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This study investigated the effects of TiO2 additions on B+«C sintered via SPS. The in-situ formed
TiB: phase contributed to the improvement of fracture toughness of B4C through various toughening
mechanisms. / Bu ¢alisma, SPS ydntemiyle sinterlenmis B.«C’ye TiO: ilavelerinin etkilerini
arastirnugtir. In-situ olarak olusmusg TiB: fazi, ¢esitli tokluk mekanizmalart yoluyla B+«C nin kirilma
toklugunun artmasina katkida bulunmustur.
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Figure A: (a) XRD patern of the B4C containing 20 wt. % TiO2 and (b) fracture toughness values
of the B4Cs containing 5, 10, 15 and 20 wt. % TiOz / Sekil A: Agirlikga % 20 TiOz igeren
B4C’nin XRD paterni (b) Agirlik¢a % 5, 10, 15 ve 20 TiO2 i¢eren B4C’lerin kirilma tokluk

degerleri.

Highlights (Onemli noktalar)

» In-situ TiB2 phase was formed as a result of the reactions between B4C and TiO2 during
SPS. | SPS sirasinda B4C ve TiOz arasinda gergeklesen reaksiyonlar sonucu in-Situ TiB
fazi olusmustur.

»  The toughening mechanisms provided by TiB2 contributed to the improvement of fracture
toughness of B4C. / TiB2 'nin sagladig: tokluk mekanizmalar: BaC nin kirtlma toklugunun
iyilesmesine katkida bulunmugtur.

»  The relative density and hardness of B4C decreased with increasing TiO: content. | TiO:
icerigi arttikca B.C'nin bagil yogunlugu ve sertligi azalmigtir.

Aim (Amag): ldentify the second phases that may form during SPS when TiO: is used as a sintering
additive in B«C matrix, and to evaluate their effects on the density and mechanical properties of the
resulting composites. / TiOz, B.C matrisinde sinterleme katki maddesi olarak kullanildiginda, SPS
islemi swrasinda olusabilecek ikinci fazlari belirlemek ve bu fazlarin elde edilen kompozitlerin
yogunlugu ve mekanik ozellikleri tizerindeki etkilerini degerlendirmektir.

Originality (Ozgiinliik): The fracture toughness of B«C was enhanced through the in-situ formation
of TiB: using a cost-effective approach. / B4aC’nin kirtlma toklugu, ekonomik bir yontemle in-situ
TiB: olusumu vasitasiyla artirdmigstir.

Results (Bulgular): The results revealed that an in-situ TiB2 phase was formed as a result of the
reactions between B4C and TiO2 during SPS. The relative density and hardness of the B4sC matrix
slightly decreased with increasing TiO: content. The fracture toughness of the B4sC matrix was
enhanced by the presence of residual stress-induced microcracks and by toughening mechanisms
such as crack deflection, bridging, and blocking promoted by the in-situ formed TiB2 phase. /
Sonuglar, SPS swasinda B«C ile TiO: arasindaki reaksiyonlar sonucunda in-situ TiB2 fazimn
olustugunu ortaya koymustur. Artan TiOz icerigiyle birlikte B«C matrisinin bagil yogunlugu ve
sertliginde hafif bir azalma gozlemlenmistir. BsC matrisinin kirilma toklugu, artik gerilme kaynakl
mikrogatlaklarm varligi ve in-situ olarak olusan TiB: fazi ile desteklenen c¢atlak saptirma,
kopriileme ve durdurma gibi toklagtirma mekanizmalar: sayesinde artirilmigtir.

