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Аннотация. В работе исследовано влияние механической активации (МА) порошков титана и бора в шаровой мельнице на 

процесс горения в композиции Ti + 2B. Получены экспериментальные зависимости температуры и скорости горения 
шихтовых образцов, спрессованных из исходных и активированных реагентов. Показано, что зависимости этих параметров 
от плотности прессованных образцов имеют ярко выраженный максимум. Установлено, что с ростом плотности шихтовых 
прессовок повышение температуры горения обусловлено увеличением площади контакта между частицами титана и 
бора  (Ti–B), а ее снижение  – с увеличением площади контакта между частицами титана  (Ti–Ti). Установлено, что МА 
оказывает разнонаправленное действие на реагенты: она снижает удельную поверхность порошка Ti, уменьшая площадь 
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Abstract. The influence of mechanical activation (MA) of titanium and boron powders in a ball mill on the combustion behavior 

of Ti + 2B mixtures has been investigated. Experimental dependences of the combustion temperature and combustion-wave velocity 
on the density of compacts prepared from starting and mechanically activated powders were obtained. It was shown that the depen-
dences of these parameters on the compact density exhibit pronounced maxima. With increasing density, the rise in combustion 
temperature is governed by the growth of the Ti–B reaction-interface area, whereas its subsequent decrease is associated with 
an increase in the Ti–Ti contact area. Mechanical activation exerts opposite effects on the reactants: it reduces the specific surface 
area of titanium powder, thereby decreasing the Ti–B contact area, but at the same time destroys the arch-like structure of amorphous 
boron and disperses its agglomerates, which increases the reaction-interface area. The overall result is an increase in the maximum 
combustion temperature to 2900 °C. It was experimentally established that, at compaction pressures above 30 MPa, mechanically 
activated boron exhibits limited plasticity, enabling consolidation of Ti + 2B mixtures to relative densities of 0.7–0.8. A correlation 
was found between electrical resistivity and combustion temperature: the highest combustion temperatures correspond to a resis-
tivity range of R ≈ 105.0 – 105.5 Ω·cm, while a further decrease in resistivity – related to the growth of the Ti–Ti contact area – leads 
to a reduction in the combustion temperature. 

Keywords: mechanical activation, titanium and boron powders, powder properties, compaction, Ti + 2B reactive mixture, combustion 
temperature, combustion-wave velocity
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IntroductionIntroduction
Titanium diboride, owing to its unique properties – 

including ultrahigh melting point, high hardness, and 
strong neutron absorption capability – is widely used 
in mechanical engineering, metallurgy, and the nuclear 
industry [1–7]. A promising route for producing dense 
TiB2 ceramics is SHS compaction (SHS – self-propa
gating high-temperature synthesis)  [8; 9]. However, 
achieving high-density TiB2 ceramics by this method 
is challenging due to the insufficiently developed stage 
of  preparing the  reactive mixtures prior to  synthesis. 
Earlier studies on obtaining dense TiB2 focused primar-
ily on combustion processes [10–15] and hot pressing 
of reaction products [16; 17]. In contrast, the prepara-
tory treatment of  reactive mixtures received limited 
attention, despite its substantial influence on com-
bustion parameters, morphology, microstructure, and 
ceramic properties [18; 19]. 

It was shown in [20] that mechanical activation 
of the reactants increases the combustion temperature, 
enhances structural integrity, and reduces both residual 
porosity and TiB2 grain size. Our earlier works [18; 19] 
demonstrated that the  combustion temperature (Tc ) 
of Ti + 2B mixtures can be increased to  the adiabatic 
level (3190 °C  [20]) by increasing the  reaction inter-
face between titanium and boron particles. The main 
technological approaches for increasing Tc included 
selecting titanium powders with a high specific surface 
area (1.0–1.5 m2/g)  [18] and mechanical activation 
of the reactants during mixing [19]. 

