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ABSTRACT

Titanium monoboride (TiB) whisker-reinforced titanium (Ti) matrix composites

were produced by powder metallurgy, through vacuum sintering. TiB is formed

by thermal decomposition of TiB2 precursor. In addition, a new hybrid com-

posite was developed by admixing nanograined and nanocrystalline (more

important) Ti to enhance the transformation mechanism of TiB2 to TiB phase.

The morphology and particle size of the initial powders, mixtures and the

microstructure of the composites have been studied by scanning electron

microscopy (SEM). The phase analysis and transformation monitoring were

performed by X-ray diffraction (XRD). The sintered composites were also sub-

jected to compressive strength and hardness measurements. According to XRD

results, through the addition of nanocrystalline Ti, a probable enhancement of

the TiB2 ? TiB transformation occurred producing more TiB whiskers in the

hybrid composites. All samples of the hybrid composites exhibited improved

yield strength (1365 MPa) and hardness (358 HV) compared to the non-hybrid

ones 927 MPa and 254 HV, respectively.
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GRAPHICAL ABSTRACT

Introduction

Nowadays, metal matrix composites (MMCs) are

becoming one of the most promising materials for

applications requiring high specific strength and/or

high ductility even at elevated working temperatures.

The properties of the MMCs are highly dependent on

the interfacial relation between the matrix and rein-

forcement phase, and one of the best ways to create

MMCs with great interfacial relations, are the in situ

methods [1]. Titanium is highly popular material for

MMCs’ production, due to its low density, high

specific strength and formability and for its great

biocompatibility [2–4]. Since TiB2 has high mechani-

cal properties (hardness, strength) and great thermal

stability in absence of Ti, it is a promising candidate

not just as matrix material, but also as the reinforce-

ment phase [5, 6]. Its only disadvantage as matrix

material is that it requires high sintering temperature

during composite production. Therefore, pairing Ti

matrix with TiB2 for producing Ti-TiB whisker

(TiBw)-reinforced type composites can be more ben-

eficial [7]. Such Ti-TiB composites can be used in

applications where products and workpieces with

high-strength and lightweight are crucial factors [7].

As TiB improves mechanical properties of the com-

posite [8], it can be applied in areas requiring high

wear resistance (cutting and machining tools). Fur-

thermore, Ti-TiB composites were developed to be

applied in intake and exhaust valves in Toyota

automotive engines [9]. Yi et al. performed a

comparative study between the composites of the Ti-

TiB2-TiC system and composites of the Ti-B4C-C

system, and the authors concluded that the compos-

ites of the Ti-TiB2 system always exhibited improved

mechanical properties (elastic modulus, hardness,

bending strength) than the composites of the Ti-B4C

system [10].

The majority of the Ti-TiBw composites’ fabrication

is based on the reaction between the Ti matrix and

the TiB2 precursor phase according to Eq. 1, without

an exact starting temperature:

Tiþ TiB2 ! 2 TiB ð1Þ

Studies showed that new Ti/TiB interfaces develop

from the Ti/TiB2 interfaces which are sharp and

clean, no additional interfacial phases could be

observed between them and the TiB is well bonded to

the matrix [1, 11, 12], which gives another reason why

to choose TiB2 as a precursor phase for the reinforc-

ing phase. Several papers reported residual TiB2 in

the composites after sintering either because of the

insufficient kinetic factors [13–15] or because of the

excessive amount of TiB2 in the composite [16, 17].

According to Namini et al., the presence of unreacted

TiB2 is most probably due to the short holding time

and/or coarse TiB2 particles [13]. On further thought,

it means that there is no adequate ratio of Ti/TiB2

interfaces in the composite to allow the transforma-

tion to finish completely for a given sintering time.