Conclusion (Senug): The fracture toughness of B+«C was significantly improved through various
toughening mechanisms provided by the in-situ formed TiB: phase throughout the matrix. / B4C 'nin
kirilma toklugu, in-situ olarak olugmug TiB2 fazimin matris boyunca sagladigi c¢esitli tokluk
mekanizmalarmin yardimiyla énemli él¢iide iyilestirilmigtir.
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Due to their superior properties, B4C ceramics are extensively utilized in applications such as
defense and ballistic protection, coatings, aerospace, and high-temperature electronic devices.
However, enhancing its low fracture toughness and poor sinterability would significantly expand
its potential applications. In this study, the effects of TiO: as a sintering additive on the density
and mechanical properties of B4C were investigated, along with the identification of in-situ
second phases likely to form during sintering with SPS. To achieve this, TiO2 was added to B4C
in amounts of 5, 10, 15, and 20 wt. %. XRD analyses of the SPS-sintered samples confirmed the
formation of an in-situ TiB2 phase, resulting from reactions between B4C and TiO2 during
sintering. The release of CO gas from the reactions between TiO2 and B4C during sintering led to
aslight decrease in the relative density of the B4C matrix with increasing TiO2 content. The results
from density measurements were in agreement with BSE-SEM images. The addition of TiO2
caused a minor decrease in the hardness of the B4C matrix. The fracture toughness of the B4C
matrix improved by approximately 6, 43, 51, and 57 % with the addition of 5, 10, 15, and 20 wt.
% TiO2, respectively. This improvement has been attributed to the contribution of toughening
mechanisms such as crack deflection, bridging, and blocking provided by the in-situ formed TiBz,
as well as the presence of stress-induced microcracks.

In-situ Olarak Olusmus TiB: Fazinin Spark Plazma Sinterleme ile Uretilmis
Bor Karbiiriin Mekanik Ozellikleri Uzerine Etkileri
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B4C seramikleri iistlin dzellikleri nedeniyle savunma ve balistik koruma, kaplamalar, havacilik
ve yiiksek sicaklikta calisan elektronik cihazlar gibi uygulamalarda yaygin olarak
kullanilmaktadir. Ancak, diisiik kirilma toklugu ve zayif sinterlenebilirliginin iyilestirilmesi, bu
malzemenin potansiyel kullanim alanlarin1 6nemli 61giide genisletecektir. Bu ¢aligmada, TiO2’nin
sinterleme ilavesi olarak B4+C’nin yogunlugu ve mekanik 6zellikleri tizerindeki etkileri ile SPS
yontemiyle sinterleme sirasinda olugmasi muhtemel in-situ ikinci fazlarin belirlenmesi iizerinde
durulmustur. Bu amagla, TiO2 B4C’ye agirlikga % 5, 10, 15 ve 20 oranlarinda ilave edilmistir.
SPS ile sinterlenmis numunelerin XRD analizleri, sinterleme sirasinda B4C ile TiO2 arasinda
gerceklesen reaksiyonlar sonucunda in-situ TiB2 fazinin olustugunu gostermistir. Sinterleme
stirecinde TiOz2 ile B4C arasindaki reaksiyonlar sirasinda agiga ¢ikan CO gazi nedeniyle, artan
TiO2 igerigiyle birlikte B4C matrisinin bagil yogunlugunda az miktarda azalma gézlemlenmistir.
Yogunluk dl¢iim sonuglari, BSE-SEM goriintiileri ile uyumlu bulunmustur. TiOz2 ilavesi, BsC
matrisinin sertliginde hafif¢e azalmaya neden olmustur. B4C matrisinin kirtlma toklugu, sirastyla
% 5, 10, 15 ve 20 TiO2 katkisiyla yaklasik % 6, 43, 51 ve 57 oranlarinda artis gostermistir. Bu
iyilesme, in-situ olarak olugsmus TiB2’nin sagladig ¢atlak saptirma, kopriileme ve durdurma gibi
toklastirma mekanizmalarmin katkilari ile artik gerilme kaynakli mikrogatlaklarin varligiyla
iligkilendirilmistir.

1. INTRODUCTION (GiRriS)

Boron carbide (B4C) ceramics are widely used in
various industrial applications due to their
outstanding properties, including low density (2.52
g/cm?®), excellent chemical inertness, high hardness

(~3770 kg/mm?), high melting point (2427 °C), an
elastic modulus of 450 GPa, and superior wear
resistance. Common applications include body
armor, cutting tools, mechanical seals, blast
nozzles, wire-drawing dies, and neutron-absorbing
components [1-5]. Despite these advantages, B4C
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suffers from several limitations. It is difficult to
densification owing to its low self-diffusion
coefficient, often resulting in a porous
microstructure. Additionally, its relatively low
flexural strength and poor fracture toughness
restrict its broader use as a structural engineering
ceramic [6-8].

