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of titanium and boron on the densification
and combustion of Ti + 2B powder mixtures
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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 = 103 — 1033 Q-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.
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BnuvsHue MexaHUUeckom akTUBaLUM TUTaHa 1 6opa
Ha ynJoTHeHune n ropeHue cmecen Ti + 2B
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AHHoTayms. B pabote mccreoBaHO BIMSHAE MexaHH4Yeckoil aktuBanuu (MA) mopomkoB TnTana u Oopa B IIapOBOH MENBHHIC Ha
nporecc ropenust B komnosunuu Ti+ 2B. [lomydeHsl skcneprMeHTaIbHBIE 3aBHCHMOCTH TEMIIEPATypbl M CKOPOCTH TOPCHHUS
HINXTOBBIX 00Pa3II0B, CHIPECCOBAHHBIX M3 HCXOIHBIX U aKTHBHPOBAHHBIX pearcHToB. [loka3aHo, 9To 3aBUCUMOCTH ITHX apaMeTpPoOB
OT INTOTHOCTH TIPECCOBAHHBIX 00PA3I[OB HMEIOT SIPKO BBIPAKCHHBIN MAKCHMYM. YCTaHOBIJICHO, YTO C POCTOM IUIOTHOCTH IMIMXTOBBIX
MIPECCOBOK IIOBBINICHUE TEMIEPaTyphl TOpeHHs OOyCIOBICHO yBEIMYEHHEM IUIOMAJH KOHTAKTa MEXIY YacTHUIAMH THTaHA U
6opa (Ti-B), a ee cHIKeHHE — C yBeIMYEHHEM IUIONIAM KOHTAaKTa Mexay dactunamu turtaHa (Ti-Ti). Ycranosneno, uto MA
OKa3bIBacT PA3HOHAIPABICHHOE JECTBHE Ha PEarcHTHI: OHAa CHIDKAET YIENIBHYIO IIOBEPXHOCTh Hopomka Ti, yMeHbIIast IIoImaIh
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koHTakTa Ti—B, HO OHOBpPEMEHHO pa3pymIaeT aMOphHYIO CTPYKTypy O0pa, IUCIEePrHpYs eT0 aIOMEpaThl, YTO YBEIHINBACT PEaK-
IOHHYIO ITOBEPXHOCTH. PesynsrupyronmM 3¢ QexToM sBIseTCs IMOBLIIIEHIEe MaKCHMAIBHON TeMnepaTtypsl roperust 1o 2900 °C.
DKCIIepUMEHTANFHO 00HApPYKEHO, UTO MpH yIUIOTHeHuH Bhinie nasieHust 30 MIla mopomok 6opa mocne MA cnocoGeH mposis-
JISITH TUIACTHYECKUE CBOWCTBA, YTO ITO3BOJMIIO KOHCONUAMPOBATH MOpomkoBele cMecu Ti+ 2B nmo mrornoctu 0,7-0,8. O6Hapy-
JKCHA KOPPEJALUI MEXKIY YPOBHEM MIEKTPUUECKOTO COIPOTUBIICHUS U TEMIIEPATypOil FOPEHUs: MAKCHUMAJIbHBIC 3HAUCHUs TeMIIepa-
TypbI TOPEHHS COOTBETCTBOBAIIM YPOBHIO YIIEILHOIO JIEKTPOCONPOTUBICHHUS IMUXTOBBIX NPeccoBOK R = 1030 — 10%5 Om-cm, Huke
KOTOPOT'O TeMIIepaTypa FOPEHUsSI CHUXKAJIACh, YTO CBA3aHO C YBEIMYCHUEM ILIOIIAAM KOHTAKTHONM OBEPXHOCTH MEX]y YacTULIAMU

THUTaHa.

