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Abstract

Stoichiometric and non-stoichiometric powder mixtures of Ti—-B4C and Ti—C with 1 wt% Ni were reactively hot pressed at 40 MPa,
1200 °C for 30 min. In both systems, the combined presence of Ni and non-stoichiometry enabled complete densification. While in Ti—C,
non-stoichiometry by itself plays a significant role in promoting densification, the formation of intermediate borides in Ti-B4C powder
mixtures requires the additional presence of Ni which promotes full reaction through the formation of a transient liquid as established
previously in Ti-BN powder mixtures.
© 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Titanium based—boride, carbide and nitride ceramics are of
interest due to their high melting points (~ 3000 °C), high
hardness ( > 25 GPa) and good wear—erosion resistance. These
materials have been considered for cutting tools, wear-resistant
parts, high temperature melting crucibles under inert atmo-
sphere. The processing of refractory hard materials based on
carbides, borides and nitrides of transition metals have seen a
progressive reduction in sintering temperature through the use
of ultrafine grains, spark plasma sintering and reactive
processing. Among these methods, some of the most dramatic
reductions come from exploiting reactions with applied
pressure. Thus, direct densification of TiB,—TiN that requires
temperatures in excess of 2000 °C [1-4]. Earlier reports of
reaction sintering without pressure reported that 3Ti-B,C
powder compacts yielded 2TiB,~TiC composites after treat-
ment at 1000-1500 °C followed by sintering at 1800 °C to
produce nearly fully dense material; however, density values
were not reported [5]. Reactive hot pressing (RHP) of TiH,—
BN-B,C (with 2 wt% nickel as an additive) at 1850 °C and
25 MPa were reported to yield TiB,~Ti(CysNgs) and that of
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TiH>—BN with 0-5 wt% nickel as an additive resulted in TiB,—
TiN composite [6,7]. In the latter case [7], the formation of
TiN took place at 1000 °C, TiB, at 1200 °C, with the reaction
completing at 1600 °C to yield a stoichiometric mixture of
TiN-TiB,. The composites made by reactive hot pressing at
1850 °C under 30 MPa for 30 min without Ni showed 98%
relative density (RD), whereas the addition of 1wt% Ni
increased the RD to 99.9% and further addition of Ni
(2 wt%) appeared to decrease the RD to 99.2%. The RHP
of Ti-BN and Ti-B4C mixtures with substantial Ni additions
have been studied by several processes, including thermal
explosion and high-pressure consolidation [8-10]. Large
amounts of Ni (upto 25 at%) and high pressures (150 MPa)
were used at 1200 °C. The final product contained Ni and
Ni;Ti in addition to TiB, and TiN/TiC. One of the possible
mechanisms for densification at such lower temperatures has
been attributed to the Ti—Ni eutectic [11] (~942 °C) leading to
liquid phase sintering (Fig. 1).

Stoichiometric 3Ti-2BN with as little as 1 wt% Ni, reac-
tively hot pressed at 1600 °C, showed the formation of
transient liquid phase, which promotes densification [12]. By
further exploiting the existence of non-stoichiometry, it was
shown that the temperature may be further lowered to 1200 °C
to yield a nitrogen deficient TiN,—TiB, composite [13]. The
same principle has been exploited in Zr—B4C based systems
in which reactive processing in combination with carbide
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Fig. 1. Binary Ti-Ni phase diagram [11].

non-stoichiometry has brought the densification temperature
down from 2000 °C to 1200 °C [14]. To the best of our
knowledge, these represent the lowest temperatures at which
ZrC [15] and TiB,-TiN [12,13] have been densified. The
importance of such processes is not confined to these materials
but extends to composites such as ZrB,—SiC [16] and ZrB,—
ZrC-SiC [17] in which non-stoichiometric ZrC can play a role
as part of the final product or as part of an initial reaction
product that eventually disappears. Previous reports on RHP
of Zr—B4C-Si powder mixtures showed the formation of ZrB,-
SiC and ZrB,-SiC—ZrC composites at 2000 °C [18] and
1600 °C [19] respectively. In the latter study [19], ZrB,—SiC—
ZrC composite achieved a final density of 97.3% using
planetary ball milled Zr-Si-B4,C powders that were held at
1450 °C for 3 h followed by RHP at 1600 °C. The ability to
densify in this case was attributed to the defects created during
ball milling and the removal of oxide impurities. A similar
effect may be expected in TiC and TiB,-TiC (and possibly
other transition metal and nonmetal compounds) but is yet to
be established, though densification of TiC from Ti—C powder
mixtures at 1600 °C was ascribed to transient plasticity of a
non-stoichiometric carbide [20-23]. The present paper seeks to
demonstrate that exceptionally low temperatures may be
sufficient for densification of TiC and TiB,-TiC by suitably
exploiting the twin roles of Ni and carbide non-stoichiometry.