Sintering methods such as spark plasma sintering
(SPS), hot pressing (HP), hot isostatic pressing
(HIP), and pressureless sintering (PS) are
commonly used to achieve high temperatures
necessary for the densification of B4C [9]. Among
these, PS is often preferred due to its cost-
effectiveness. However, in the PS technique,
excessive grain growth at elevated temperatures can
adversely affect the densification of B4C. To
address this issue, the addition of sintering additives
is a widely used approach. These additives help
lower the sintering temperature and enhance both
densification and the mechanical properties of B.C.
They can be carbon-based, metallic, oxide, non-
oxide or a combination of these types [10]. In one
study [11], the addition of 10 wt. % graphene
platelets (GPLs) to the B4C matrix improved its
fracture toughness by approximately 50 %. In
another study [12], the incorporation of aluminum
(Al) as a sintering additive significantly enhanced
the density, fracture toughness, and strength of B4C.
Similarly, Kelvin et al. [13] reported that adding 5
wt. % Al>O3 to the BsC matrix led to nearly full
densification (97 %) and a ~ 45 % increase in
fracture toughness.

A review of the literature indicated that in-situ
secondary phases can form due to reactions between
added sintering additives and B4C during sintering
[14-20]. These in-situ phases have been reported to
enhance the fracture toughness of B4C by impeding
crack propagation. For instance, in a study [15]
where ZrO, was added to B4C and the SPS
technique was used as the sintering method, it was
determined that the fracture toughness increased
from 2.3 MPa.m*?to 3.96 MPa.m*? due to the crack
deflection and branching toughening mechanisms
provided by the in-situ formed TiB, phase.
Perevislov et al. [16] produced B4C matrix
composites containing varying amounts of Si using
HP, and reported that the fracture toughness of B4sC
increased by approximately 12 % due to the in-situ
formation of a SiC phase. Liu et al. [17] examined
B.C composites containing 5 wt. % metallic Ti
sintered via PS and reported the in-situ formation of
a TiB, phase, which increased the relative density
from ~79 % to ~96 % and doubled the fracture
toughness, attributed to crack-bridging, deflection,
and branching mechanisms induced by the TiB:

phase. Sahin et al. [18], who added 20 vol. %
metallic Ti to the B4C matrix and identified the in-
situ formation of TiB; after SPS sintering, achieved
a fracture toughness value of 5.9 MPa.m'2, In a
study [19] where titanium silicide (TisSis) powder
was added to the B,C matrix as a sintering additive,
the in-situ formation of TiB, and SiC phases was
observed during SPS sintering, and a significant
improvement in the wear resistance of the B4C
matrix was reported. In another study [20], where
amorphous B, Ti, and graphite were added to B4C
and the powder mixtures were sintered using SPS,
B,C/TiB, composites with varying ratios were
obtained depending on the amounts of the starting
powders, and fracture toughness values as high as
9.9 + 0.01 MPa.mY2were obtained.

Given these findings, the objective of the present
study is to identify the second phase that may form
during sintering with SPS when TiO; is used as a
sintering additive in B4C, and to evaluate its effects
on the density and mechanical properties of the
resulting composites. To this end, TiO, and B4C
powders were mixed by ball milling and sintered
using the SPS technique. The phases present in the
sintered samples were identified via x-ray
diffraction (XRD), while microstructures were
examined using scanning electron microscopy
(SEM). In addition, measurements of density,
hardness, and fracture toughness were conducted
during the study.

2. MATERIALS AND METHODS (MATERYAL
VE METOD)

Commercially available B4C powder (CRS
Chemicals, F2000 Grade, dsp =1.61 um) and TiO;
(Acros Organics, 99 % Anatase, dso=5 um) powder
were used as starting materials. Prior to mixing, the
TiO, powder was ball milled (Fritsch Pulverisette)
at 300 rpm for 1 h in an isopropanol medium. TiO;
was then added to the B4C powder at weight
fractions of 5, 10, 15, and 20 %. Subsequently, B,C
and TiO powders were blended in a silicon nitride
(SiaNa) jar with SisNa balls for 75 min. at 300 rpm
in an isopropanol medium. After milling,
isopropanol was removed using an evaporator, and
the dried mixtures were sieved.