KnioueBbie csoBa: MexaHHuecKash aKTHBALlMs, CBOMCTBA IOPOLIKOB THTaHAa M 0Opa, NPECcCOBaHHE, PeakUMOHHAs cmech Ti+ 2B,

TeMIepaTypa 1 CKOpOCTh TOPEHNUS

Ansa umTuposarusa: boraros 10.B., lllep6ako B.A. BiusHue MexaHM4Yeckol aKTUBAIlMK THTaHAa U OOpa Ha YIUIOTHCHHE U TOPCHUE
cmeceii Ti + 2B. Uszeecmus 6y306. [lopowkosas memannypeust u ¢ynkyuonanvhvle nokpuimusi. 2025;19(6):16-26.
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Introduction

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
TiB, ceramics is SHS compaction (SHS — self-propa-
gating high-temperature synthesis) [8; 9]. However,
achieving high-density TiB, 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 TiB, 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 TiB, grain size. Our earlier works [18; 19]
demonstrated that the combustion temperature (7,)
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 7 included
selecting titanium powders with a high specific surface
area (1.0-1.5 m?/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 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 (©,), tap density (O,),
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 M /M, = 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

Tabnuya 1. XapakTepucTHKHU MOPOIIKOBBIX PeareHToB

Composition, wt. % Bulk densit Tap density
: ulk density, ap density,
Reecln Main [0] | [H]| ©,.,rel. units ©,, rel. units e o
component
Ti 97 0.6 | 0.3 0.32 0.35 <50.0
B 93 4.1 0.6 0.14 0.21 <0.2
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fractions in the mixtures: 69 wt. % Ti and 31 wt. % B.
Mixtures were prepared using both the initial powders
(Ti,, and B, .), and powders mechanically activated in
the ball mill — titanium for 40 h (Ti,,, ) and boron for

30 h (By,,).

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:
I- (Tincx + ZBini)’ 2- (TiMA + 2Bini)’ 3- (Tiini + 2BMA)
and 4 — (Ti,, +2B,;,).

The bulk density (©,) was measured according
to GOST 19440-94 (ISO 3923-1-79), and the tap den-
sity (®,) 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

®I _®b

A®, 100 %.

b

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

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).

0.5

0.4

AB,, %

Tyas D

Fig. 1. Dependance of bulk density and change
in tap density on mechanical activation time
for Ti and B powders

Puc. 1. 3aBUCUMOCTH HACHIITHOM IJIOTHOCTH
Y U3MEHEHUE TUIOTHOCTH IIPH YTPSCKE
ot Bpemenn MA st noporukos Ti u B
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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 (7 )
and the average combustion front velocity (U,) were
determined using 200 um 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 results

Mechanical activation
of titanium and boron powdera

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 MA (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 ®, =0.32.
The smooth particle surface results in a minimal
increase in density on tapping (A®,= 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 S
of the titanium powder (Fig. 2). The resulting irregu-
lar, angular fragments have a more defective surface
compared to the starting particles, which increases
A®, 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 ®, and AQ, 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 = 10%° Q-cm)
is associated with the presence of an oxide film on
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Fig. 2. Dependance of specific surface area
and electrical resistivity of titanium powder
on mechanical activation time

Puc. 2. 3aBHCUMOCTH y/IC/IbHOM TTOBEPXHOCTH
U yZIeTIbHOTO IEKTPOCONPOTUBIICHHUS IIOPOILKA TUTAHA
oT BpeMeHu MA

the Ti particle surface. During 5-15h of MA this
film is destroyed, which increases the true contact
area between titanium particles and reduces the resis-
tivity to R = 10" Q-cm. Fragmentation of the large

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

Puc. 3. Mukpodotorpaduu HCXOIHOTO HOPOIIKa THTaHA (&)
u ociie MA 20 9 (b) u 50 4 (c)

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, ¢). As a result, the powder characteristics dete-
riorate: ©, decreases from 0.46 to 0.43, A®, decreases
to 13 %, S, decreases to 0.35 m?/g, while R increases
to =10'? Q-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, ¢).

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
(®,=0.14) and a high relative increase in density on
tapping (A®, = 50 %) (see Fig. 1). The starting pow-
der contains agglomerates 1-2 um in size composed
of individual boron particles 0.1-0.3 um 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 m?/g. However, the tendency to form arch-like

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

Puc. 4. MukpodoTtorpadun HCXOTHOTO MOpoIIKa 6opa (a)
u ociie MA (b)
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structures decreases, and the agglomerates of boron
particles are gradually destroyed (Fig. 4, b), which
reduces A®, to 27 % and increases O, to 0.37 (Fig. 1).
Individual boron particles 0.2-0.3 um in size are vis-
ible in Fig. 4, b.

Compaction of elemental powders
and 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 Tiy;, (®, = 0.45), compared with Ti, . (®, = 0.32).