During sintering, the TiB formation starts on the

existing interfaces between the Ti matrix and the TiB2

particles. After the complete decomposition of the
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TiB2 particle, these interfaces cease to exist and new

Ti/TiB interfaces develop. Due to this, the transfor-

mation slows down, because the further TiB forma-

tion requires the diffusion of either B or Ti atoms

from afar [17]. Theoretically, Eq. 1 reaction can be

accelerated by introducing new Ti/TiB2 interfaces

through the addition of nanocrystalline Ti particles to

the micron-sized system. According to the literature,

no research papers have been conducted to examine

the effect of nanocrystalline Ti in Ti-TiB2-TiB com-

posites. Therefore, the aim of this paper is to develop

a novel, hybrid composite, in which the nanocrys-

talline Ti phase is added to enhance the TiB2 trans-

formation and to improve the mechanical properties.

The aims also include the characterization of the

microstructure, mechanical properties of the new

composites, and the examination of the nanocrys-

talline Ti within the composites. The most appropri-

ate analytical method to investigate the amount of

consumed/developed phases is X-ray diffraction,

allowing the proper quantification of nanocrystalline

phases [18].

Materials and methods

Sample preparation

The applied matrix Ti powder was of 99.4% purity

with nominal average particle size: 150 lm, produced

by Alfa Aesar (product number: 10383), Germany.

The additional TiB2 powder was of 99.5% purity with

nominal mean particle size: 50 nm produced by

GoodFellow, England. In addition, nanograined and

nanocrystalline Ti powder as reinforcement was also

used which was produced by high energy ball mil-

ling and was carried out in a steel jar, with steel

milling balls (20:1 ball to powder ratio) for 20 h at

200 rpm speed in ethanol medium. Afterwards, the

Ti matrix powder, TiB2 powder and the nanocrys-

talline Ti powder were dry mixed with a Fritsch

Pulverisette 5 type planetary ball mill in a steel mil-

ling jar with steel milling balls (10:1 ball to powder

ratio) for 30 min at 100 rpm mixing speed. From the

powder mixtures 8 mm high, Ø 8 mm cylindrical

green samples were made via uniaxially cold press-

ing by a universal material testing machine

(INSTRON 5982, USA). The pressing was carried out

with 1.5 GPa pressure, with graphite aerosol as

lubricant in vacuum (10–2 mbar). Before sintering, the

tube was flushed with argon then vacuumed several

times to remove as much air as possible. The green

samples were sintered without external pressure at

three different temperatures (800 �C, 900 �C, 1000 �C)
in an electric furnace (SF 16 type Three-Zone Split

Tube Furnace, USA), under vacuum (10–3 mbar) for

2 h in every case. Figure 1. shows one of the cold-

pressed 1 w% TiB2 content cylindrical sample. All the

test pieces looked the same with same diameter,

while the height changed on a max 0.2 mm scale with

increasing reinforcer content, as reflected by the rel-

ative density values (Results, Fig. 6). After sintering

despite the different composition and sintering

parameters, the same difference was observed.

The equipments used for the composites’ fabrica-

tion are shown in Fig. 2, while the composition and

the nomenclature of the composites are shown in

Table 1. The first letter C stands for Normal Ti-TiB2

Composite (without nano-sized Ti) and H stands for

Hybrid Composite; the first digit denotes the TiB2

content, while the second digit denotes the sintering

temperature. It must be noted that the nanocrys-

talline Ti was added only to the 3 w% and 5w% TiB2

content, because the effect of the nanocrystalline Ti in

the hybrid composites is expected to be so small, that

it would not be detectable via XRD in composites

with 1w% reinforcement. Also, due to uneven Ti

surfaces, for an effective distribution, more than 1w%

addition is required.

Examinations

The starting powders and mixtures have been

examined with SEM (Helios G4 PFIB CXe, Thermo

Scientific, USA) to describe the initial particles size,

the initial morphology and the TiB2 distribution in

the mixture. The particle size of the milled Ti was

Figure 1 A cylindrical cold pressed Ti-1w%TiB2 sample (1 mm

grid, height of sample is 8.5 mm).
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also determined by a laser scattering particle size

distribution analyser (LPSA) (Horiba-LA950V2, UK).