Despite these positive results, several issues con-
cerning the  conditions for preparing the  reactive 
mixtures and the  mechanisms by which these condi-
tions affect combustion behavior remain unresolved. 
Changes in the  characteristics of  the  reactants during 
mechanical treatment in a ball mill, as well as dur-
ing compaction, and the  influence of  these changes 
on combustion parameters have not been sufficiently 
investigated.

The aim of the present work was to study the influ-
ence of mechanical activation of the initial reactants – 
titanium and boron – on the physical and technological 
properties and combustion behavior of Ti + 2B powder 
mixtures.

Materials and methodsMaterials and methods
Titanium powder grade PTM (TU 14-22-57-92) 

and amorphous boron powder (TU 113-12-132-83) 
were used in the  experiments. Their characteristics  –
including the content of main components, oxygen and 
hydrogen levels, bulk density (Θb ), tap density (Θt ), 
and particle-size distribution (d)  – are presented in 
Table 1.

Mechanical activation of  the  starting powders 
was performed in a 2.5 L ball mill at a drum rota-
tion speed of 60 rpm, with a charge-to-ball mass ratio 
of  Мch/Мball = 1:15. The milling media were ShKh15 
bearing steel balls, 25 mm in diameter. Titanium and 
boron powders were mixed in the stoichiometric molar 
ratio Ti + 2B, corresponding to  the  following mass 

Table 1. Characteristics of the powder reactants 
Таблица 1. Характеристики порошковых реагентов

Reactant
Composition, wt. %

Bulk density,  
Θb , rel. units

Tap density,  
Θt , rel. units d, μmMain 

component [O] [H]

Ti 97 0.6 0.3 0.32 0.35 <50.0
В 93 4.1 0.6 0.14 0.21 <0.2

контакта Ti–B, но одновременно разрушает аморфную структуру бора, диспергируя его агломераты, что увеличивает реак-
ционную поверхность. Результирующим эффектом является повышение максимальной температуры горения до 2900 °C. 
Экспериментально обнаружено, что при уплотнении выше давления 30 МПа порошок бора после МА способен прояв-
лять пластические свойства, что позволило консолидировать порошковые смеси Ti + 2B до плотности 0,7–0,8. Обнару-
жена корреляция между уровнем электрического сопротивления и температурой горения: максимальные значения темпера-
туры горения соответствовали уровню удельного электросопротивления шихтовых прессовок R ≈ 105,0 – 105,5 Ом·см, ниже 
которого температура горения снижалась, что связано с увеличением площади контактной поверхности между частицами 
титана.  

Ключевые слова: механическая активация, свойства порошков титана и бора, прессование, реакционная смесь Ti + 2B, 
температура и скорость горения
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fractions in the mixtures: 69 wt. % Ti and 31 wt. % B. 
Mixtures were prepared using both the initial powders 
(Tiini and Вini ), and powders mechanically activated in 
the ball mill – titanium for 40 h (TiМА ) and boron for 
30 h (ВМА ). 

To avoid introducing uncontrolled changes in 
the  powder characteristics during mixing, all mix-
tures were prepared by manual blending in a ceramic 
mortar. In total, four mixtures were obtained: 
1 – (Tiисх + 2Вini ), 2 – (TiМА + 2Вini ), 3 – (Tiini + 2ВМА) 
and 4 – (TiМА + 2ВМА ).

The bulk density (Θb ) was measured according 
to GOST 19440-94 (ISO 3923-1-79), and the tap den-
sity (Θt ) according to GOST 25279-93 (ISO 3953-85). 
Each value represents the  average of  3–5 measure-
ments. The  relative increase in density after tapping 
was calculated as

  
 

 

The relative density of  the mixture was calculated 
using the  densities of  titanium (4.5 g/cm3), amor-
phous boron (1.8 g/cm3), and the  theoretical density 
of the Ti + 2B mixture (3.08 g/cm3). 

The specific surface area of  the  powders was 
evaluated using nitrogen adsorption (BET method). 
The  relative measurement uncertainty did not exceed 
6 %. Titanium (25 g), boron (15 g), and their reac-
tive mixtures (20 g) were compacted in a 30-mm die 
at pressures of 5–170 MPa to achieve a relative density 
of 0.50–0.88. Axial elastic springback after unloading 
was measured in accordance with GOST 29012-91 
(ISO 4492-85). 

