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Ti-foils  are  currently  used  as a spallation  target  material  to  produce  radioisotopes  for  physics  research
at the ISOLDE  facility  at CERN.  However,  radioisotope  production  rates  often  decrease  over  time  due  to
material  degradation  from  high  operation  temperatures.  Due  to enhanced  release  rates,  porous  nanoma-
terials are  being  studied  as  spallation  target  materials  for  isotope  production.  TiC  is a  material  with a  very
high  melting  point  making  it an  interesting  material  to  replace  the  Ti-foils.  However,  in  its nanometric
anocomposites
itanium carbide
pallation target
orous ceramics
igh temperature applications

form  it  sinters  readily  at high  temperatures.  To  overcome  this,  a new  processing  route  was  developed
where  TiC  was  co-milled  with  graphite,  carbon  black  or multi-wall  carbon  nanotubes  in order  to hinder
the  sintering  of  TiC. The  obtained  nanocomposite  particle  sizes,  density,  specific  surface  area  and  porosity
were  characterized  and  compared  using  ANOVA.  All carbon  allotropes  mixed  with the  TiC,  were  able  to
successfully  stabilize  the  nanometric  TiC,  hindering  its sintering  up  to 1500 ◦C  for  10  h.

© 2017  The  Author(s).  Published  by  Elsevier  Ltd.  This  is  an open  access  article  under  the  CC  BY-NC-ND
. Introduction

Titanium carbide (TiC) is a well known FCC interstitial carbide
nd had its properties studied mainly during the 50’s and the 60’s
1]. Due to its high melting point of 3067 ◦C high hardness and
trength, good thermal and electrical conductivities, thermal shock
esistance, and low evaporation rate it is mainly used as a refrac-
ory ceramic. It is used in the aerospace industry (rocket and aircraft

aterials) and in super-hard and wear-resistant tools (as a cermet
nd as a coating material) [1,2].

For nuclear applications, TiC has been studied as a coating mate-
ial [3] or as a reinforcement in carbon for plasma facing materials
4] for future fusion plants. TiC has also been subject to numerous
rradiation studies as a potential material for nuclear fuel coatings
n fission power plants [5]. In the past, at the ISOLDE (Isotope Sep-

rator OnLine DEvice) facility at CERN [6], TiC was studied as a
otential spallation target material for production of radioactive
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∗∗ Corresponding author.
E-mail addresses: joao.pedro.ramos@cern.ch (J.P. Ramos), paul.bowen@epfl.ch

P. Bowen).
URL: http://www.joaopedroramos.com (J.P. Ramos).

ttp://dx.doi.org/10.1016/j.jeurceramsoc.2017.04.016
955-2219/© 2017 The Author(s). Published by Elsevier Ltd. This is an open access articl
.0/).
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

ion beams, but the outcome was  unsatisfactory due to slow isotope
release rates [7,8].

ISOLDE relies on the on-line isotope separation method (Isotope
Separator OnLine, ISOL) [6] to produce radioactive ion beams for
nuclear, atomic, solid state and bio-physics studies. In this method,
a target material kept at high temperatures in vacuum, is irradiated
with energetic particles which will induce nuclear reactions in the
material, producing isotopes that come at rest in the target. These
isotopes have then to diffuse out of the bulk material to the surface
where they evaporate and diffuse through the material porosity,
defined as effusion. They then effuse through a transfer line into an
ion source. The ion source finally transforms the released neutral
isotopes into ions and shape a beam for physics experiments [9].

The target materials used for ISOL vary from liquids (low melt-
ing point metals or salts), solids in powder, pellet or fiber form
(carbides or oxides) or metallic foils [10]. The materials should be
as pure as possible, since impurities can produce unwanted isotope
contaminants, either through nuclear reactions or vaporization as
radiologically stable contaminants. High target material operation
temperatures are needed to accelerate the diffusion and effusion
processes while being limited by the material melting point, vapor
pressure and sintering rates. A highly porous microstructure with

the smallest particle size is desired, to reduce the diffusion dis-
tances but it has to be stable at the highest operation temperature.
Reducing the particle size of the target material either to submi-
crometric [11,12] or nanometric [10,12–14] has shown in the past
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nhanced isotope release and, consequently, higher beam intensi-
ies for short lived species.