Phase analysis was carried out by XRD on Bruker

D8 Discover (USA-Germany) instrument with Cu K-a
(1,2) radiation (40 kV and 40 mA generator settings)

in Bragg–Brentano geometry with LynxEye XE-T

energy-dispersive position sensitive detector in 1D

(2� opening) high energy resolution mode. Crys-

talline phases were identified by Search/Match

algorithm in Bruker DiffracPlus EVA software from

ICDD PDF2 database. The weight fraction of the

phases, Ti, untransformed TiB2 and formed TiB was

calculated with the whole pattern deconvolution-

based Rietveld refinement method [19]. The basic

relationships of the method are described by Eq. 2:

M Si; xð Þ ¼ b Si; xbð Þ þ
Xk2

k¼k1

Ik xsð Þ; Si � Sk; xp
� �

ð2Þ

where xb, xs, xp, are the background, the structure

and the peak shape parameters, respectively, and the

Si = 2sinhi/ki. The term b(Si,xb) is a background

Figure 2 The fabrication steps of the composites: a the difference occurring in the microstructure due to the mixing and milling, b the

toolset of cold pressing and c the schematic drawing of the sintering furnace.

Table 1 The nomenclature

and composition of the Ti-

TiB2-TiB composites sintered

at different temperatures

Sample TiB2 content (w%) Nano-sized Ti content (w%) Sintering temperature (�C)

C-0–800 0 – 800

C-1–800 1

C-3–800 3

C-5–800 5

H-3–800 3 3

H-5–800 5 5

C-0–900 0 – 900

C-1–900 1

C-3–900 3

C-5–900 5

H-3–900 3 3

H-5–900 5 5

C-0–1000 0 – 1000

C-1–1000 1

C-3–1000 3

C-5–1000 5

H-3–1000 3 3

H-5–1000 5 5
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function, lk(xs) is the integrated intensity of the k-th

Bragg reflection and the u(Si-Sk,xp) is a peak shape

function. The method relies on the fitting of the

measure X-ray diffraction pattern with the calculated

(model) patterns of individual phases through the

least squares approach. The intensity relations for

each point of the model patterns for single phases are

calculated by Eq. 3. which contains all crystal struc-

ture parameters, instrumental contributions and

background scattering:

yci ¼ s
X

K

LK FKj j2; 2hi � 2hKð ÞPKAþ ybi ð3Þ

where yci stands for the calculated intensity at the i-th

step, s is the scale factor, K represents the Miller

indices, h k l, for a Bragg reflection. LK contains the

Lorentz polarization and multiplicity factors, u is the

reflection profile function, PK is the preferred orien-

tation function, A is the absorption factor, FK is the

structure factor for the K-th Bragg reflection and the

ybi is the background intensity at the i-th step.

Rietveld refinement was carried out in a Bruker

TOPAS5 software [20] applying Fundamental

Parameters Approach for instrumental profile and

NIST SRM 1976 corundum standard for calibration.

Crystal structure information (atomic coordinates

and parameters) was used from ICSD (Inorganic

Crystal Structure Database). During the evaluation,

the difference between the measured and calculated

patterns is minimized, which is indicated by a dif-

ference curve also. Differences are solved by cor-

recting preferred orientation, calculating crystallite

size and strain and refining structural parameters

(unit cell parameters, thermal parameters) [21].

On the cross section of the sintered samples,

microhardness and Brinell hardness (HB) measure-

ments were also carried out. For the Brinell tests, a

Wolpert UH930 (China) universal hardness testing

equipment was used. The measurements were car-

ried out with 62.5 kg load, 2.5 mm steel ball and 10 s

loading time. The microhardness measurement was

performed with a Tukon 2100B (USA) type equip-

ment, where for the indentations a 0.2 kg load was

applied for 10 s. The Brinell values were converted to

Vickers hardness for comparison. The composites

have been also subjected to compressive tests to

determine the yield strength and the maximum

strain. For the measurement of the strain changes, an

AVE200 type extensometer was used. For the tests, 3

parallel samples have been prepared and the average

values with the deviation were calculated. These

measurements were also performed with the above

described universal material testing machine. For the

microstructure examination by SEM, the cross sec-

tions have been grinded, polished and etched with

Kroll etchant (10 ml HF ? 30 ml HNO3 ? 50 ml

distilled water) for 8–10 s.