The electrical resistance (R) of the pressed samples 
(30 mm in diameter, 10–15 mm in height) was mea-
sured by a two-point method using a V7-40/4 digital 
voltmeter. Sample height served as the  measurement 
baseline. 

The maximum combustion temperature (Тmax ) 
and the  average combustion front velocity (Uc ) were 
determined using 200 μm tungsten–rhenium thermo-
couples following the methodology described in [18]. 
Thermocouple signals were recorded with an analog-to-
digital converter and stored on a computer; the samp
ling frequency was 1 kHz. The reported combustion 
temperature and combustion velocity values represent 
the  average of  three experiments. The measurement 
error did not exceed 3 %.

Experimental resultsExperimental results
Mechanical activation  Mechanical activation  

of titanium and boron powderаof titanium and boron powderа
Important characteristics of  powders are the  bulk 

density and the relative increase in density on tapping, 
which are governed by interparticle friction and depend 
on particle shape and surface roughness  [21]. Their 
variation with mechanical activation time МА (Fig. 1).

Initially, titanium particles have a dendritic, 
sponge-like morphology with both open and closed 
porosity (Fig. 3, a), and a bulk density of  Θb = 0.32. 
The  smooth particle surface results in a minimal 
increase in density on tapping (∆Θt = 11 %). During 
treatment with the grinding media, fragmentation and 
smoothing of  the  Ti particle shape occur. In the  first 
stage of  mechanical activation (up to  20 h), two pro-
cesses proceed simultaneously: milling-induced frag-
mentation of  large sponge-like titanium particles and 
rounding of dendritic particles. The first process leads 
to a more uniform distribution of the smaller fragments 
between the  larger particles, an increase in bulk den-
sity, and an increase in the  specific surface area Ssp 
of  the  titanium powder (Fig. 2). The resulting irregu-
lar, angular fragments have a more defective surface 
compared to  the  starting particles, which increases 
∆Θt to 17 %. The second process – rounding of the Ti 
particles – also increases the bulk density but reduces 
the specific surface area of the particles. As a result, in 
the first stage (0–20 h of MA) the value of Ssp emains 
almost unchanged, while Θb and ∆Θt increase (Fig. 1).

Figure 2 also shows the evolution of  the electrical 
resistivity (R) of  the  titanium powder as a function 
of mechanical activation time. The higher initial resis-
tivity of the starting titanium powder (R ≈ 108.5 Ω·cm) 
is associated with the  presence of  an oxide film on 

Fig. 1. Dependance of bulk density and change  
in tap density on mechanical activation time  

for Ti and B powders 

Рис. 1. Зависимости насыпной плотности  
и изменение плотности при утряске  
от времени МА для порошков Ti и B
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the  Ti particle surface. During 5–15 h of  MA this 
film is destroyed, which increases the  true contact 
area between titanium particles and reduces the resis-
tivity to  R ≈ 101.5 Ω·cm. Fragmentation of  the  large 

sponge-like Ti particles is essentially completed after 
20–30 h of MA. Rounding of the titanium particles and 
smoothing of  their shape continue, accompanied by 
an intensive increase in the number of surface defects 
(Fig. 3, c). As a result, the powder characteristics dete-
riorate: Θb decreases from 0.46 to 0.43, ∆Θt decreases 
to 13 %, Ssp decreases to 0.35 m2/g, while R increases 
to ≈101.9 Ω·cm in the  interval from 20 to 50 h of MA 
(Fig. 2). This behavior is attributed to  a decrease 
in the  real contact area between titanium particles 
(see Fig. 1) caused by the  increased defectiveness 
of the particle surfaces (Fig. 3, c).