Historically, micrometric TiC (1–50 �m)  was discarded as a tar-
et material due to slow release of isotopes even at 2300 ◦C [7,8].
icrometric SiC (1–50 �m)  was discarded as well for the same rea-

ons [8], and in recent developments, by reducing SiC particle size
o the sub-micron level (0.6 �m)  the release of isotopes was shown
o be improved [11,12]. We  propose to use the same methodology
or TiC, reducing its particle size down to the submicron or nano-

etric level. Additionally, particle size stabilization mechanisms
an be employed leading to higher operation temperatures. Such
echanisms can be achieved by doping TiC or by introducing a

econd highly-refractory inert phase, such as carbon, to reduce the
oordination number of TiC particles and hinder sintering.

The sintering driving force is provided by the decrease of the
ree energy of the system which depends on the total free surface
nd particle radius and curvature. As such, the sintering kinetics
f nanomaterials are enhanced when compared to conventional
aterials, because of their intrinsic high surface areas. While con-

entional powders are expected to sinter at about 0.5–0.8 Tm (Tm

eing the material melting point), in nanomaterials this can happen
t 0.2–0.4 Tm [15]. In the literature, TiC powders with 140–170 nm
rimary particle size, reached 91% density at 1627 ◦C while 5 �m
iC powders needed 2797 ◦C to reach the same density [16]. Fur-
hermore, nanopowders are often found in an agglomerated form,
aving a bimodal pore size distribution: small intra-agglomerate
nd large inter-agglomerate pores [17]. While the small pores from
he intra-agglomerate porosity are easily eliminated during sinter-
ng, the large inter-agglomerate pores require significantly higher
emperatures. The sintering temperature of nanomaterials often
cales up with the agglomerate size, rather than with the primary
article size [15]. Since ISOL targets operate at high temperatures
nd nanometric materials tend to sinter readily, a solution which
llows for high diffusion/effusion and at the same time low sinter-
bility has to be found [14,13].

Dual-phase sintering or constrained sintering is used in ceram-
cs to prevent grain growth by having two homogeneously mixed
nd interpenetrating phases which have limited or no solid solu-
ility with each other [18,19]. There are examples in the literature
here grain growth and densification was successfully hindered

n ZnO–SiC [20] systems, Al2O3–ZrO2 [19] and Al2O3–Cu [21]. For
he TiC-C system a study done by B. Manley et al. [22] shows that
dditions up to 14 at.% (3.2 wt.%) of C, hinder the sintering of sub-
icrometric TiC by reducing the relative volume changes by more

han a factor of 2. Furthermore, in SiC, it has been shown that the
ddition of very small quantities of carbon (up to 3 wt.%) promote
intering (with 0.5 wt.% B) while further additions, studied up to
6 wt.%, successfully hinder its grain growth [23].

TiC-C (nano)composites can be found in the literature in a wide
ange of sizes (4 nm to tens of micron), shapes (fibers or particles)
nd different TiC volumes (5 vol.% to almost 100% TiC) [4,24–35].

 considerable amount of the TiC-C studies are found for fiber
hape where normally the carbon is a by-product from the TiO2
arbothermal reduction with C. Such fibers are used in reinforced
olymers with 300 nm fiber diameter [24], semiconductor films
ith tens of micron diameter fiber [25], filtration membranes,

20 nm mesoporous fibers with 19 nm TiC crystallites [26], solar
ells with 200–400 nm fiber diameter with 20 nm TiC crystallite
ize, 70 wt.% TiC [27] and for supercapacitors with 280 nm diam-
ter fibers, TiC crystallite size 20–50 nm,  40 wt.% TiC [28]. In the
est of the studies found, TiC-C composites include application in
lectrodes and catalysis (4 nm TiC, 30 wt.% Ti as membranes [29]

r 35 nm TiC-C core–shell particles [30]), fuel cells (25–75 wt.% of
icrometric TiC in C as coating [31]), as high temperature struc-

ural material (tens of micron TiC with 2–40% of C, 15% porous to
ully dense [32–34] or with 100 nm TiC crystallite size, 30% porous
eramic Society 37 (2017) 3899–3908

with 9/1 – Ti/C molar ratio [35]) and for nuclear applications (5 vol.%
≈100 nm TiC inclusions in graphite [4]).

Although, TiC-C composites already exist in the literature, as
seen above, their processing is either too complex or not suitable for
the application described here. Moreover, the structure required is
one which should be stable at high temperatures (at least 1500 ◦C)
while keeping nanometric TiC, which was  not found in the litera-
ture. Additionally, the simplest processing route should be used to
reduce and control the possible sources of contamination to the tar-
get material. Since the titanium is the element of interest (selected
due to the high isotope production cross-sections), one wants the
highest concentration as possible while keeping acceptable levels
of open porosity. Also, the processing route must be easy to scale
up, since TiC targets are expected to have up to 100 g. As a result, in
order to stabilize nanometric TiC with size less than 100 nm, a new
processing route is developed here where different ratios of car-
bon allotropes, graphite, carbon black and carbon nanotubes, are
added to the TiC. The TiC-C composites obtained were character-
ized before and after heat treatments in order to assess the degree
of stabilization of nanometric TiC.