Results

The SEM examinations of the powders revealed that

the initial Ti particles have sponge-like structure and

the (Fig. 3b) sizes agree with the nominal value,

while the morphology of the TiB2 is platy and its

particle size differs from its nominal size, varying

between * 10 nm and 1–2 lm (Fig. 3a). It can be

clearly seen in Fig. 3c that the milled Ti particles

formed agglomerates during the long-time milling,

and the individual particle size of the milled Ti is

below * 100 nm. The XRD results showed crystallite

size in the range of 5–8 nm, indicating that the milled

Ti is both nanograined and nanocrystalline. In

Fig. 3d, it can be observed that the small particle

sized TiB2 filled up the hollows of the sponge-like Ti,

leaving some empty areas. In case of the H-5 com-

posites (shown in Fig. 3e), the nano-sized Ti filled up

the remained voids in the Ti sponge and the voids

between the matrix and the TiB2 particles.

The XRD peaks of each phase can be identified on

the patterns (Fig. 4); however, the deconvolution

process of Rietveld refinement is required for quan-

titative calculations due to the overlapping of

broadened peaks and severe texture produced by

pressing and TiB crystallisation. Table 2. shows the

XRD results of the composites with 5 w% of initial

TiB2 content. At 800 �C, the presence of TiB is indi-

cated by the broad hump between.

41 and 43� (2h), in accordance with 10–27 nm

crystallite size and small percentage. At 900 �C, the
peaks of TiB are well evidenced, especially at 29� (2h).
The increase in crystallite size is indicated by the

more prominent separation of the two peaks at 41.5

and 42.5� (2h). In parallel with TiB crystallisation, the

formation of very small amount of Fe-monoxide and

Ti-monoxide phases is observed, showing similar

peaks to the phases given in Fig. 4. However, the

peaks are too small and weak for further detailed

characterisation and also for the discussion of the role

of these phases in the sintering process.
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Nevertheless, the XRD analysis showed different

oxides in the composition of both the hybrid and non-

hybrid composites. The iron oxide crystallizes from

Fe contamination due to milling, most probably

capturing the oxygen from the natural passive layer

of the Ti particles’ surface [22, 23]. The Ti-oxide

(TiO1.04) is developed from the same passive layer;

Figure 3 TEM image of the initial TiB2 powder a, the SEM images of the initial Ti b, milled nano-sized Ti c powders, and the C-5 d and

H-5 e powder mixtures (SE images).
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however, these contaminations do not decrease the

mechanical properties, as shown in Figs. 7 and 8.

According to the results, 2 h of sintering at 1000 �C
is sufficient to complete the TiB2 ? TiB transforma-

tion. However, at 800 �C and 900 �C, some of the TiB2

remained after sintering due to incomplete transfor-

mation, most probably because of the slower diffu-

sion rate. The remaining TiB2 content is inversely

proportional to the temperature, meaning the lower

the temperature the more TiB2 remains. It is also

apparent that at 800 �C, the same amount of TiB2

transformed to TiB for both non-hybrid (C-5–800) and

hybrid (H-5–800) composites. At 900 �C, however,

more TiB2 transformed to TiB in the hybrid com-

posite (H-5–900) compared to its non-hybrid pair (C-

5–900). It must be noted that such differences in the

results are not sufficient for further speculation;

however, an explanation is given in the discussion

section.

The results of the SEM examination confirm that

the reactions took place and TiBw were formed. The

TiBw length:width ratio can exceed even 10:1, the

needles penetrating the Ti matrix, which is the

desired property for improved reinforcing. The

growing directions of TiBw are the crystallite

boundaries and subparticle interfaces, facilitating B

diffusion in the bulk Ti. Figure 5. shows selected

textures from the C-5–900 and H-5–900 composites’

microstructures, best representing the transforma-

tions upon sintering.

The examination reveals also TiB agglomerates

produced during the sintering. The TiBw and TiB

agglomerates are indicated via red circles in Fig. 5.

However, neither the added nanocrystalline Ti phase

nor its effect on the TiB2 ? TiB transformation can be

observed in SEM images. The diagram in Fig. 6.

shows the relative density values measured before

(green) and after sintering (sintered).

The relative density increases with rising sintering

temperature and the highest values are achieved at

1000 �C sintering temperatures in each composition.