The starting boron powder forms an arch-like 
packing structure, which is easily destroyed during 
tapping. This arching effect is associated with the for-
mation of pores in the powder bed whose dimensions 
exceed the size of the largest particles. Such a packing 
structure results in a low bulk density of  boron 
(Θb = 0.14) and a high relative increase in density on 
tapping (∆Θt = 50 %) (see Fig. 1). The starting pow-
der contains agglomerates 1–2 μm in size composed 
of  individual boron particles 0.1–0.3 μm in diameter 
(Fig. 4, a). As shown in our measurements, the  spe-
cific surface area remains practically unchanged dur-
ing interaction with the  steel balls, staying within 
8–9 m2/g. However, the  tendency to  form arch-like 

Fig. 2. Dependance of specific surface area  
and electrical resistivity of titanium powder  

on mechanical activation time 

Рис. 2. Зависимости удельной поверхности  
и удельного электросопротивления порошка титана  

от времени МА

Fig. 3. Micrographs of the starting titanium powder (a)  
and after 20 h (b) and 50 h of (c) of mechanical activation 

Рис. 3. Микрофотографии исходного порошка титана (а)  
и после МА 20 ч (b) и 50 ч (c)

Fig. 4. Micrographs of the starting boron powder (a)  
and after mechanical activation (b) 

Рис. 4. Микрофотографии исходного порошка бора (а)  
и после МА (b)
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structures decreases, and the  agglomerates of  boron 
particles are gradually destroyed (Fig. 4, b), which 
reduces ∆Θt to 27 % and increases Θb to 0.37 (Fig. 1). 
Individual boron particles 0.2–0.3 μm in size are vis-
ible in Fig. 4, b. 

Compaction of elemental powders  Compaction of elemental powders  
and their mixturesand their mixtures

Powder densification is conventionally divided into 
three stages  [21; 22]: structural, elastic, and plastic 
deformation. For real powder systems this classifica-
tion is approximate, and in practice the transition from 
structural deformation to  elastoplastic deformation is 
usually gradual. Fig. 5 shows the dependence of den-
sity, axial elastic springback, and specific electrical 
resistivity of titanium compacts on the applied pressure. 
The compaction curve of mechanically activated tita-
nium lies above that of the starting powder (Fig. 5, a). 
This behavior is explained by the higher bulk density 
of TiМА (Θb = 0.45), compared with Tiini (Θb = 0.32). 

One way to  determine the  onset of  plastic defor-
mation is to analyze the pressure dependence of axial 
elastic springback (Δr) together with the  compac-
tion curve. The appearance of elastic springback with 
increasing compaction pressure indicates that the struc-
tural deformation stage has ended and the elastoplastic 
deformation stage has begun. The initial increase in 
Δr is caused by the  accumulation of  elastic stresses 
at interparticle contacts, where the bonding strength is 
still low. As the applied pressure increases and exceeds 
the yield strength of the particles, the plastic deforma-
tion stage begins; at this stage Δr decreases because 
the  rate of  bond strengthening between particles 
becomes higher than the rate of elastic stress accumu-
lation. With further pressure increase, Δr begins to rise 
again, as the rate of elastic stress build-up at contacts 
once more exceeds the rate of bond strengthening [21].

Figure 5, a shows the  axial springback as a func-
tion of pressure for the starting and mechanically acti-
vated titanium powders. The plastic deformation stage, 
indicated by a decrease in Δr, begins above 85 MPa. 
The  higher true contact area between TiМА particles 
compared with Tiini results in higher elastic stresses 
(elastic springback). The value of  Δr is determined 
by the contact area between titanium particles, where 
these stresses are generated. The larger the contact area, 
the higher Δr at the same compaction pressure [21]. 

The contact surface area between particles deter-
mines the electrical conductivity of titanium powders. 
Within the  investigated pressure range, the  electrical 
resistivity of TiMA compacts is lower than that of Tiini 
(Fig. 5, b), due to the rounding of the particles during 
mechanical activation and the  resulting increase in 
the true contact area. At the onset of the plastic defor-
mation stage (P ≈ 85 MPa), a pronounced decrease in 
lgR is observed, which is associated with the  accele
rated growth of the interparticle contact area (Fig. 5, b). 