0.7

Tiya

0.6 -

0.5

0 30 60 90 120 150 180
P, MPa

Fig. 5. Dependence of relative density
and axial elastic springback (a), and specific
electrical resistivity (b), on the compaction
pressure for the starting and
mechanically activated titanium powders

Puc. 5. 3aBUCHMOCTH OTHOCUTENLHOM TIOTHOCTH,
YIPYTOTo MOCIEACHCTBUS (@) U YACTBHOTO
3JIEKTPOCONPOTUBICHHUS (b) OT NaBlICHUS
MPECCOBAHMS MOPOIIKOB UCXOHOTO THTAHA
u nocie MA
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One way to determine the onset of plastic defor-
mation is to analyze the pressure dependence of axial
elastic springback (Ar) 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
Ar 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 Ar decreases because
the rate of bond strengthening between particles
becomes higher than the rate of elastic stress accumu-
lation. With further pressure increase, Ar 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 Ar, begins above 85 MPa.
The higher true contact area between Ti,,, particles
compared with Ti, . results in higher elastic stresses
(elastic springback). The value of Ar is determined
by the contact area between titanium particles, where
these stresses are generated. The larger the contact area,
the higher Ar 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 Tiy,, compacts is lower than that of Ti. .
(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
IgR 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 B,,, is higher
than that of B, .. The shape of the Ar curve for B, cor-
responds to curves typical of ductile powders, such as
titanium (see Fig. 5, @). In the range P = 30-50 MPa,
a decrease in Ar is observed for B,,,, indicating
the onset of the plastic deformation stage. With further
pressure increase above 60 MPa, the elastic springback
of B,,, rises again, similar to the behavior observed for
titanium powders.

The springback curve for B, . lies above that for
B,,,- This reflects the stronger elastic response of B, .
during compaction. Up to about 85 MPa (Fig. 6),
the compaction energy is spent mainly on breaking
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Fig. 6. Dependence of relative density and axial
elastic springback on the compaction pressure
for the starting and mechanically activated
boron powders

Puc. 6. 3aBUCUMOCTH OTHOCUTEILHOM IIJIOTHOCTH
[IPECCOBOK M YIPYToro MocaeIeHCTBU
OT JIaBJICHUsI [TPECCOBAHMS UCXOIHOTO TIOpoIKa 6opa
u mociie MA

the arches and agglomerates that define the structural
packing of the starting boron powder. For this reason,
the plastic deformation stage in B, . begins later than in

B,,,» at pressures exceeding 85 MPa.

Compaction of Ti + 2B mixtures

Titanium and boron powders — both starting and
mechanically activated for 40 h (Ti,,, ) and 30 h (B,,,),
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 /—4 as a function of compaction pressure.
In mixtures / and 2, which contain B, ., the loading
volume of boron exceeds that of titanium by fac-
tors of 2.6 and 3.6, respectively (Table 2). Therefore,
curves /, 2 and 3, 6 are governed primarily by the elas-

tic properties of the starting boron powder. When

Table 2. Characteristics of mixtures 7—4

Tabanya 2. XapakTepucTHKHU cMeceit 1—4

M;‘::.lre Composition gi?r,ﬁ g%:f Vol Ve V}?)/IT(I%
1 Ti . +2B, | 144 | 025 | 2.6 | 72/28
2 Ti,, +2B,, | 2.03 0.25 3.6 | 7822
3 Ti  +2B,, | 144 0.67 1.0 | 50/50
4 Tiy,, +2B,,, | 2.03 0.67 1.4 | 58/42

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, ©,=0238.

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

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

* bulk density of Ti. . (®,,): 0.32:4.5=1.44 g/cm’

ini

(4.5 g/cm? is the density of Ti);

s titanium volume (V) in 100 g of mixture:
69 g/ 1.44 g/cm3 =47.9 cm?;

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

* bulk density of B, . (@,): 0.14-1.8 = 0.25 g/cm’
(1.8g/cm? is the density of amorphous boron);

*boron volume (V) in 100 g of mixture I:
31 g/0.25 g/em3 = 124 cm?;

* volume ratio B/Ti in 100 g of mixture: VB/VTi =
=124/479=2.6;

* ratio of the volume fractions of the components
(B/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 / and 2 (curves 5, 6 in Fig. 7), where one
of the components is B, ., indicates that elastic defor-
mation dominates across the entire pressure range,
and the plastic deformation stage is essentially absent.