However, the relative density values decrease as the

Figure 4 The identified TiB (PDF-05–0700), TiB2 (PDF-35–0741), FeO (PDF-06–0615), TiO1.04 (PDF-43–1295) and Ti (PDF-44–1294)

phases on the XRD patterns (upper part omitted) in case of the C-5 a and H-5 composites b.

Table 2 The TiB2 and TiB

content (weight percentages

w%) evaluated with the

Rietveld method, where b.d.l.

denotes to below detection

limit (\ 0,1 w%)

Sample TiB2 (w%) TiB (w%) FeO (w%) TiO1.04 (w%) Ti (w%)

C-5–800 3.8 2 1.8 0.2 92.2

H-5–800 3.8 2 b.d.l 1 93.2

C-5–900 1.1 6.5 0.5 b.d.l 91.9

H-5–900 0.9 6.9 1.3 0.7 90.2

C-5–1000 0 8.4 0.6 b.d.l 91

H-5–1000 0 8.4 1 0.7 89.9
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content of reinforcement phases (initial TiB2 and

nano-sized Ti) increases; therefore, the highest

porosity in the H-5 composites was observed. Fig-

ure 7a. shows the microhardness, while Fig. 7b. rep-

resents the converted [24] Vickers hardness values of

all the non-hybrid (C), hybrid (H) composites.

According to the figures, the temperature of sin-

tering has only slight influence on the hardness val-

ues, while the total amount of the reinforcement

phase greatly affects the final hardness of the com-

posites. It is also evident that the added nanocrys-

talline Ti improves the hardness values. The results

(yield strength and maximum strain) of the com-

pressive tests are shown in Fig. 8.

Comparing the yield strength of the H-5 compos-

ites to the C-5 composites (or the H-3 composites to

the C-3 composites), the hybrid samples exhibited

significantly higher values, almost a cca. 1.5 times

increase can be observed. In case of the H-5 com-

posites due to the greatly increased yield strength,

the maximum strain of the composites decreased

significantly. In case of the H-3 composites, a

remarkable maximum strain (cca. 10%) is still pre-

served. According to the test results, the nanocrys-

talline Ti has a strengthening effect on the H-3 and

H-5 composites; however, reaching a certain point in

terms of reinforcing phase content, (which is 10 w%

in case of H-5 composites) it makes the composites

brittle resulting in low formability (see Fig. 8b). Fig-

ure 9. shows the stress–strain curves of the parallel

H-3 and C-3 composites sintered at 1000 �C. The

curves of the non-hybrid and hybrid composites are

similar, but the latter reveals significantly higher

stress levels.

Discussion

During sintering, the initial particles of the Ti matrix

attach to each other on the free surfaces, making a

compact bulk material. With rising temperatures, the

Ti ? TiB2 = 2TiB reaction occurs, but a sharp offset

�C cannot be identified due to the slow diffusion of B.

Based on the SEM images, whiskers are formed, and

it is safe to say that the developed TiBw are well

bonded with the matrix particles. It must be noted

that according to stoichiometric calculation of Eq. 1,

the TiB2 transformation to TiB increases the total

amount of reinforcing phases. For instance, from 5

w% of TiB2, a total amount of 8.4 w% TiB will form in

Figure 5 Microstructure of the C-5–900 a and H-5–900 b composites (SE images).

Figure 6 Relative density of the composites before and after

sintering.
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case of the complete transformation. This means that

during each sintering, the content of reinforcements

will increase.

According to SEM investigations shown in Fig. 5.,

the TiBw formed in the hybrid composites are shorter

and thinner (Fig. 5b) compared to that in the non-

hybrid composites (Fig. 5a). The reason behind this

effect is the different packing in the hybrid and non-

hybrid powder mixtures. In the case of non-hybrid

composites, the Ti and TiB2 particles have direct

interfaces only at the edges of the Ti matrix particles,

(Fig. 3d); thus, in the middle of the Ti matrix parti-

cles, more TiB2 particles stack on each other and

develop the TiB aggregates instead of whiskers.