Figure 6 shows the evolution of relative density and 
axial elastic springback as a function of  compaction 
pressure for the  starting and mechanically activated 
boron powders. The compactability of  BMA is higher 
than that of Bini . The shape of the Δr curve for BMA cor-
responds to curves typical of ductile powders, such as 
titanium (see Fig. 5, a). In the  range P = 30–50 MPa, 
a  decrease in Δr is observed for BMA , indicating 
the onset of the plastic deformation stage. With further 
pressure increase above 60 MPa, the elastic springback 
of BMA rises again, similar to the behavior observed for 
titanium powders. 

The springback curve for Bini lies above that for 
BMA . This reflects the stronger elastic response of Bini 
during compaction. Up to  about 85 MPa (Fig. 6), 
the  compaction energy is spent mainly on breaking 

Fig. 5. Dependence of relative density  
and axial elastic springback (а), and specific  
electrical resistivity (b), on the compaction  

pressure for the starting and  
mechanically activated titanium powders 

Рис. 5. Зависимости относительной плотности,  
упругого последействия (a) и удельного  
электросопротивления (b) от давления  

прессования порошков исходного титана  
и после МА
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the arches and agglomerates that define the structural 
packing of the starting boron powder. For this reason, 
the plastic deformation stage in Bini begins later than in 
BMA , at pressures exceeding 85 MPa.

Compaction of Ti + 2B mixturesCompaction of Ti + 2B mixtures
Titanium and boron powders  – both starting and 

mechanically activated for 40 h (TiMA ) and 30 h (BMA ), 
respectively  – were used for preparing the  mixtures. 
Since mixing in a ball mill may introduce uncontrolled 
changes in powder characteristics, the  mixtures were 
blended manually in a ceramic mortar to  avoid such 
effects. 

Fig. 7 shows the  evolution of  relative density and 
axial elastic springback for compacts produced from 
mixtures  1–4 as a function of  compaction pressure. 
In  mixtures  1 and 2, which contain Bini , the  loading 
volume of  boron exceeds that of  titanium by fac-
tors of 2.6 and 3.6, respectively (Table 2). Therefore, 
curves 1, 2 and 5, 6 are governed primarily by the elas-
tic properties of  the  starting boron powder. When 

the volume fraction of boron is reduced in mixtures 3 
and 4 (50/50 and 58/42, respectively), the mixtures can 
be consolidated to higher relative densities, Θp = 0.8. 

A sample calculation of  the  component loading 
volumes for mixture 1 is shown below: 

• mass of Ti powder in 100 g of mixture: 69 g;

• bulk density of Tiini (ΘTi ):  0.32·4.5 = 1.44 g/cm3 
(4.5 g/cm3 is the density of Ti);

• titanium volume (VTi ) in 100 g of  mixture: 
69 g / 1.44 g/cm3 = 47.9 cm3;

• mass of boron powder in 100 g of mixture (Ti + 2B): 
31 g;

• bulk density of  Вini (ΘB ):  0.14·1.8 = 0.25 g/cm3 
(1.8g/cm3 is the density of amorphous boron);

• boron volume (VB ) in 100 g of  mixture  1: 
31 g / 0.25 g/cm3 = 124 cm3;

• volume ratio В/Ti in 100 g of mixture: VB/VTi = 
= 124 / 47.9 ≈ 2.6;

• ratio of  the  volume fractions of  the  components 
(В/Ti) in the mixture: 72/28 %.

The calculated values for mixtures 2–4 are presen
ted in Table 2.

The shape of  the  elastic springback curves for 
mixtures  1 and  2 (curves  5,  6 in Fig. 7), where one 
of  the components is Bini , indicates that elastic defor-
mation dominates across the  entire pressure range, 
and the plastic deformation stage is essentially absent. 