2. Experimental procedure

Powder mixtures of Ti with the appropriate reactants
(B4C, C) used are given in reactions (1),(2):

Ti+xC - TiC, where x = 1, 0.67 (1)

(34+x)Ti+B4C - 2TiB, + (1 +x)TiC, where
y=1/(14x)=1, 0.67 )
Powders of Ti: ~99.5% pure and particle size ~44 pm

(M/s Alfa-Aesar, MA), B4C: ~99% pure and particle size

10-20 pm (M/s Boron Carbide India Ltd., Mumbai); carbon:

Table 1
Starting mixtures, phases, density and lattice parameter of the monolithic
and composites reactive hot pressed at 40 MPa, 1200 °C for 30 min.

Sl. no. Starting Phases Density,g/  “Lattice
mixture cm’® (% RD) parameter ( A)
of TiC

1 Ti-C TiC, C 4.12 (88) 4.321

2 Ti—C (1 wt% Ni) TiC, C 4.17 (89) 4.323

3 1.5Ti-C TiC.w967 4.26 (94) 4311

4 1.5Ti-C (1 wt% Ni)  TiCi~067 4.55(99) 4.313

5 3Ti-B4,C TiB,, TiC, 3.75 (75) 4.321
TisB,, TiB

6 3Ti-B4,C (1 wt% Ni) TiB,, TiC, 4.35 (87) 4.328
Ti3B4

7 3.5Ti-B4C TiB,, TiC, 3.84 (78) 4.312
Ti;B,, TiB

8 3.5Ti-B4C (1 wt% Ni) TiB,, TiC, 4.53 (99.9) 4.314
Ti3B4

#Lattice parameters are averages from a broad peak.

99% pure and particle size 1-7 pm (M/s Alfa-Aesar, MA) and
Ni: ~99.5 pure and particle size ~4 um (M/s Inco, London,
UK) have been used in the present study.

Ti and C/B4C powder mixtures were prepared by using
TiO, milling media and hexane for 24 h. The powder mixtures
were dried at ~ 100 °C for 5 h to evaporate the hexane. One
weight percent Ni was added to the starting total mixture and
a few selected powder mixtures were also prepared without Ni.
While a small amount of weight loss of ~0.5wt% was
noticed in the TiO, milling media, no peaks of oxide were
detected in the X-ray diffraction pattern of the starting milled
powders. The powder mixtures were heated in vacuum to
1200 °C at 5-8 °C/min and pressed for 30 min at 40 MPa. The
details of RHP experiments may be found in our earlier papers
[12-15].

The composites were characterized by density measurement
(water displacement method), identification of phase forma-
tion and lattice parameter measurement by X-ray diffraction
(XRD) and microstructural observation by optical microscopy
(Model EPIPHOT 200, Nikon, Japan) and field emission
scanning electron microscopy (FESEM, Carl Zeiss, Germany)
with energy dispersive X-ray microanalysis (EDAX-Oxford
Instruments, UK).

The temperature chosen for densification is based on the
trends in earlier experiments on Zr-B4C [14] and Ti-BN [13]
systems where it was shown that 1200 °C served as a defining
temperature that could enable differentiation of systems
according to how readily they could be densified. Table 1
summarizes the details of reactive powder mixtures, experi-
mental conditions, phases present, lattice parameter and
densities achieved.

3. Results and discussion

The results on phase analysis, lattice parameter measure-
ments followed by microstructure and densification of reactive
hot pressed (RHPed) samples are presented.