2. Materials and methods

2.1. Materials

Commercially available nanometric TiC powder was acquired
from Goodfellow,  99.9% pure, with nominal particle sizes between
80 and 130 nm (Ref. LS396999/1). The carbon allotropes used
were: graphite (Alfa Aesar, Ref. 40798, 325 mesh – <44 �m),  car-
bon black (Orion Engineered Carbons, Printex A Pulver,  40 m2 g−1

– 40 nm primary particle size) and multi-wall carbon nanotubes,
MWCNT, (Nanocyl, Ref. NC3100, >95% purity, 10 nm diameter,
1.5 �m length). The mixtures were done in isopropanol, IPA, (from
Reactolab SA,  Ref. 99295, 99% pure) using polyvinylpyrrolidone,
PVP, (Fluka, K-30 mol  wt  40k) as a dispersant for the TiC and the
allotropic carbon materials [36]. The characteristics of the raw
materials can be found in Table 1 and scanning electron microscope
microscopy (SEM) microstructures in Fig. 1.

2.2. Methods

2.2.1. Processing
The TiC-C composites were co-milled using an attrition mill

(Union Process, 01HD) at 800 rpm in a small volume grinding bowl
(70 ml) using 1.5 mm yttrium-stabilized-zirconia (YSZ) milling
balls. The milling suspension was  added to the grinding bowl with
2.6 vol.% of solids in IPA containing 0.5 wt.% PVP and 130 g of YSZ
balls were added to fill the grinding bowl up to 90%. Preliminary
studies on the milling of the raw materials were done interrupting
the milling process at defined times to take small samples. After
these studies and optimizations, 2 h was  defined as milling time
to produce the TiC-C composites. In the case of the MWCNT, the
bulk density (see Table 1) was used to calculate the MWCNT solid
volume, because they dominate the mixing behavior. The carbon
volumes tested were 25, 50 and 75 vol.%.

In the case of the MWCNT composites an additional composite
was produced where the MWCNT were not co-milled with the TiC.
This composite, was  produced by milling the TiC for 2 h separately
and later mixed with MWCNT which were treated by ultrasonica-
tion for 15 min  beforehand. The TiC milled suspension was added
to the MWCNT suspension and sonicated for a further 30 min.
After the milling/mixing process, the suspensions were dried
using a rotary evaporator (Buchi Rotovapor R-114),  at 80 ◦C in vac-
uum with constant agitation to avoid segregation of the TiC from
the carbon. The obtained powder was  deagglomerated manually
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Table  1
Characteristics of the raw materials used in this study, where SSA is the specific surface area, PS is the median pore size, vP,BJH is the pore volume (both determined by nitrogen
adsorption–desorption using the BJH model) and Dv,50 is the average particle size.

Characteristic TiC Graphite Carbon Black MWCNT

Density (g cm−3) 4.93 [37] 2.16 [37] 1.85a 2.16b (0.15a - bulk)
Dimensions 80–120 nma <44 �ma ≈40 nma 9.5 nm × 1.5 �ma

SSA (m2 g−1) 25.1 2.1 36.9 293.1
GBET - kS

c 48 nm - 6 5.3 �m - 24 88 nm - 6 -
PS (nm) 41 62 70 38
vP,BJH (cm3 g−1) 0.07 0.02 0.43 2.70
Dv,50 (�m) 1.70 33.17 0.46 42.79
AF

d 35.4 6.3 5.2 n.a.

a Given by supplier.
b Graphite density assumed for MWCNT theoretical density.
c GBET = kS/(SSA * �t), where GBET is the particle size and kS is a parameter depending on the shape; kS = 6 – for spheres; kS = 24 – for 1:10 flakes [38].
d AF = Dv,50/GBET and represents the agglomeration factor [38].
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Fig. 1. SEM microstructures of the raw materials used in t

sing an agate mortar and pestle, and pressed into 12 mm cylin-
rical compacts with 1–2 mm thickness, in a hydraulic press at
2 Mpa.