The prepared compositions were sintered using the
SPS technique (HP 25D, FCT GmbH) at 1950 °C
under a uniaxial pressure of 50 MPa for a dwell time
of 20 min. in a vacuum atmosphere. The heating rate
was set to 100°C/min. The resulting sintered
samples had a diameter of 20 mm and a thickness of
6 mm.
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Bulk densities of the samples were measured using
Archimedes’ principle, with deionized water as the
immersion medium. Relative density values were
calculated based on the rule of mixtures. For the
calculations, theoretical densities of B4C and TiB;
were taken as 2.52 g/em® and 4.52 g/cm?,
respectively.

XRD (Rigaku, RINT-2000) analyses were carried
out to bulk samples between 10-70° (26) under the
conditions of 40 kV accelerating voltage, 15 mA
current, 1 “/min. scan speed and 0.02 step size.
Samples were sectioned and polished using an
automatic polisher (STRUERS TegraPol-25),
progressing from coarse to fine polishing steps. The
polished surfaces of the samples were investigated
by backscatter electron imaging (BSE-SEM) and
energy dispersive spectroscopy (EDS-SEM, Oxford
Instruments, INCA Energy) techniques in the SEM
(Zeiss, SUPRA 50 VVP).

Hardness measurements were conducted using the
Vickers indentation method (Emco-Test) under a 5
kg load and a dwell time of 10 seconds. A minimum
of ten indentations was made per sample, and the
average values were used for statistical analysis.
Fracture toughness was calculated using Equation 1
[21].

Cc

K, = 0.067 (Hiv)o'4 H,a®S (5)_1'5 (1)

3. RESULTS AND DISCUSSION (SONUCLAR VE
YORUMLAR)

XRD spectra of the B,C matrix and B4Cs containing
5, 10, 15, and 20 wt.% TiO;are presented in Figure
1. XRD analysis of the pure B4C matrix revealed
only the B4C phase, whereas the patterns of the
TiO»-containing B4Cs indicated the presence of
both B4C and TiB; phases. This confirms that the in-
situ TiB, phase was formed as a result of the
reactions between B4C and TiOduring the sintering
process, as described by Equation 2 [22, 23].

4B4C(s) + 5 TiO, —5TiBy(s) + 4CO(g) + 6BO(g)
O]

Furthermore, the absence of detectable TiO, peaks
in the XRD spectra of the TiOz-added B.Cs
indicated that all the TiO, was consumed during the
reactions. With increasing TiO2 content, the
intensity of the TiB, peaks increased, whereas the
intensity of the B.C peaks gradually decreased. This
trend suggested that a higher amount of B4C was
consumed and more TiB, was formed with

increasing TiO, content, consistent with previous
findings [24].

BSE-SEM images of the TiO.-containing B4C
composites (Fig. 2 bl-e2) revealed two distinct
phases, distinguished by white and gray contrasts.
To identify the phases present, EDS-SEM analyses
were performed on the polished surface of the B4C
composite containing 10 wt.% TiO,, as shown in
Figure 3. For each phase, measurements were taken
at five different points, and the average atomic
percentages (atm. %) were then calculated. In the
gray-contrast regions (Fig. 3b1 and 3b2), labeled as
region 1 (green) in the BSE-SEM image (Fig. 3a),
the atm. % of boron (B) and carbon (C) were
approximately 80 % and 20 %, respectively (Fig.
3bl, b2). In contrast, the white-contrast regions
labeled as Region 2 (orange) in Fig. 3a exhibited
atm. % of boron (B) and titanium (Ti) of
approximately 65 % and 35 %, respectively (Fig.
3cl, c2). Based on the EDS-SEM results, the gray
contrast can be attributed to the B4C phase, while
the white contrast corresponds to the TiB; phase.
Considering the combined results from XRD, SEM
imaging, and EDS-SEM analyses, the TiOz-added
B4C systems can be classified as in-situ formed
B4C-TiB, composites.