3.1. Phase identification

The X-ray diffraction study results of RHPed Ti—C (Fig. 2)
show that the product phase (TiC) with stoichiometric
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Fig. 2. XRD patterns of the (a) starting powder mixture, (b) Ti-C,
(¢) Ti-C (1wt% Ni), (d) 1.5Ti-C and (e) 1.5Ti-C (1 wt% Ni). O: Ti,

A: carbon and H: TiC.
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powder mixtures contained residual carbon phase (Fig. 2(b)
and (c)) while non-stoichiometric powder mixtures do not
show carbon, whereas a small peak of Ti is seen (Fig. 2(d)
and (e)). The addition of Ni reduces the residual carbon

Inensity (a.u)

20 Degree

Fig. 3. XRD patterns of the (a) starting powder mixture, (b) 3Ti-B4C,
(c) 3Ti-B4C (1 wt% Ni), (d) 3.5Ti-B4C and (e) 3.5Ti-B,4C (1 wt% Ni). O:
Ti, O-B4C, A -TiB, ¢ -TiC, B: Ti;B,, @: TiB.

Fig. 4. Optical micrographs of TiC monoliths produced at 40 MPa, 1200 °C for 30 min: (a) Ti-C, (b) Ti—C with 1 wt% Ni, (¢) 1.5Ti-C and (d) 1.5Ti-C

with 1 wt% Ni.
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which can be seen as reduction in the peak height of carbon
phase. It may be noted that the non-stoichiometric powder
mixture with Ni addition yields sharper peaks indicating a
more homogeneous composition. The XRD patterns of the
RHPed Ti-B4C powder mixtures display more complex
behavior (Fig. 3). The reaction does not proceed to comple-
tion (in both stoichiometric and non-stoichiometric starting
powder mixtures) and significant amounts of sub-borides
such as TizB, and TiB are present (Fig. 3(b) and (d)). As an
illustration, an example of the intermediate state in such a
reaction might be

3.5Ti+B4C—0.3TiB+0.35Ti3B4+ 1.15TiB, + TiC 3)

The equilibrium phase diagram of the Ti—B-C system
displays binary phases, TiB, Ti3By4, TiB, and TiC [24-26].
At the temperature of interest (~ 1200 °C) it is observed
that the non-stoichiometric 3.5Ti-B4C powder mixture lies
close to the TiCg¢s—TiB, tie line. However, because of
incomplete reaction, the products formed are TiB, TizBy,
TiB, (Fig. 3(b), and (d) Table 1). Such an intermediate
state is readily understandable, given that the reaction is
known to proceed by the dissolution of B4C into Ti [20],
thereby leading to the initial formation of Ti-rich borides
which are highly stable and whose conversion to TiB, is

slow in the solid state. This sluggishness of reaction is
borne out by earlier studies which indicated that 4Ti:B4C
powder mixtures yielded the final products of TiC, and
TiB, phases at ~1750 °C [22,23], whereas composites
produced up to 1600 °C through two-step process retained
TizB,4 as a minor additional phase, with TiC, and TiB,
[20,25]. In the present study the addition of 1 wt% Ni to
both stoichiometric and non-stoichiometric Ti-B4C pow-
der mixtures is found to suppress the formation of TiB,
leaving only a small amount of Ti;B4 phase (Fig. 3(c) and
(e)), due to the enhanced rate of reaction assisted by
diffusion in a liquid phase. The expected reaction may be
written as (for purposes of illustration and comparison
with Eq. (3)):

3.5Ti+B4C—1.8TiB, +1.4TiCy 71 +0.1Ti3By4 4)

The expected volume fractions of TiB,, TiCy7, and
TizBy are ~57, ~35 and ~8% respectively. Reactions
(3) and (4) are meant for illustrative purposes to show how
the formation of TiB and Ti;B4 can lead to intermediate
carbon stoichiometries in the TiC phase that are higher
than expected. Since plasticity increases with deviation
from stoichiometry, the persistence of sub-borides can
therefore retard sintering.

