of Be 
and other phases, which gradually dissolve with HIP temperature increase. Such a treatment at 1000 
and 1100°C provides a very fine-grained microstructure of TiBe12 with an average grain size of 0.3 and 
0.6 μm, respectively. The resulting titanium beryllide is characterized by high microhardness of 1350–
1480 HV0.1 depending on the HIP temperature. According to the nanoindentation tests of the Be-Ti 
composite after HIP at 1100°C, the elastic modulus of TiBe12 can be estimated as 295 GPa. The fracture 
toughness of the TiBe12 was determined as 1.5–1.7 MPa·m1/2. The temperature of 1100°C was chosen 
as optimal for the HIP of Be-Ti composites after hot extrusion. The titanium beryllide obtained in this 
way was used to manufacture a reduced size mockup of Ø20 mm×18 mm. The mockup has no visible 
surface defects and can be used for further experiments. 
 
Keywords: beryllide; beryllium; hot isostatic pressing; extrusion; DEMO. 
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1. Introduction 

 
Intermetallic titanium beryllide TiBe12 is considered as the main neutron multiplier material in the 
helium-cooled pebble bed (HCPB) blanket concept of the EU DEMO [1]. Titanium beryllide will 
be used in the form of solid hexagonal blocks with a central hole or blocks of complex shape [2,3], 
while the Japanese DEMO concept proposes the use of vanadium beryllide as millimeter-sized 
pebbles [4–6], although solid blocks are also considered. The main advantages of titanium 
beryllide over the pure beryllium which it replaced are higher operating temperatures, better 
corrosion resistance, less swelling, and less retention of tritium under neutron irradiation [7–10]. 
Recently, a series of full size titanium beryllide blocks have been manufactured industrially using 
vacuum hot pressing [2,3]. One of the alternatives to this technology can be spark plasma sintering 
of beryllides, which is being actively studied in Japan [11,12]. Another alternative to vacuum hot 
pressing is hot extrusion of Be-Ti powders and subsequent hot isostatic pressing (HIP) of the 
extruded Be-Ti rods [13]. However, the effect of the HIP on the microstructure and the properties 
of the titanium beryllide obtained has not been fully studied, and the optimal parameters of the 
HIP have not been determined. This work is a logical continuation of the previous work [14], 
which considered the effect of HIP at 800 and 900°C on the microstructure and properties of 
extruded Be-Ti composites . An additional goal of the current work is to manufacture a mockup 
of the titanium beryllide block by extrusion of Be-Ti and HIP at the optimal selected mode. The 
results obtained would determine the conditions for the production of beryllide blocks for EU 
DEMO using the technology under consideration. 
  



3 
 

2. Materials and experimental techniques 
Be-Ti composite rods obtained by hot extrusion of pure Be and Ti powders were taken as the 

sample material for the study. The ratio of pure beryllium and titanium in the composite is Be-7.7 
at.% Ti or Be-30.8 wt.% Ti, which corresponds to the target composition of TiBe12 beryllide. 
Further details on the chemical composition of the composite as well as on extrusion can be found 
in [13–16]. The sections of Be-Ti rods having Ø40 mm×12 mm were sealed into Nb capsules and 
subjected to HIP at 1000, 1100, and 1200°C under argon pressure of 102 MPa for 4h at the 
Karlsruhe Beryllium Handling Facility (KBHF). The capsules were heated and cooled at a rate of 
about 10–20 K/min.  