However, in the case of hybrid composites, due to the

nanocrystalline Ti, which can be found between the

TiB2 particles, thus introducing new Ti-TiB2 inter-

faces (Fig. 3e), TiBw can be also formed with short-

range diffusion. As a result, significantly more

nucleation sites are present allowing to higher num-

ber of whiskers, which are thinner and shorter. The

presence of more TiBw in the hybrid composites

might erroneously suggest that an enhancement of

the transformation process occurs. However, this

enhancement was detectable only in the error range

and just in the case of composites sintered at 900 �C.

Figure 7 Microhardness a and converted Vickers hardness b values of the composites.

Figure 8 Yield strength a and maximum strain b of the composites with different composition.
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The C-5–900 composite had higher TiB2 content (0.2

w% more), while the H-5–900 composite had higher

TiB content (0.4 w%). On a more realistic approach,

the frequency and size/shape of TiBw should be

related to the physical properties, and not to the

weight percentage. At 800 �C, the XRD indicates

barely developed TiB crystals, but all the physical

properties are improving compared to the.

C-0 samples. Thus, even a slower, more restricted B

diffusion is generating reinforcer phase.

The TiB agglomerates which can be seen in Fig. 5

can also develop when the particles of the matrix are

connecting with their surfaces covered with fine TiB2

particles and making stacks on the particle bound-

aries. However, in our case, most of these agglom-

erates developed due to the stacking of TiB2 particles

in the hollows of the sponge-like Ti matrix. With

these kinds of reinforcement phase distribution after

a certain time, the TiBw will hinder each other in

growing and will grow into such agglomerates.

Similar phenomena were observed in several studies

[17, 25–27]. It must be noted that in case of the

C-5–800, C-5–900 and H-5–800, H-5–900, these layers

can also contain unreacted TiB2, which was detected

by XRD, but it is not possible to prove by SEM.

The relation of strength and ductility in these

composites is the same as in metals in general,

namely the higher the yield strength the lower the

maximum strain is. The addition of nano-sized Ti

increases both yield strength and hardness of the

composites. This increase can be attributed to three

different effects, which are given as follows: first, the

addition of the extra amount of reinforcing phase as

nanocrystalline Ti in the composition; second, the

enhanced TiB2 transformation resulting more TiBw;

third, the strengthening effect of the Ti–O solid

solution, which is created by the dissolution of the

oxide layers of the initial TiB2 and nanocrystalline Ti

particles into the Ti matrix. Most probably, these

three different factors, through their combined effects

influence the changes of the mechanical properties.

The strengthening mechanism of the ceramic parti-

cles in the non-hybrid and hybrid Ti-TiB2 composites

has several key parameters. The small sized hard

ceramic particles, distributed in the soft, large sized

matrix particles, will take over a certain amount of

external load, hence increasing the yield strength and

delaying crack formation. After the cracks have

formed, the propagation can go two ways. Either

through the soft matrix meanwhile avoiding the hard

second phases, or through the second phase, which

requires obviously more energy. Due to the whisker

type morphology of the second phase, the TiBw are

present in the composites everywhere; hence, the

crack during its propagation will hit a TiBw almost

immediately. Thus, even after a crack formed, it has

to pass through at least one TiB whisker, which will

slow down the propagation, hence delaying the fail-

ure. This is especially true in the case of hybrid

composites, where the numbers of TiBw is signifi-

cantly larger, compared to the non-hybrid

composites.

One can see in Fig. 9 that the H-3 curves are

overlapping well, as expected from parallel samples;

however, there is a small deviation in case of the C-3

composites, where only two of these curves overlap.

This difference is most probably contributed to the

small inhomogeneities in the composite samples. It

was mentioned earlier that the content of the rein-

forcement phase has a huge effect on mechanical

properties. It is especially true in the case of the H-5

composites, where 10 w% reinforcement phase was

added to the matrix in total. Such amount of hard

reinforcement phase can lead to brittle behaviour;

therefore, it must be noted that the evaluation of

these curves is quite complicated. Figure 10. shows

the different composition samples sintered at 1000 �C
after the compressive strength test. It can be seen that

the samples with more ductility are lower and wider,

while the samples with high strength are higher. The

H-5–1000 sample is broken into pieces due to the

Figure 9 True stress—true strain curves of the parallel three C-3

(red curves) and parallel three H-3 (black curves) hybrid

composites sintered at 1000 �C.
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brittle behaviour caused by the total 10 w%

reinforcement.