Fig. 5. Optical micrographs of TiB,~TiC composites produced at 40 MPa, 1200 °C for 30 min: (a) 3Ti-B4C, (b) 3Ti-B4C with 1 wt% Ni, (¢) 3.5Ti-B,C

and (d) 3.5Ti-B,C with 1 wt% Ni.
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3.2. Lattice parameter of TiC

In support of the above observations on the extent of
reaction in TiC forming systems, it is seen that the lattice
parameters of TiC produced with stoichiometric (4.321 A
without Ni and 4.323 A with Ni) and non-stoichiometric
(4.311 A without Ni and 4.313 A with Ni) reactant powder
mixtures are different. The differences in the measured
lattice parameter for TiC and TiC,~ 7 in the composites
(4323 A and 4313 A) are consistent with the trends
reported in the literature (TiC—4.3265 A and TiC,g.67—
4.3222 A) [27]. Broad reflections (400, 311, 420, 422 and
511) from the stoichiometric Ti—C powder mixture clearly
indicate that the samples have a wide range of composi-
tions. An addition of 1 wt% Ni to the 1.5Ti-C powder
mixture produces sharp peaks indicates a uniformity
composition (Fig. 2, curve-e). This observation is similar
to that seen in Zr—C mixture RHPed at 1200 °C [15] which
displayed variable carbon content while additional heat
treatment at 1800 °C led to homogeneous composition and
grain growth. In case of Ti-B4C powder mixtures, the
XRD peaks for TiC also showed similar broadening,
indicative of a wide composition range, but more complex
behavior than the binary powder mixtures, owing to the
formation of intermediate borides.

1 pm
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3.3. Microstructural observations and densification of
samples:

Optical micrographs of RHPed Ti—C monoliths
produced with stoichiometric (Ti—C) and non-stoichiometric
(1.5Ti-C) powder mixtures without and with 1 wt% Ni
(Fig. 4), shows the effect of Ni on reaction and densification.
The block regions are pores in all the samples, differentiating
the pores and carbon (Fig. 4(a) and (b)) as indicated in XRD
(Fig. 3(b) and (c) is difficult optically. The presence of excess
Ti can be seen from shining particles in Fig. 4(c) and is
supported by XRD patterns, which show a small peak of Ti
at 260 ~40. The decrease in porosity can be seen in Fig. 4(d).
Optical micrographs of RHPed composites starting with 3Ti—
B4C and 3.5Ti-B4C powder mixtures with 1 wt% Ni (Fig. 5),
illustrate the effect of Ni and excess Ti on reaction and
densification. Partially reacted B4C is seen in the stoichio-
metric mixture with Ni (Fig. 5(a)), similar to that seen in
composites produced with stoichiometric and non-
stoichiometric powder mixtures without Ni, whereas non-
stoichiometric (3.5Ti-B4C) composite with Ni (Fig. 5(b))
showed virtually complete reaction and densification. This
observation is similar to that reported earlier on non-
stoichimetric mixtures of Ti—-BN [13], in which the formation
of transient Ti—INi liquid at 942 °C (Fig. 1) enables concurrent

Fine grains

T
Yo
.

1 pm

Fig. 6. SEM micrographs of composites produced at 40 MPa, 1200 °C for 30 min: (a) 3Ti-B4C (1 wt% Ni), (b) 3.5Ti-B4C and (c) 3.5Ti-B4C (with 1 wt%
Ni). Black particles in (a) and (b) are partially reacted B,C particles, dark gray are TiB,, light gray are TiC and white are Ni.
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Fig. 7. Histogram of composites with different starting mixtures versus %
relative density achieved at 40 MPa for 30 min: effect of Ni on densifica-
tion (1200 °C: [l without Ni, [} with 1 wt% Ni) and 1400 °C: [Ji}:
without Ni and [l with 1 wt% Ni).

reaction and densification. Stoichiometric Ti-B4C composite
(with Ni) showed partially reacted B4C particles, with TiB,
and TiC (Fig. 6(a)). In the non-stoichiometric composite
(with Ni), the dark, gray and platelet regions are correspond-
ing to TiB,, TiC, and TizB,4, while white regions are identified
as Ni in Fig. 6(b). A finer grained microstructure has been
observed in many clusters, and has similar appearance to
those reported in earlier studies [20,22].