In order to remove the PVP, the powder compacts were pre-
eat treated under a flowing argon atmosphere at 450 ◦C for

 h (3◦C min−1, heating and cooling) in a quartz tube which was
nserted in an horizontal alumina Heraeus oven [36]. The samples

ere then heat treated at 1500 ◦C in vacuum with holding times of 2
nd 10 h with 8 ◦C min−1 heating/cooling ramps. The oven used was

 Carbolite STF 15/450 horizontal alumina tube oven, adapted with
n-house made flanges to allow vacuum, which was connected to an
gilent TPS-mobile TV301 pumping station. Overall, the pressure at
500 ◦C reached was around 10−3–10−4 Pa. To protect the samples
rom oxidation and minimize carbon losses (due to residual pres-
nce of oxygen), a specially built double layer graphite crucible was
esigned to introduce the samples (see Fig. A.1.2 in supplementary
aterial).

.2.2. Characterizations and data handling

The particle size distributions (PSD) and median volume diam-

ter (Dv,50) during the milling tests, were measured using laser
cattering in a Malvern Mastersizer S. Before the measurements,
he suspensions were ultrasonicated for 15 min. For the laser
dy: TiC (a), graphite (b), carbon black (c) and MWCNT (d).

scattering PSD measurements, the refractive indexes used were
1.38 for IPA [37], 3.05+2.67i  for TiC [39], 1.84+0.46i  for car-
bon black [40], 2.13+1.11i  for graphite [40] which was  also used
for MWCNT. The cylindrical powder compacts were measured
and weighed in all steps to check for geometrical density (�)
changes (��/�0) and mass losses. Nitrogen adsorption–desorption
isotherms were done in a Quantachrome eNOVA2200, using the
BET (Brunauer–Emmett–Teller) model [41] for specific surface area
(SSA) and the BJH (Barrett–Joyner–Halenda) model [42] to deter-
mine the pore size distributions and pore volumes (vP,BJH). This
approach is limited to pores < 200 nm and were evaluated from
the desorption branch of the isotherm. The pores were assumed to
have a cylindrical shape and the average median volume diameter
(DPv,50 or simply pore size, PS) was determined from the cumu-
lative size distribution obtained from the BJH model. The sample
microstructures were obtained using an in-lens detector on a Carl
Zeiss SMT ˙igma SEM. In selected samples the particle size was
measured directly from the SEM images (GSEM), measuring 400 par-
ticles per sample using ImageJ v1.50 [43]. The samples were also
studied by dilatometry in a homemade vertical graphite dilatome-

ter, that could reach 1500 ◦C and was  equipped with an LVDT sensor
(linear variable differential transformer) to measure sample lin-
ear variation or shrinkage (�l/l0) with temperature. The oven was
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Fig. 2. Particle size distributions for different milling times and respective 

onnected to a primary oil rotary vacuum pump that could reach
–10−1 Pa. The heating rate was 8 ◦C min−1.

Since all composites have different initial characteristics, only
 comparison in terms of relative evolution is possible. ��/�0,
he pore size variation below 200 nm (�PS/PS,0) and SSA (S) varia-
ion (�S/S0) before and after the 2 and 10 h thermal treatments at
500 ◦C were calculated in the following way:

X/X0 = (X − X0)/X0 (1)

here X stands for either �, S or PS, the measured value after heat
reatment and X0 for �0, S0 or PS,0, the same characteristic before
he heat treatment.

The experiments were organized in a statistical design with 2
amples for each thermal treatment (1500 ◦C – 2 and 10 h) for each
omposite. A schematic with the statistical design can be found in
ig. A.1.1 on supplementary materials. The results were analysed
y factorial ANOVA, statistical analysis of variance [44] in order to
tudy the evolution of the described characteristics with the carbon
llotrope and volume ratio added to the TiC.

Samples were named X{carbon} where X is vol.% of carbon
dded and {carbon} is the carbon allotrope added: CB, Gr, CNT and
iCm standing for carbon black, graphite, MWCNT and TiC milled
ithout carbon, respectively. So, for example, 50Gr corresponds

o the 50 vol.% graphite mixed with TiC. For the case where the
WCNT were not co-milled with the TiC this sample will have a

Carbon} name as CNTb.

. Results and discussion

The carbon allotropes were chosen in order to have as different
 size and morphology as possible to assess the TiC sinterability
hen mixed with the allotropes. The SEM images in Fig. 1 show

anometric spheres for TiC and CB, micrometric flakes for graphite
nd tens of nanometer thick tubes/rods for MWCNT. The effective
rimary particle sizes, GBET (Table 1) were, 48 nm for TiC, 88 nm for
arbon black and 5.3 �m for graphite.
alues in �m for (a) TiC, (b) graphite, (c) carbon black (CB) and (d) MWCNT.