After HIP, the Be-Ti samples were removed from the capsules and cut using a diamond saw or 
an electrical discharge machining. The surfaces of the samples were polished mechanically and/or 
electrolytically. The samples were examined using scanning electron microscopy (SEM) on a Zeiss 
Merlin microscope. The elemental analysis of the samples was carried out with energy-dispersive 
X-ray spectroscopy (EDS). Electron backscatter diffraction (EBSD) was used to build surface 
normal-projected inverse pole figure (IPF-Z) orientation maps. The black and white lines on the 
maps indicate high- and low-angle grain boundaries, respectively, while silver lines correspond to 
twin boundaries (in Be-Ti after HIP at 1200°С). The volume fractions of the phases were 
determined by the systematic point count method on mechanically polished samples. X-ray 
diffraction (XRD) measurements were performed on a Seifert PAD II diffractometer with Cu-Kα1/2 
radiation. Microhardness was measured on a Zwick Roell Indentec ZHµ tester using indentation 
forces of 100–1000 gf. Density was measured by the hydrostatic weighing in C14H30 liquid 
medium (Mettler Toledo MS303TS). The density of pure TiBe12 of 2.288 g/cm3 was used to 
calculate the percentage of theoretical density (TD) of the samples after HIP [17]. Electron-
transparent lamellae were prepared by focused ion beam (FIB) on a FEI Scios system and were 
examined using a Talos F200X transmission electron microscope equipped with a Super X-EDS 
system for energy-dispersive X-ray spectroscopy, a Gatan Enfinium electron energy-loss 
spectrometer (EELS), and a scanning unit (STEM) with high-angle annular dark-field (HAADF) 
detector. 

Indentations were conducted using a Keysight G200 nanoindentation system with a diamond 
pyramid Berkovich tip using the continuous stiffness measurement (CSM) technique [18] with a 
42 Hz and 2 nm oscillation. The frame stiffness of the instrument and indenter tip was calibrated 
using a fused silica sample. To quantify the nanoindentation hardness H and indentation modulus 
E, the method proposed by Oliver and Pharr [18] is used, which forms the basis of the indentation 
testing standard [19]. The following equations were used: 

ܪ =
ܲ
ܣ

 ( 1 ) 

ܧ =
1 − ଶߥ 

1
௘௙௙ܧ  −  1 − ௜ߥ

ଶ

௜ܧ

 ( 2 ) 

௘௙௙ܧ =
ߨ√ܵ

ܣ√ߚ2
 ( 3 ) 

where A is the projected contact area of the indentation at load P, ݒ is Poisson's ratio of the test 
piece, 0.09 for TiBe12 [20], ݒ௜ is Poisson's ratio of the indenter, 0.07 for diamond , ܧ௘௙௙ is the 
effective modulus of the contact between the indenter and the sample, ܧ௜ is the modulus of the 
indenter, 1140 GPa for diamond [19], S is the contact stiffness, which is computed as the slope of 
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the unloading curve continuously evaluated in the CSM mode, and ߚ is the tip geometry correction 
factor (1.034 for a Berkovich tip) [21].  

During this study, 150 indents were made into the TiBe12 in Be-Ti samples after HIP at 1100°С 
with a target maximum indentation depth of 1600 nm. Surface position corrections were made for 
each indentation before data analysis. For consistency, load and contact stiffness data averaged 
between 1300 and 1500 nm indentation depth were used to calculate indentation hardness and 
elastic modulus, avoiding the depth range within which there is a strong indentation size effect. 

To assess the fracture properties of TiBe12 in Be-Ti samples after HIP at 1100°С as well as prior 
particle boundaries, microcantilever fracture tests were carried out [22]. The pentagonal 
cantilevers were manufactured using FIB milling, following the procedure described in [22] 
leading to the geometry displayed in Fig. 1.  

Each cantilever was tilted at 0° and 45° for dimensional measurements. Typical dimensions of 
cantilevers used in this study were ≈20 μm in length, ≈4.5 μm in width, and ≈5 μm in height. The 
fracture testing was performed using a Berkovich tip in an Keysight G200 nanoindenter equipped 
with a nano-positioning stage. The deflection test was carried out at a displacement rate of 5 nm/s 
until a sharp load drop occurred and the data was recorded to a maximum preset displacement of 
2.5 μm. 