The above results show that TiC and TiB,-TiC may be
produced to near theoretical density at 1200 °C with
additions of~1wt% Ni. A comparison (Fig. 7) with
earlier work on Ti—-B-N [12,13], Zr—C [15] and Zr—B-C
[14] suggests that non-stoichiometry directly enables den-
sification in both the pure carbides and also in Zr-B4C
mixtures with Ni only promoting a more rapid completion
of the reaction. Mixtures of Ti-B4C, on the other hand are
unable to exploit plasticity in the non-stoichiometric
carbide because of the intermediate formation of Ti-rich
borides which effectively reduce the carbide non-
stoichiometry and its potential beneficial role. Such an
effect is absent in Zr—B4C powder mixtures owing to the
absence of intermediate borides in the Zr-B system.

While we have not shown the role of transient liquid
phase explicitly in the present work, it appears likely that
the principle of using transient liquid phases through
minor additions of an element, such as Ni, can help in
promoting reaction, such as already demonstrated in the
Ti—-B—-N system [12,13].

4. Conclusions

Theoretical density can be achieved at 1200 °C during
reactive hot pressing to produce TiC and TiB,-TiC
composites by exploiting carbide non-stoichiometry in
the presence of trace amounts of nickel.

Acknowledgment

The authors acknowledge the support from Director,
and Head, Materials Science Division, CSIR-NAL and
Department of Science and Technology (New Delhi) for the
grant to NAL and IISc. The authors thank Mr. V. Babu
(Department of Materials Engineering, IISc) for assistance in
hot pressing experiments and Mr. Siju (Surface Engineering
Division, CSIR-NAL) for FE-SEM support.

References

[1] K. Shobu, T. Watanabe, Y. Enomoto, K. Umeda, Y. Tsuya,
Frictional properties of sintered TiN-TiB, and Ti(CN)-TiB, cera-
mics at high temperature., Journal of the American Ceramic Society
70 (5) (1987) C-103—-C-104.

[2] T. Graziani, C. Melandri, A. Bellosi, Fabrication of monolithic TiN
and TiN-20-vol%-TiB, composites, Journal of Hard Materials 4
(1993) 29-36.

[3] K. Shobu, T. Watanabe, Hot pressing of TiN-TiB, system, Journal
of Powder Metallurgy Society of Japan 32 (6) (1995) 215-218.

[4] T. Watanabe, H. Yamamoto, K. Shobu, T. Sakamoto, Factors
affecting the porosity and bending strength of Ti(CN)-TiB, materi-
als, Journal of the American Ceramic Society 71 (4) (1987)
C-202-C-204.

[S] H. Zhao, Y.B. Cheng, Formation of TiB,~TiC composites by
reactive sintering, Ceramics International 25 (4) (1999) 353-358.

[6] G.J. Zhang, Preparation of TiB,~TiC( 5Ny s ceramic composite by
reactive hot pressing and its microstructure, Ceramics International
21 (1) (1995) 29-31.

[71 GJ. Zhang, Z.Z. Jin, X. Yue, TiN-TiB, composites prepared by
reactive hot pressing and effects of Ni addition, Journal of the
American Ceramic Society 78 (10) (1995) 2831-2833.

[8] F. Olevsky, P. Mogilevsky, E.Y. Gutmanas, I. Gotman, Synthesis of
in situ TiB,/TiN ceramic matrix composites from dense BN-Ti and
BN-Ti-Ni powder blends, Metallurgical and Materials Transactions
27A (1996) 2071-2079.

[9] I. Gotman, N.A. Travitzky, E.Y. Gutmanas, Dense in situ TiB,/TiN
and TiB,/TiC ceramic matrix composites: reactive synthesis and
properties, Materials Science and Engineering A 244 (1998) 127-137.

[10] E.Y. Gutmanas, I. Gotman, Reactive synthesis of ceramic-matrix
composites under pressure, Ceramics International 26 (2000)
699-707.

[11] Alloy Phase Diagrams, ASM Handbook, vol. 3. ASM International,
Materials, Park, OH, 1992.