1.0 8
0.9
0.8
0.7
- 0.6
0.5
04
0.3
0.2
0.1

P, MPa

Fig. 7. Dependence of relative density (I—4)
and axial elastic springback (5-8)
on the compaction pressure for Ti + 2B mixtures
1,5-Ti , +2B, ;2 6Ty, +2B,;

3,7-Ti,. +2B, ;4,8 Ti,, +2B,,

ini
MA>
Puc. 7. 3aBUCHMOCTH OTHOCUTENBHOI TIoTHOCTH (1—4)
W YIIpyroro nocieaenctsus (5—8) st mpeccoBok
n3 cmeceit Ti + 2B oT naBieHus npeccoBaHust
1,5-Ti +2B, 52,6 Tiy, + 2B,
3,7-Ti, +2B,,; 4, 8 Ti,, +2B,,

MA”>
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Fig. 8. Dependence of specific electrical resistivity on compaction pressure (a)
and relative density of Ti + 2B mixtures /-4 (b)

When B,,, is used, a decrease in Ar 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), B,,, particles exhibit limited plas-
ticity and may act as a lubricant during the compac-
tion of larger titanium particles. Mixtures containing
B, can be consolidated to higher relative densities,
©,=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 / 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 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 (S, = 0.4-0.6 m?/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-
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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 ©,) of samples compacted from mix-
tures /—4. Samples produced from mixtures 3 and 4,
which contain B,,,, burn at higher temperatures
(T . = 2800+2900 °C) The maxima of for mixtures
containing B,,, (curves 3 and 4) occur at higher densi-
ties (@p =0.72 and 0.74) compared with mixtures con-
taining B, . (®p = 0.64, curves [ and 2). The rise in T
to its maximum value results from the increased Ti-B
contact area with increasing density. The decrease in T
beyond the maximum coincides, for all mixtures, with
a drop in electrical resistivity below R~ 105 Q-cm,
which indicates intensive growth of the Ti—Ti contact
area (see Fig. 8). The maximum combustion tempera-
tures for mixtures /—4 correspond to resistivity values
IgR = 5.0+5.5; at lower values of R, T, decreases.

Fig. 9, b shows the combustion-wave velocities.
The maxima of T and U, for mixtures 3 and 4 occur
at different density values, whereas for mixtures /
and 2 both maxima coincide at ®p = 0.64. In the den-
sity interval ©,=0.56+0.70, compacts / 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 ®p (0.6-0.78).

The combustion-wave velocity is strongly affected
by the conditions of off-gas escape. Increasing the com-
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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 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 TiB,
ceramic. The higher the combustion temperature —
and, consequently, the temperature during hot pres-
sing — the denser and more refined the microstructure
of the TiB, 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,
B,,, 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
(IgR = 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 / and 2 containing
B, T, maximum is reached at @p = (.64, whereas for
mixtures 3 and 4 the maxima occur at ©,=0.72-0.74.
The electrical resistivity of the charge compacts
at the combustion temperature maxima corresponds
to IgR = 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 / and 2 (as indicated by IgR = 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 10° Q-cm, the combustion temperature
decreases (Fig. 9, a). This decrease may be caused by
enhanced heat removal from the reaction front, as well
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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 U_ 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
(T™ ~ 2800 and 2900 °C), their maximum combus-
tion-wave velocities (U™ ~4.8 and 5.5 cm/s) are
lower than those of mixtures / and 2 (U™ = 9.5 and
10.2 cm/s at T," ~ 2650 and 2550 °C). 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.

Conclusions

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, B,,, 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
B, ., the maximum values of U, and T, were achieved
at a relative density of 0.64. For mixtures with B,,,,
the T maxima occurred at ®, = 0.72+0.74, and the U,
maximum at @p =0,68.

5. No direct correlation between combustion tem-
perature and combustion-wave velocity was found.
Mixtures containing B,,, burn at a higher temperature
(=2900 °C) but with a lower combustion-wave velo-
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city (=5.5 cm/s) compared with mixtures containing
B, ., for which 7" =2650 °C at U™ = 10.2 cm/s.
The lower velocity in mixtures with B,,, 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 7 values correspond to a resistivity range
of R=10%°-10%° Q-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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