(a) (b) 

   
(c) 

 
Fig. 1. (a,b) General geometry of the cantilevers prepared with FIB in the TiBe12 sample and (c) 
their typical dimensions in μm. Two types of cantilevers have been tested: i) straight-notched 
cantilevers for fracture in the TiBe12 grains; ii) straight-notched cantilevers for fracture at the prior 
particle boundaries 
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3. Results and discussion 
3.1. Microstructure 

Fig. 2 presents the diffraction patterns of Be-Ti after extrusion and HIP at 1000, 1100, and 
1200°C. All samples are characterized by an almost single-phase structure of TiBe12. However, in 
the case of HIP at 1000 and 1100°C, a small peak corresponding to the beryllium phase is observed 
(Fig. 2a,b). Other beryllide phases are not present in the pattern, unlike samples after HIP at 800 
and 900°C [14]. SEM micrographs (Fig. 3) show almost single-phase titanium beryllide with prior 
particle boundaries typical for powder materials in the form of a chain of white beryllium oxide 
particles. These boundaries are elongated along the extrusion direction. In addition to the target 
titanium beryllide, dark regions are observed corresponding to the residual beryllium phase 
together with pores, which was discussed in more detail earlier [13,14]. The volume fraction of 
the beryllium phase together with the pores gradually decreases from 10% to 5%, and the total 
density increases from 98.4 to 99% with an increase in the HIP temperature from 1000 to 1200°C 
(Table 1). The micrographs of Be-Ti after HIP at 1000°C show bright fuzzy areas usually observed 
in the centers of former powders (Fig. 3a,b). They can correspond to the Ti2Be17 phase, which was 
observed in the same places in the Be-Ti samples after HIP at 900°C [14]. 

 
Fig. 2. X-ray diffraction patterns of Be-Ti composites after extrusion and HIP at (a) 1000°С, (b) 
1100°C, and (c) 1200°C 

Table 1.  
Density, phase composition, volume fraction and microhardness of Be-Ti composites depending 
on the HIP temperature after extrusion 

HIP 
temperature, °С 

Density, g/cm3 Phase Volume 
fraction, % 

Microhardness, HV 0.1 

1000°С 2.251 Beryllides 90 1480±50 
Be+porosity 10 360±30 

1100°С 2.258  TiBe12 93 1420±40 
Be+porosity 7 360±30 

1200°С 2.264 TiBe12 95 1350±40 
Be+porosity 5 – 
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(a) (b) 

    
(c) (d) 

    
(e) (f) 

    
Fig. 3. Microstructure of Be-Ti composites after extrusion and hot isostatic pressing at: (a,b) 
1000°C (c,d) 1100°C, (e,f) 1200°C; (a,c,e) along and (b,d,f) across extrusion direction. In (a,c,e), 
the extrusion direction is horizontal. 

Fig. 4 shows EBSD maps built along the extrusion direction after HIP at 1000–1200°C. All 
samples are characterized by a homogeneous grain structure with no visible microtexture. Black 
areas in the maps correspond to non-indexed beryllium oxide particles at the prior particle 
boundaries. Be-Ti after HIP at 1000°C has a very fine-grained structure of 0.1–0.6 µm with an 
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average grain size of 0.28 µm. The grain size in Be-Ti after HIP at 1100°C is also quite small and 
was determined in the range of 0.2–1.3 µm with an average size of 0.64 µm. In more detail, the 
microstructure after HIP at 1100°С, including TEM study, was shown earlier [13]. In contrast, HIP 
at 1200°C leads to significant grain growth. The range of grain sizes is 1–7 µm, and the average 
grain size is 3.4 µm. In addition, after HIP at 1200°C, some grains have 60° twins (highlighted in 
silver in Fig. 4c). The presence of such defects may indicate the accommodative deformation via 
twinning of large grains at 1200°C. A similar twinning in NbBe12 was observed in [23,24]. 

(a) (b) 

    
(c) 

 
Fig. 4. EBSD maps of TiBe12 phase in Be-Ti composites after extrusion and hot isostatic pressing 
at: (a) 1000°, (b) 1100°C, and (c) 1200°C. The black areas in the EBSD maps correspond to non-
indexed oxide particles at the prior particle boundaries. 