[12] L. Rangaraj, C. Divakar, V. Jayaram, Reactive hot pressing of TiN-
TiB, composites at moderate pressures and temperatures, Journal of
the American Ceramic Society 87 (10) (2004) 872-878.

[13] L. Rangaraj, C. Divakar, V. Jayaram, Low-temperature densification

of TiN-TiB, composites through reactive hot pressing with excess Ti

additions, Journal of the American Ceramic Society 92 (2) (2009)

311-317.

L. Rangaraj, S.J. Suresha, C. Divakar, V. Jayaram, Low temperature

processing of ZrB,—ZrC composites by reactive hot pressing, Metal-

lurgical and Materials Transactions 39A (2008) 1496-1505.

C. Nachiappan, L. Rangaraj, C. Divakar, V. Jayaram, Synthesis and

densification of monolithic zirconium carbide by reactive hot press-

ing, Journal of the American Ceramic Society 93 (5) (2010)

1341-1346.

L. Rangaraj, C. Divakar, V. Jayaram, Fabrication and mechanisms

of densification of ZrB,-based ultra high temperature ceramics by

reactive hot pressing, Journal of the European Ceramic Society 30

(2010) 129-138.

[17] L. Rangaraj, C. Divakar, V. Jayaram, Reactive hot pressing of ZrB,—
ZrC, ultra-high temperature ceramic composites with the addition of

[14

[15

[16



L. Rangaraj et al. | Ceramics International 39 (2013) 5955-5961 5961

SiC particulate, Journal of the European Ceramic Society 30 (2010)
3263-3266.

[18] G.J. Zhang, Z.Y. Deng, N. Kondo, Reactive hot pressing of ZrB,—
SiC composites, Journal of the American Ceramic Society 83 (9)
(2000) 2330-2332.

[19] W.W. Wu, G.J. Zhang, Y.M. Kan, P.L. Wang, Reactive Hot
pressing of ZrB,-SiC-ZrC composites at 1600 °C, Journal of the
American Ceramic Society 91 (8) (2008) 2501-2508.

[20] M.W. Barsoum, B. Houng, Transient plastic phase processing of
titanium—boron—carbon composites, Journal of the American Cera-
mic Society 76 (6) (1993) 1445-1451.

[21] D. Brodkin, S.R. Kalidindi, M. Barsoum, A. Zavaliangos, Micro-
structure evolution during transient plastic phase processing of
titanium carbide—titanium diboride composites, Journal of the
American Ceramic Society 79 (7) (1996) 1945-1952.

[22] G. Wen, S.B. Li, B.S. Zhang, Z.X. Guo, Reaction synthesis of TiB,—
TiC composites with enhanced toughness, Acta Materialia 49 (2001)
1463-1470.

[23] S.B. Li, B.S. Zhang, G.W. Wen, J.X. Xie, Microstructure and
mechanical properties of platelet-reinforced Ti-B—-C ceramics
prepared by reaction hot pressing of B,C and Ti powders, Materials
Letters 57 (2003) 1445-1452.

[24] E., Rudy, Ternary phase equilibria in Transition Metal-Boron—
Carbon systems, Part V. Report no. AFML-TR -65-2, Air Force
Materials Laboratory, Wright-Patterson Air Force Base, OH, 1969.

[25] D. Brodkin, M.W. Barsoum, Isothermal section of Ti-B—C phase
diagram at 1600 °C, Journal of the American Ceramic Society 79 (8)
(1996) 785-787.

[26] R. Riedel, Hand Book of Ceramic Hard Materials, vol 2, WIELY-
VCH Verlag GmbH, D-69469 Weinheim (Federal Republic of
Germany), 2000, pp. 821-827.

[27] E.K. Storms, The Refractory Carbides, vol. 2, Academic Press,
New York, 1967, pp. 6-8.



	Reactive hot pressing of Ti-B-C and Ti-C at 1200degC
	Introduction
	Experimental procedure
	Results and discussion
	Phase identification
	Lattice parameter of TiC
	Microstructural observations and densification of samples:

	Conclusions
	Acknowledgment
	References