The BSE-SEM images of the B,C-TiB, composites
(Fig. 2, b1-e2) revealed that the in-situ formed TiB:
phase is homogeneously distributed within the B4C
matrix microstructure. Additionally, as observed in
the images ranging from Fig. 2 bl to e2, the in-situ
formation of TiB, predominantly occurs along the
B,C grain boundaries. Among the in-situ formed
B4C-TiB, composites, no significant porosity was
observed in the microstructure of the sample
containing 5 wt. % TiO; (Fig. 2 bl and b2). In
contrast, noticeable porosities are evident in the
samples containing 10, 15, and 20 wt. % TiO- (Fig.
cl-e2). Some of these porosities may result from
grain pull-out during mechanical polishing.
However, the majority of the porosity is likely due
to the release of CO gas generated by the in-situ
reaction during the sintering process [9].

Table 1 presents the bulk and relative density values
of the B4C matrix and in-situ BsC-TiB, composites.
The B4C matrix exhibited a bulk density of 2.49
g/cm?® and a relative density of 98.8 %, indicating
that the material was nearly fully densified. These
density measurements align well with the
microstructural observations of B,C matrix shown
in Fig. 2 al and a2, which reveal no significant
porosity. The addition of TiO. resulted in an
increase in bulk density but a decrease in relative
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Figure 1. XRD spectra of the B4C matrix and B4Cs containing 5, 10, 15, 20 wt. % TiO..
B4C ID:2235962, TiB2 ID: 2002799 (B4C matrisi ile agirlikga % 5, 10, 15 ve 20 TiOz igeren B4C’lerin XRD spektrasi)

Table 1. Bulk and relative density values of the B.C matrix and B4Cs containing 5, 10, 15, 20 wt. %
TiO2. (B+C matrisi ile agirlika % 5, 10, 15 ve 20 TiO2 igeren B4C’lerin yi1gimsal ve bagil yogunluk degerleri.)

Materials Bulk Density (gcm™) | Relative Density (%)
B.C 2.490 98.8
B4C-5wt. % TiO; 2.516 97.7
B4C-10 wt. % TiO, 2.537 96.3
B4C-15 wt. % TiO, 2.589 96.0
B4C-20 wt. % TiO; 2.619 94.7

density. The increase in bulk density can be
attributed to the formation of the TiB; phase, which
has a higher intrinsic density than B4C. Conversely,
the reduction in relative density with increasing
TiO; content is likely due to porosity generated by
the release of CO gas during the in-situ reaction
between TiO, and B4C during sintering. These
trends in relative density are consistent with the
microstructural  properties of the B4C-TiB;
composites (Fig. 2 b1-e2).

The average hardness and fracture toughness values
of the B4C matrix and the in-situ B4sC-TiB;

composites are presented in Figure 4 and Figure 5,
respectively. Since the hardness of materials is
generally directly proportional to their density, the
measured  hardness of the BsC matrix
(31.3+1.5GPa) aligns with expected values
(~30 GPa). While no significant change was
observed in the hardness of B4C with the addition of
5 wt. % TiO, its hardness decreased by
approximately 11-13 % with the addition of 10, 15,
and 20 wt. % TiO,. This reduction is attributed to
the increased porosity in the microstructure caused
by higher TiO, content, which negatively impacts
hardness. Furthermore, since TiB: has lower
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Figure 2. BSE-SEM images of the (al, a2) B,C matrix and B4Cs containing (b1, b2) 5, (c1, ¢2) 10, (d1,
d2) 15, (el, e2) 20 wt. % TiO: at (a1, b1, c1, d1, el) 5000X and (a2, b2, c2, d2, e2) 10000X

magnifications. ((a1, a2) BsC matrisi ile (b1, b2) % 5, (c1, c2) % 10, (d1, d2) % 15 ve (e1, €2) % 20 TiO2 igeren
B4C’lerin (al, bl, cl, d1, el) 5000X ve (a2, b2, c2, d2, €2) 10000X biiyiitmelerde BSE-SEM goriintiileri.)

. Weight  Atomic
Region Element (%) (%)

>
- B 79.1+1.8 79.7+1.1
= 1
c 20.9+1.3 20.3+1.0
0 O. - “ 1. ““ ) . 2.5 3 35
Energy (keV)
z _
§ Ti 71.4+2.0 35.5+1.0
1= 2
B 28.6+1.2 64.5+1.5

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5
Energy (keV)

Figure 3. EDS-SEM analyses results of the phases present in the microstructure of B4C containing 10 wt.
% TiO,. (Agirlikga %10 TiO2 igeren B4C’nin mikroyapisinda bulunan fazlara ait EDS-SEM analiz sonuglar1.)