Fig. 5 presents the results of EDS for a Be-Ti sample after HIP at 1000°C. Element maps show 
a slightly higher titanium content along the central axis of the former powders. At the prior particle 
boundaries, an increased oxygen content is observed, which is associated with beryllium oxide 
particles. The composition of such oxides has been confirmed by TEM studies earlier [13]. Areas 
with an increased titanium content, which can also be seen in Fig. 3a, b, indicate that HIP at 1000°C 
was insufficient for the complete dissolution of the residual intermediate beryllide phases 
(presumably Ti2Be17). In the previous work [13], such an increase in the amount of titanium after 
HIP at 1100°C was not observed, however, single undissolved particles with an increased titanium 
content were found. After HIP at 1200°C (Fig. 6a), such single particles with a size of up to 20 μm 
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in length are also observed. Fig. 6b-e shows that in addition to the increased titanium content, the 
particle also has a higher oxygen content, as well as aluminum and silicon on the edge. It should 
be noted that particles with an increased silicon content were found earlier in the study of the 
transformation of the pure titanium phase into TiBe12 during HIP at 900°С [14]. 

(a) (b) (c) 

       
Fig. 5. (a) Microstructure and (b,c) corresponding elemental EDS maps of a Be-Ti composite after 
extrusion and hot isostatic pressing at 1000°С: (b) titanium, (c) oxygen. (a) Areas with a higher 
titanium content are outlined in red. 

 
(a) (b) (c) 

       
(d) (e) 

    
Fig. 6. (a) Microstructure and (b-e) corresponding elemental EDS maps of an undissolved particle 
in Be-Ti after extrusion and hot isostatic pressing at 1200°С: (b) titanium, (c) oxygen, (d) 
aluminum, (e) silicon 

For a more detailed study of the microstructure of the particle shown in Fig. 6, lamellae were 
lifted out using FIB. Fig. 7 shows an overview of a lamella with phases identified by diffraction 
patterns and EELS. Some beryllide grains could not be identified due to the similarity of the 
tetragonal TiBe12 and rhombohedral Ti2Be17 lattices at particular zone axes (orange areas in Fig. 
7b). Their reflections overlap and both structures can be used to describe the experimental pattern. 
The TEM results clearly show the presence of intermediate beryllides (TiBe2 and Ti2Be17) in the 
structure even after HIP at 1200°C. These data supplement the information obtained earlier on the 
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sequential phase transformation during HIP at 900°С. Further dissolution of intermediate 
beryllides with an increased titanium content occurs during HIP at 1200°C and no pure titanium 
phase can be found. TiBe2 beryllide transforms into Ti2Be17, and then TiBe12, with impurity 
elements forming a separate extended phase (highlighted in red in Fig. 7). Detailed EDS of this 
phase (Fig. 8) shows an increased content of Ti, O (not shown, but the distribution is similar to 
Ti), Al, Si (similar to the distribution of Al), Fe. Apparently, the solubility of these elements in 
TiBe12 and Ti2Be17 is lower than in TiBe2, and higher beryllides can grow further upon diffusion 
of impurities into a separate phase along grain boundaries. A separate study will be devoted to the 
structure of this new phase. In addition, the HAADF image (Fig. 8a) revealed lines crossing the 
beryllide phase in the direction of the phase with a high content of impurities. EDS showed that 
these lines are connected to particles with a higher content of arsenic (Fig. 8f) and phosphorus (not 
shown, the distribution is similar to As). The content of As and P is usually negligible in beryllium 
alloys, and such particles deserve a separate further study. 

(a) (b) 

     
Fig. 7. (a) The overview of TEM lamella showing the cross-section microstructure of an 
undissolved particle in Be-Ti after extrusion and hot isostatic pressing at 1200°C with (b) marked 
identified phases TiBe12 (blue), Ti2Be17 (yellow), TiBe2 (green), as well as an undefined phase 
TiBe12 or Ti2Be17 (orange) and an unknown phase with a high content of titanium and impurity 
elements (red). The red square in (b) indicates the area of investigation in Fig. 8. 
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(a) (b) (c) 

       
(d) (e) 

    
Fig. 8. (a) High-angle annular dark-field image of Be-Ti after extrusion and hot isostatic pressing 
at 1200°C and corresponding to the indicated red square EDS elemental maps: (b) titanium, (c) 
aluminum, (d) iron, (e) arsenic 