Table 2. Characteristics of mixtures 1–4 
Таблица 2. Характеристики смесей 1–4

Mixture 
No. Composition ΘTi ,

g/cm3
ΘB ,

g/cm3 VB /VTi
B/Ti,

vol. %
1 Tiini + 2Вini 1.44 0.25 2.6 72/28

2 TiМА + 2Вini 2.03 0.25 3.6 78/22

3 Tiini + 2ВМА 1.44 0.67 1.0 50/50

4 TiМА + 2ВМА 2.03 0.67 1.4 58/42

Fig. 6. Dependence of relative density and axial  
elastic springback on the compaction pressure  

for the starting and mechanically activated  
boron powders 

Рис. 6. Зависимости относительной плотности  
прессовок и упругого последействия  

от давления прессования исходного порошка бора  
и после МА

Fig. 7. Dependence of relative density (1–4)  
and axial elastic springback (5–8)  

on the compaction pressure for Ti + 2B mixtures
1, 5 – Tiini + 2Bini ; 2, 6 – TiМА + 2Bini ;  
3, 7 – Tiini + 2BМА ; 4, 8 – TiМА + 2BМА 

Рис. 7. Зависимости относительной плотности (1–4)  
и упругого последействия (5–8) для прессовок  

из смесей Ti + 2B от давления прессования
1, 5 – Tiini + 2Bini ; 2, 6 – TiМА + 2Bini ;  
3, 7 – Tiini + 2BМА ; 4, 8 – TiМА + 2BМА
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When BMA is used, a decrease in Δr is observed 
at  P = 50–70 MPa (Fig. 7), which can be interpreted 
as the  onset of  the  plastic deformation stage. In this 
pressure interval, plastic deformation can occur only 
in boron particles, because the  yield strength of  tita-
nium lies above 85 MPa (Fig. 5). At pressures above 
30 MPa (Fig. 6), BMA particles exhibit limited plas-
ticity and may act as a lubricant during the  compac-
tion of  larger titanium particles. Mixtures containing 
BMA can be consolidated to  higher relative densities, 
Θp = 0.7–0.8  (Fig. 7). This conclusion is supported 
by electrical resistivity measurements. As seen in 
Fig. 8, b, samples compacted from mixtures  3 and  4 
exhibit higher electrical resistivity at higher densities 
compared with those made from mixtures  1 and  2. 
This behavior is likely associated with the  ability 
of boron – after acquiring limited plasticity as a result 
of mechanical activation – to spread between titanium 
particles at pressures above 30 MPa, thereby suppress-
ing the growth of the Ti–Ti contact area. 

Combustion of Ti + 2B mixturesCombustion of Ti + 2B mixtures
Previous studies [12; 13] have shown that the com-

bustion temperature of  Ti + 2B mixtures depends 
on the reaction-interface area between the starting com-
ponents Ti and B: the  larger the  interparticle contact 
area, the higher the temperature within the combustion 
wave. The maximum attainable contact area is limited 
by the specific surface area of the coarser component – 
in this case, titanium powder (Ssp = 0.4–0.6 m2/g). 
Therefore, the  higher the  specific surface area 
of  the  titanium powder, the  larger the  Ti–B reaction 
interface and the  higher the  combustion temperature. 
The reaction-interface area also depends on  the  den-

sity of  the  compacted mixtures. However, as shown 
in  [12; 13], increasing density enhances combus-
tion temperature only until the  Ti–Ti contact area 
begins to  grow rapidly; this enhanced heat dissipa-
tion from the reaction zone may lower the combustion 
temperature.

Figure 9 shows the dependence of combustion tem-
perature and combustion-wave velocity on the  rela-
tive density (Θp ) of  samples compacted from mix-
tures  1–4. Samples produced from mixtures  3 and  4, 
which contain BMA , burn at higher temperatures 
(Тmaх ≈ 2800÷2900 °С) The maxima of  for mixtures 
containing BMA (curves 3 and 4) occur at higher densi-
ties (Θp = 0.72 and 0.74) compared with mixtures con-
taining Bini (Θp = 0.64, curves 1 and 2). The rise in Тc 
to its maximum value results from the increased Ti–B 
contact area with increasing density. The decrease in Тc 
beyond the maximum coincides, for all mixtures, with 
a drop in electrical resistivity below R ≈ 105 Ω·cm, 
which indicates intensive growth of  the Ti–Ti contact 
area (see Fig. 8). The maximum combustion tempera-
tures for mixtures 1–4 correspond to resistivity values 
lgR ≈ 5.0÷5.5; at lower values of R, Тc decreases. 