1189



Baskut, Yalama, Turan | GU J Sci, Part C, 13(3): 1184-1194 (2025)

hardness than B4C, the formation of the TiB; phase
within the composite also contributed to the overall
decrease in hardness of the in-situ formed TiB,—B4C
composites.

The fracture toughness value of the B4C matrix
(4.33+0.32 MPa.m'?) increased by ~ 6, 43, 51 and
57 % with the addition of 5, 10, 15 and 20 wt. %
TiOy, respectively (Fig. 5). Additionally, Figure 6
contains representative microstructures revealing
effective toughening mechanisms along the cracks
created by Vickers indentation on the surfaces of the
B.C matrix (a) and B4C matrix composite
containing 10 wt. % TiO; (b). The B4C grain
boundaries were observed to be the only factor
delaying crack propagation in the B4C matrix (Fig.
6 a). On the other hand, it was determined that
toughening mechanisms such as deflection,
bridging and blocking provided by the TiB, phase
along the crack increased the fracture toughness of
B4C (Fig. 6 b). Some of the energy accumulated at
the crack tip, which enables its propagation, was
dissipated due to crack deflections upon
encountering TiB; phases. Subsequently, the crack
was thinned through crack-bridging mechanisms
provided by TiB,. When the crack with reduced
energy encountered the TiB; phase, its propagation
was halted due to blocking mechanism (Fig. 6 b).

Residual stresses arising from the large mismatch in
thermal expansion coefficients between B4C (4.5 x
108 K") and TiB: (8.1 x 10® K™) can lead to the
formation of microcracks at B4C-TiB, grain
boundaries [25, 26]. In addition, the presence of free
carbon has been reported to weaken the interfacial
bonding between B4C and TiB: phases, leading to
the formation of microcracks at the interfaces.
These microcracks may deflect propagating cracks,
thereby increasing the fracture path and energy
absorption, which enhances the fracture toughness
[9, 27, 28]. Moreover, the increase in fracture
toughness of the B4C-TiB, composite with
increasing TiB, content can be attributed to the
higher intrinsic fracture toughness of TiB:
compared to B4C.

4. CONCLUSION (SONUCLAR)

In this study, TiO. was used as a sintering additive
to increase the sinterability and mechanical
properties of B4C. TiO, powder was added to B4C
matrix powder at different ratios, and the resulting
compositions were sintered using the SPS
technique. XRD and EDS-SEM analyses revealed
that the in-situ TiB, phase was formed as a result of
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Figure 4. Hardness values of the B4C matrix and B.Cs containing 5, 10, 15, 20 wt. % TiO,. (B4C matrisi ile
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the reactions between B4C and TiO: during
sintering. Microstructure examinations and density
measurements showed that highly dense B4C matrix
could be produced with the applied sintering
conditions. While the density of the B4C matrix
composite containing 5 wt. % TiO,was comparable
to that of pure B4C, increased porosity was observed
in composites with 10, 15, and 20 wt. % TiO- due
to CO gas evolution during the reaction.
Accordingly, the relative density slightly decreased.
The hardness value of the B,C matrix was obtained
at the expected value (31.3+1.5 GPa). As the TiO>
content increased, the hardness values tended to
decrease, which corresponded proportionally to the
reduction in relative density. On the other hand, the
fracture toughness of the B4C matrix, determined to
be approximately 4.33 +0.32 MPa.m"?, increased
by ~ 6, 43, 51, and 57 % with the addition of 5, 10,
15, and 20 wt. % TiO., respectively. The deflection,
bridging and blocking toughening mechanisms
provided by the in-situ formed TiB, phase to crack
propagation positively affected the fracture
toughness. Additionally, the microcracks formed
due to residual stress in the in-situ B4sC-TiB:
composites contributed to an increase in the fracture
toughness of B4C. In applications where hardness is
prioritized over fracture toughness, the addition of 5
wt. % TiO, can be considered ideal, whereas in
applications that demand higher fracture toughness,
increased TiO; content may be preferred.
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