The results obtained complete the study of the effect of HIP on the structure and some properties 
of Be-Ti composites in the temperature range 800–1200°C. With an increase in the HIP 
temperature, the reaction of TiBe12 beryllide synthesis from beryllium and titanium phases 
proceeds more complete, and the volume fractions of beryllium phase and intermediate beryllide 
phases gradually decrease. Nevertheless, even after HIP at 1100 and 1200°C, single particles with 
an increased content of titanium and other impurities are observed. As previously shown, such 
particles can cause cracking, probably due to differences in thermal expansion coefficients [13]. 
In addition, an increase in the HIP temperature 1100–1200°C leads to a significant increase in the 
grain size. It was reported, that after HIP at 1100°C, in addition to relatively large particles of BeO 
at the prior particle boundaries, a number of BeO nanoparticles are present in the structure at 
TiBe12 grain boundaries [13]. It is assumed that these particles can pin the boundaries and restrict 
the grain growth leading to smaller grain size even at processing temperatures as high as 1000–
1100°C. Larger grain size may indicate that at 1200°C the oxide particles inhibit grain growth to 
a lesser extent, and their size reaches 7 μm. In terms of the use of titanium beryllide in a breeder 
blanket of fusion reactors, a smaller grain size is more advantageous for more efficient removal of 
gases formed during irradiation of beryllium, since in this case the diffusion path to the grain 
boundaries is reduced. But even from this point of view, the grain size obtained after HIP at 1200°C 
is acceptable until the grain size reaches hundreds and thousands of microns. Therefore, for the 
manufacture of a mockup from extruded Be-Ti bars, HIP temperatures of 1100 and 1200°C were 
selected. 
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3.2. Microhardness and nanoindentation 
With an increase in the HIP temperature from 1000 to 1200°C, the microhardness of the 

beryllide phase slightly decreases from 1480 to 1350 HV0.1 (Table 1). At the same time, the 
hardness of the beryllium phase remains about 360 HV after HIP at 1000 and 1100°C. After HIP 
at 1200°C, the microhardness of the beryllium phase could not be measured because of its small 
volume fraction. Compared to the hardness after HIP at 900°C (1680 HV0.1  [14]), the hardness of 
the beryllide phase in this work is lower, apparently due to the dissolution of other beryllide phases 
and an increase in the grain size. Further experiments on nanoindentation and fracture tests were 
carried out for the sample after extrusion and HIP at 1100°C. 

A significant scatter in the values of nanoindentation hardness and modulus was observed in 
the TiBe12. The data exhibit a wide distribution with hardness values ranging from 13.7 to 16.8 
GPa and an indentation modulus ranging between 272 to 337 GPa. The average values are 
14.9 ± 0.5 GPa and 294.9 ± 8.9 GPa for the hardness and modulus, respectively. The frequency 
distribution of the nanoindentation data is shown in Fig. 9. Both distributions are close to 
symmetric about the mean values. Although data on the crystallographic anisotropy of elastic and 
plastic properties of TiBe12 are unknown, this may be the reason for the observed large scatter of 
results as well as the difference in grain size, possible residues of intermediate beryllides and other 
phases.  

Comparison of the hardness data for microhardness (1420 HV0.1 or 13.93 GPa) and 
nanoindentation (14.9 GPa) shows that they are close, but as usual, higher hardness corresponds 
to lower indentation forces. A further increase in the indentation forces to 1 kg led to a 
microhardness value on average of 1280 HV1 or 12.5 GPa. Obviously, with an increase in the 
force, more defects, such as grain boundaries, porosity, particles, are deformed together with 
TiBe12, which somewhat decreases the measured hardness values. The measured elastic modulus 
is in good agreement with the values of E=280–282 GPa in [25–27]. Beryllides of other metals 
have close values of the elastic modulus, for example, NbBe12 – 324 GPa [28], ZrBe12 – 289 GPa 
[26], VBe12 – 300 GPa [29]. 
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(a) (b) 

    
Fig. 9. The frequency distribution of the nanoindentation (a) hardness and (b) modulus data 
obtained in Be-Ti after extrusion and HIP at 1100°С. Average penetration depth is between 1300 
and 1500 nm. 