It can be also seen that H-3 composites exhibit

better mechanical properties, than the C-5 compos-

ites, having only 3 w% TiB2. Thus, better mechanical

properties can be achieved with the addition of 3 w%

TiB2 and 3 w% nanocrystalline Ti, compared to 5 w%

TiB2. This means, that higher strength can be

achieved through exchanging some of the TiB2 to

nanocrystalline Ti. This concept can lead to the

development of a new area in case of the TiB-rein-

forced Ti composite production. By milling, the Ti

particles break up, developing nanoparticles to

increase active surface area. In the meantime, crys-

tallite size is also reduced, both intra-particle and

particles as free crystallites. While increase in grain

surface area increases the number and probability of

TiB nucleation, the nanocrystalline nature will

increase crystallisation and growth.

A different variation can be observed in yield

strength as a function of sintering temperatures when

looking at the C and H composites. In the case of C

composites, a linear increase can be observed in yield

strength with increasing temperature. On the con-

trary in the case of H composites, when increasing

the temperature, the yield strength changes with a

maximum versus temperature, peaking at 900 �C due

to particle distribution issues. It was shown by SEM

that the TiB2 and nanocrystalline Ti particles fill up

the hollows of the sponge-like Ti matrix (Fig. 3e).

Thus, for the transformation described by Eq. 1, a

certain part of the required titanium is most probably

provided by the nanocrystalline Ti because these

particles are the closest to the TiB2 particles, espe-

cially in the middle part of the hollows. Hence, dur-

ing sintering, the nanocrystalline Ti content decreases

as the TiB formation proceeds. It is evident that the

higher the sintering temperature is, the faster the

reaction is. As a consequence, sintering at 1000 �C
will have less nanocrystalline Ti content than sinter-

ing at 900 �C. Since the high yield strength of the H

composites is due to the TiB2 and nanocrystalline Ti

and TiB phases, it is clear that the mechanical prop-

erties of 1000 �C sintering decrease due to the lower

amount of nano-sized Ti which is not compensated

by the higher amount of formed TiB. This proves that

the content of the nanocrystalline Ti phase also has a

major role in the mechanical properties besides the

formed TiB phase. It also must be noted that the

mechanical properties (both yield strength and

hardness) are inversely proportional to the results of

the relative density. This means that the hybrid

composites have the lowest relative density values,

yet, they have improved mechanical properties

compared to the non-hybrid composites. However,

relative density can be connected to the maximum

strain values, where the same tendency can be

observed: increasing the amount of reinforcement

phases results in the lowest relative density and the

lowest maximum strain values, which is logical, since

the samples with the most material discontinuities

will be the less formable before failure. Of course,

considering the application areas (cutting tools, high

strength-lightweight components), the composites

should have the highest achievable relative density;

on the other hand, in some areas, porous composites

are also required [28]. Nevertheless, to achieve denser

composites, some of the process parameters should

be varied; for example, the applied pressure during

the cold pressing should be higher than 1.5 GPa, and

sintering temperature should exceed 1000 �C with

increased sintering time. However, the sintering time

and temperature must be chosen to avoid the coars-

ening of the nanocrystalline Ti.

It must be noted that the brittle behaviour of the

H-5 composites is most probably caused by the

stacking of brittle particles (TiB2, TiB, nano-sized Ti)

in the hollows during the mixture making progress of

the Ti-TiB2-nanoTi composites. Table 3. compares the

yield strength and hardness values measured in this

and other literature studies.