Fig. 9, b shows the  combustion-wave velocities. 
The maxima of Tc and Uc for mixtures 3 and 4 occur 
at  different density values, whereas for mixtures  1 
and 2 both maxima coincide at Θp = 0.64. In the den-
sity interval Θp = 0.56÷0.70, compacts  1 and  2 burn 
with higher velocities (9.5–10 cm/s) than compacts  3 
and  4 (4.8–5.5 cm/s), which correspond to  a higher 
density interval Θp (0.6–0.78).

The combustion-wave velocity is strongly affected 
by the conditions of off-gas escape. Increasing the com-

Рис. 8. Зависимости удельного электросопротивления от давления прессования (а)  
и относительной плотности смесей Ti + 2B 1–4 (b)

Fig. 8. Dependence of specific electrical resistivity on compaction pressure (а)  
and relative density of Ti + 2B mixtures 1–4 (b)
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pact density hinders removal of impurity gases released 
in the combustion wave, thereby reducing the combus-
tion-wave velocity. 

Discussion of resultsDiscussion of results
The results demonstrate a pronounced dependence 

of the combustion parameters of Ti + 2B powder com-
pacts on the conditions used for preparing the charge. 
The combustion temperature and combustion-wave 
velocity are critically important for controlling 
the SHS-compaction process, which ultimately governs 
the microstructure and properties of the resulting TiB2 
ceramic. The higher the  combustion temperature  – 
and, consequently, the  temperature during hot pres
sing – the denser and more refined the microstructure 
of the TiB2 ceramic obtained. The maximum attainable 
reaction-interface area between titanium and boron 
particles, which determines the  combustion tempera-
ture, depends primarily on the  specific surface area 
of  the  titanium powder. The larger this surface area, 
the greater the Ti–B reaction interface and the higher 
the  combustion temperature that can be achieved 
during synthesis. 

Mechanical activation of titanium powder in a ball 
mill, as shown earlier (Fig. 2), reduces its specific sur-
face area and therefore can only decrease the combus-
tion temperature. Thus, to achieve synthesis conditions 
that ensure the  maximum combustion temperature, 
the  mixing of  titanium and boron powders in a ball 
mill must be performed under “mild” conditions, with 
minimal interaction between titanium and the milling 
media, while still ensuring homogeneous distribution 
of components within the mixture.

In contrast, mechanical activation of boron powder 
leads to the destruction of the arch-like packing struc-
ture, fragmentation of  agglomerates, more homoge-
neous distribution of  boron particles among titanium 
particles (as confirmed by electrical resistivity mea-
surements, Fig. 8), and an increase in the reaction-inter-
face area between the  reactants. During compaction, 
BMA particles act as a lubricant, allowing the  charge 
compacts to  reach relative densities of  0.70–0.75 
without a significant increase in the Ti–Ti contact area 
(lgR ≈ 5.0÷5.5). For this reason, preliminary mechani-
cal activation of  boron before mixing with titanium 
yields a positive effect by increasing the  combustion 
temperature.

The dependencies of  combustion temperature and 
combustion-wave velocity on compact density (Fig. 9) 
show distinct maxima. For mixtures 1 and 2 containing 
Bini , Тc maximum is reached at Θp = 0.64, whereas for 
mixtures 3 and 4 the maxima occur at Θp = 0.72–0.74. 
The electrical resistivity of  the  charge compacts 
at  the  combustion temperature maxima corresponds 
to  lgR ≈ 5.0÷5.5 (Figs. 8 and  9), indicating identical 
Ti–Ti contact areas for all mixtures at these points. 
Mixtures  3 and  4, at the  same Ti–Ti contact area as 
mixtures  1 and  2 (as indicated by lgR ≈ 5.0÷5.5), 
but at higher density, likely possess a larger Ti–B 
reaction-interface area. Thus, maximum combustion 
temperatures are achieved at elevated Ti–B contact 
area and minimal Ti–Ti contact area. When the Ti–Ti 
contact area increases and the  electrical resistivity 
drops below 105 Ω·cm, the  combustion temperature 
decreases (Fig. 9, a). This decrease may be caused by 
enhanced heat removal from the reaction front, as well 