 
3.3. Microcantilever fracture tests  
 

The results in Fig. 10 show a typical load-displacement plot: load changes linearly until a 
sudden failure in the load range between 45 and 100 mN, after which the indenter rapidly 
approaches its displacement limit (2500 nm).  

 
Fig. 10. Typical load-displacement curve of micro-scale pre-cracked cantilever from TiBe12 
samples tested at room temperature. No yield was observed before fracture occurred.  

Fracture toughness values KC were calculated using linear elastic fracture mechanics (LEFM), 
as in the micromechanical fracture work of Di Maio and Roberts [22] and Chan et al. [30]: 

஼ܭ = ܨܽߨ√଴ߪ ൬
ܽ

 ൰ ( 4 )ݕ2

  

଴ߪ = ଴ܲܮ଴ݕ
ܫ

 
( 5 ) 

where a is the pre-crack length and ݕ is the vertical distance between the upper surface and the 
centroid of the cross-section. P0 is the fracture load, L0 is the longitudinal distance between the 
pre-crack and the indenter tip loading point and I is the second moment of area as derived by [22], 
for the pentagonal cross-section shape illustrated in Fig. 1. 
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The dimensionless shape factor ܨ ቀ ௔
ଶ௬

ቁ was determined using the equation derived by Chan 
et al. [30]: 

ܨ ൬
ܽ

൰ݕ2 = 3.71 ൬
ܽ

൰ݕ2
ଷ

− 0.63 ൬
ܽ

൰ݕ2
ଶ

+ 0.242
ܽ

ݕ2
+ 0.974 

( 8 ) 

In the present microfracture experiments, typical values are ௔
ଶ௬

 = 0.23 and F = 1.04. 
Fracture tests were carried out on six cantilevers: three at the prior particle boundaries and three 

away from these boundaries. The toughness was found to be 1.5 ± 0.1 MPa·m1/2 at the prior 
particle boundaries and 1.7 ± 0.1 MPa·m1/2 far from them. This is lower than the value of 2.4 ± 0.3 
MPa·m1/2 reported earlier [13], which was obtained by measuring the length of cracks developed 
during microindentation. Some discrepancy can be explained both by the errors of both methods 
and by the volume of the material that was fractured during the bending of the microcantilevers 
and the microhardness indentation. The obtained toughness value is typical for hard brittle 
materials such as ceramics or intermetallics. 

The critical stresses were 892 ± 47 MPa and 912 ± 86 MPa at the prior particle boundaries and 
far from these boundaries, respectively. Both the average fracture toughness and the critical stress 
were slightly lower for the cantilevers prenothced for fracture at the prior particle boundaries, but 
the difference was close to or less than the uncertainty limit. This indicates that higher statistics 
are required to reliably compare local microstructural properties. 

SEM analysis of the fractured cantilevers demonstrated that both type of cantilevers have very 
similar fracture surface topography. The materials fractured in a mixed mode of brittle inter- and 
transgranular fracture (Fig. 11). As demonstrated by a high-magnification image in Fig. 11b, some 
areas of the fracture surface show numerous facets with river pattern strips on the fracture surface 
typical for transgranular cleavage, another zones are featureless between ridges, indicating the 
intergranular surfaces. The microstructure of the fracture surface in Fig. 11b was used to determine 
the average grain size. It is about 0.4 μm, which is similar to the average grain size (0.64 µm) 
obtained by the EBSD measurement in Fig. 4b. 
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(a) (b) 

    
Fig. 11. (a) SEM image of the fractured cantilever in the TiBe12 of Be-Ti sample after HIP at 
1100°С and (b) the corresponding fracture surface 

3.4. Mockup 
Several additional capsules with extruded Be-Ti rods were prepared for the production of a 

mockup. The main goal was to demonstrate that it is possible to manufacture titanium beryllide 
blocks by hot extrusion and subsequent HIPing. In addition, the resulting mockup can be used for 
thermal cycling tests, since titanium beryllide will be rapidly heated up and cooled down during 
the cyclic operation of the fusion reactor. The capsules were subjected to HIP at 1100 or 1200°C 
for 4 hours. 