Figure 10 The composites with different composition sintered at 1000 �C after the compression test (from left to right C-0, C-1, C-3, C-5,

H-3, H-5; 1 mm grid, height of H3 is 7.47 mm).
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It can be seen that the H-3 sample showed higher

strength values than the C-5 composites produced in

this work and produced by Attar et al. [28]. Since in

most of the composites the same phases (TiB, TiB2, a
or b Ti) could be mostly observed, it is not surprising

that the compared hardness values are not far from

each other, obviously only in case of similar compo-

sition. Also, the hardness values are independent on

the processing method but highly depend on the

quality and quantity of the reinforcement phase. In

case of the yield strength, significant differences can

be observed even in case of similar compositions due

to the different processing method. It can be seen that

the highest hardness values were achieved with the

SPS method [13, 32]; the second best method to

achieve high hardness is the SLM technique [29, 31],

which is followed by the standard PM method [30]

and the casting method [30]. It should be noted that

the hardness values of the hybrid composites pro-

duced by PM in this work are similar to the hardness

values of the composites produced by SPS technique.

Therefore, it can be said that, the effect of the differ-

ent processing methods manifests, however the main

influencer of the mechanical properties remains the

quantity of the reinforcing phase.

The mechanical properties of these novel hybrid

composites produced in this research make these

types of composites a competitor to similar

composites presented in the literature. A promising

field of application with high requirements is the

biomedical area [33], which generally requires por-

ous, low-density materials. Furthermore, the addition

of nano-sized Ti into the traditional Ti-based TiB2-

reinforced materials is giving an option to reconsider

the composition and the content of raw materials

used to create them and also opens new possibilities

in the composite production. Due to the nanocrys-

talline Ti content, the applied TiB2 content can be

decreased in the Ti-TiB2 composites and not just

preserving the required and ordinary mechanical

properties of these kind of composites but further

improving them.

Conclusions

Novel TiB and nanocrystalline Ti-reinforced hybrid

composites were developed. Compositions of Ti

matrix ? 3 w% TiB2 ? 3 w% nano-sized Ti and Ti

matrix ? 5 w% TiB2 ? 5 w% nano-sized Ti were

successfully fabricated by the powder metallurgy

route, with vacuum sintering at 800 �C, 900 �C and

1000 �C.Based on the obtained results, the following

novelties can be concluded.

(1) The TiB2 ? TiB transformation was completed

at 1000 �C after 2 h of sintering; however, at

Table 3 The yield strength determined with compressive test and the measured microhardness and hardness values of this and other

studies in the literature*

Material Method Sintering temperature

(�C)
Yield strength

(MPa)

Hardness Microhardness

(HV)

Source

Ti-5 w% TiB2 PM 1000 927 254 This

work321mh

Ti-3 w% TiB2- 3 w% nano-sized

Ti

900 1166 310

378mh

Ti-5 w% TiB2-5 w% nano-sized

Ti

900 1461 362

458mh

Ti-5 w% TiB2 SLM – 1103 402mh [29]

Casting – 815 404mh [30]

PM 1100 318 308mh

Ti-5 w% B4C SLM – – 425mh [31]

Ti-4.8 w%TiB2 SPS 1050 – 477mh [13]

Ti-9.6 w% TiB2 – 586mh

Ti-9.6 w% TiB2 SPS 1050 – 404 [32]

*The abbreviation of the processes: PM–Powder Metallurgy, SLM–Selective Laser Melting, SPS–Spark Plasma Sintering, RHP–Reactive

Hot Pressing; the mh letters next to the numbers denotes that value was measured by microhardness measurement
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800 �C and 900 �C, residual TiB2 is still

detected. Nevertheless, a change in the TiB2-

? TiB transformation was observed in case of

the hybrid H-5–900 composites compared to the

non-hybrid C-5–900 composite, as a beneficial

effect of milling on nucleation and whisker

growth.

(2) The hybrid composites fabricated in this study

exhibited higher yield strength and hardness,

and significantly lower ductility then the non-

hybrid composites proving that, with less TiB2

content and addition of nano-sized Ti can lead

to higher mechanical properties compared to

traditional Ti-TiB2-TiB composites without

nano-sized Ti. Therefore, this hybrid composi-

tion can be a new area in TiB-reinforced

composites’ production.

(3) These new hybrid composites can be used in

the same fields (military equipments, cutting

tools, material used at high temperature appli-

cations) as other Ti-TiB2 composites, however,

with lower production cost (due to the less TiB2

content requirement) and easier recycling pos-

sibilities (due to the less TiB2 and TiB content).
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