Fig. 9. Dependence of combustion temperature and combustion-wave velocity (a)  
on the relative density of samples compacted from mixtures 1–4 (b) 

Рис. 9. Зависимости температуры и скорости горения (a)  
от относительной плотности образцов, спрессованных из смесей 1–4 (b)
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as impeded off-gas evacuation due to  increased com-
pact density and the formation of closed porosity.

The combustion-wave velocity is an important 
technological parameter in SHS-compaction because 
it defines the available time window for initiating hot 
pressing. It was shown in [23] that Uc depends mainly 
on the  off-gas removal conditions and only weakly 
on the  combustion temperature (Fig. 9). The results 
of the present work confirm this conclusion. Although 
mixtures 3 and 4 exhibit higher combustion temperatures  
(  ≈ 2800 and 2900 °С), their maximum combus-
tion-wave velocities (  ≈ 4.8 and 5.5 cm/s) are 
lower than those of mixtures 1 and 2 (  ≈ 9.5 and 
10.2 cm/s at  ≈ 2650 and 2550 °С). This behavior 
is most likely related to the higher density of the com-
pacts, which hinders the escape of impurity gases and 
therefore reduces the combustion-wave velocity. A cri
tical density of  about 0.8 was identified: compacted 
mixtures 3 and 4 with densities of 0.8 and higher could 
not be ignited. 

ConclusionsConclusions
1. It has been shown that preliminary mechanical 

activation of  titanium and boron powders has a pro-
nounced effect on the densification behavior and com-
bustion characteristics of Ti + 2B mixtures. Mechanical 
activation reduces the specific surface area of the tita-
nium powder, leading to a decrease in the Ti–B reac-
tion-interface area and a corresponding reduction in 
the combustion temperature.

2. Mechanical activation of  boron results in 
the  destruction of  its arch-like packing structure and 
fragmentation of  its agglomerates, which increases 
the Ti–B reaction-interface area and raises the combus-
tion temperature within the reaction front. 

3. It was established that, at compaction pressures 
above 30 MPa, BMA exhibits limited plasticity, which 
enables consolidation of  Ti + 2B powder mixtures 
to relative densities of 0.7–0.8. The use of mechanically 
activated boron in the reactive mixtures with titanium 
increased the combustion temperature to 2900 °C.

4. The dependencies of  combustion temperature 
and combustion-wave velocity on compact density 
exhibit distinct maxima. For mixtures containing 
Bini , the maximum values of Uc and Tc were achieved 
at  a  relative density of  0.64. For mixtures with BMA , 
the Tc maxima occurred at Θb = 0.72÷0.74, and the Uc 
maximum at Θp = 0,68. 

5. No direct correlation between combustion tem-
perature and combustion-wave velocity was found. 
Mixtures containing BMA burn at a higher temperature 
(≈2900 °C) but with a lower combustion-wave velo

city (≈5.5 cm/s) compared with mixtures containing 
Bini , for which  ≈ 2650 °С at  ≈ 10.2 cm/s. 
The  lower velocity in mixtures with BMA is likely 
caused by hindered filtration and removal of impurity 
gases at higher compact densities. 

6. A correlation was observed between electri-
cal resistivity and combustion temperature: maxi-
mum Тc values correspond to  a resistivity range 
of  R ≈ 105.0 – 105.5 Ω·cm. A further decrease in resis-
tivity below this range  – associated with an increase 
in the  Ti–Ti contact area  – results in a reduction in 
the combustion temperature.
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