Fig. 12a shows an open capsule after HIP at 1200°C. In several places, the inner niobium layer 
interacted with the Be-Ti. Niobium was previously selected as an interlayer material because it 
was found not to form any brittle diffusion layers on the boundaries “Be-Ti / Nb” and 
“Nb / CuCrZr” during extrusion [15,16]. However, at 1200°C niobium can react with beryllium to 
form various niobium beryllides. Fig. 12b shows the zone of such interaction with distinct three 
Nb-containing phases in addition to the main TiBe12 phase. This interaction leads not only to 
contamination with niobium but also cracking and fracture of titanium beryllide. Thus, the 
temperature of the HIP was limited by 1100° in order to avoid the interaction of Be-Ti with the 
niobium interlayer. 

The opened capsule after the HIP at 1100°C is shown in Fig. 13a. In this case, no interaction of 
Be-Ti with the niobium interlayer is observed, nevertheless, some chipping occurred in the edge 
of TiBe12 during cutting. The diameter of the beryllide, taking into account the chipping zone, is 
about 25 mm. The resulting beryllide was used to cut a 4-fold reduced mockup of a breeder blanket 
block. The approximate outer diameter of the mockup is 20 mm, the height is 18 mm. As a result 
of electrical discharge machining, a mockup was manufactured without visible cracks and chips. 
The density of the mockup is measured as 2.255 g/cm3 or 98.6% of the theoretical density. The 
results obtained have demonstrated the possibility of manufacturing complex products from 
titanium beryllide obtained by extrusion of Be-Ti powders and HIP. In the case of using rods four 
times larger than in the present work, full-size beryllide blocks can be manufactured. 
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(a) (b) 

    
Fig. 12. Interaction of of the intermediate niobium layer with Be-Ti after HIP at 1200°C: (a) after 
opening the capsule, (b) SEM BSE image of the region of such interaction with the formation of 
niobium beryllides. 

 
(a) (b) 

    
Fig. 13. (a) Opened Be-Ti capsule after extrusion and HIP at 1100°C for 4h and (b) a mockup cut 
out from it with dimensions of approximately Ø20 mm×18 mm 

 
4. Conclusions 

The effect of HIP at 1000–1200°C on the structure and properties of Be-Ti composites obtained 
by hot extrusion has been studied. The HIP resulted in an almost single-phase titanium beryllide 
(TiBe12) with small amounts of Be and other phases. With an increase in the HIP temperature, the 
volume fraction of the beryllium phase and other intermediate beryllides decreases, and the density 
slightly increases from 98.4 to 99% of the theoretical density. EBSD maps showed that HIP at 
1000 and 1100°C provides a very fine-grained microstructure with an average grain size of 0.3 
and 0.6 μm, respectively. HIP carried out at a higher temperature formed a coarser-grained 
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structure of titanium beryllide with an average size of 3.4 μm. This treatment does not lead to 
complete dissolution of particles with an increased content of titanium and impurity elements. 
Even after HIP at 1200°C, single particles with a complex structure are detected. 

The microhardness of Be-Ti composites gradually decreases from 1480 to 1350 HV0.1 with an 
increase in the HIP temperature from 1000 to 1200°C. Nanoindentation of the composite after HIP 
at 1100°C showed a high hardness of TiBe12 of 14.9 GPa, and also estimated its elastic modulus 
as 295 GPa. The fracture toughness of the same TiBe12 was determined as 1.5–1.7 MPa·m1/2 using 
results of fracture experiments of microamashined with FIB cantilevers. According to the 
microstructural study of the fracture surface, the TiBe12 cantilevers fractured in a mixed mode of 
brittle inter- and transgranular fracture. 

On the basis of the results obtained in this work, the temperature of the HIP was chosen as 
1100°C, which was used for the final treatment of several additional capsules. The resulting 
titanium beryllide was successfully used to manufacture a reduced size mockup of 
Ø20 mm×18 mm. The mockup has no visible surface defects and can be used for further 
experiments. 
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