In total, during this study, 11 materials were produced and heat
treated at 1500 ◦C for 2 and 10 h: TiC, TiCm, 25Gr, 50Gr, 25CB, 50CB,
75CB, 25CNT, 50CNT, 75CNT, 75CNTb. Only 5 of the produced mate-
rials were selected to be discussed in this article: TiC, TiCm, 50Gr,
50CB and 75CNTb (and partially 75CNT). The results for the other
composites, which do not add value to the discussion, can be found
in supplementary material A.1.2.

In the following subsections the milling optimization will be
firstly discussed, as well as its influence on the agglomerate size
of TiC, which affects its sinterability. Then, the sintering behavior
of TiC at 1500 ◦C will be discussed to serve as a comparison for
the nanocomposites. Finally, the influence of each carbon allotrope
(Graphite, CB and MWCNT) on the sintering of TiC will be discussed
independently and compared with the other composites. This will
be done following the evolution of the composite characteristics,
�, SSA and PS as well as microstructure morphology together with
dilatometry. Relative density (�r) and porosity were also used to
characterize the nanocomposites. The porosity (Pr = 1 − �r) was
divided in porosity below 200 nm (Pr,<200 nm), determined from
vP,BJH , and porosity above 200 nm (Pr,>200 nm), determined from
the later and the relative density. The calculation of �r, Pr,<200 nm,
Pr,>200 nm can be found in supplementary material A.1.1.

3.1. Milling influence on the raw materials

The lowest possible degree of agglomeration is desired for
the synthesis of the nanocomposites to have homogeneous mix-
tures. Laser scattering is able to detect agglomerates (assemblies
of primary particles) giving an agglomerate size distribution, rep-
resented by Dv,50. GBET is more indicative of primary particle size
since it is not very dependent on the degree of agglomeration as it is
determined from the total SSA. The ratio of these two parameters,

Dv,50 and GBET, can be used to determine the agglomeration factor,
AF, as shown in Table 1.

As seen in Fig. 1, all powders are in an agglomerated form. While
both CB and TiC are heavily agglomerated as seen in the SEM fig-
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formation, bringing large �S/S0 and small changes to �r (coa-
lescence – likely dominated by the surface diffusion sintering
mechanism) [15,17,47,48];
ig. 3. SEM microstructures of 75CNT as-produced (a) heat treated at 1500 ◦C for 1
or  10 h (d). For the latter, GSEM is 62 ± 26 nm.

res (Fig. 1a and c respectively) their AF is quite different, 6.3 and
5.4 respectively as seen in Table 1. This is likely related with the
ature of those agglomerates, where in TiC case they could be more
ifficult to break during the sample preparation for laser scattering
hich uses agitation and sonication.

The particle size distribution was used to follow the evolution of
illing of the raw materials. The powders were individually milled

p to 4 h and particle size distributions were taken at 0, 0.5, 1, 2, 3
nd 4 h of milling, as shown in Fig. 2.

During attrition milling, the titanium carbide Dv,50 changes from
.70 �m to 300 nm in the first hour of milling, stabilizing in the
00–400 nm range for longer milling times, as seen in Fig. 2a.
or graphite, Dv,50 keeps reducing for longer milling times, from
3.17 �m to 14.05 �m for 4 h (Fig. 2b). In the case of CB, the milling

s very efficient in destroying the CB agglomerates, where, after 4 h
f milling, the Dv,50 (110 nm in Fig. 2c) almost matches the primary
article size value in Table 1 – GBET=88 nm.

In the case of TiC milled for 2 h (TiCm), the SSA was  determined
o be 29.4 m2 g−1, from which the GBET obtained is 41 nm.  This gives
n AF for TiCm of 9.0 (from AF of 35.4) showing a significant reduc-
ion of the TiC agglomeration through attrition milling. Since little
nfluence on TiC Dv,50 was seen at longer milling times, these milling
ettings were chosen for the nanocomposites production.

There is a very significant impact of the milling on the MWCNT
here, in Fig. 2d, the Dv,50 is changing from 42.79 �m (an highly

gglomerated state – as seen by SEM in Fig. 1d) to 0.06 �m only after
 h of milling. At 2 h of milling of MWCNT, the cumulative size distri-
ution shows that around 50% of the particles is below 50 nm which

s below the detection limit of the equipment. Although this tech-
ique is not ideal to measure the MWCNT, due to their shape and
ize, the particle size distributions in Fig. 2d seem to indicate that
he MWCNT are being destroyed (“chopped”) during the milling
rocess, as has been seen in other studies [45].

Additionally, when co-milling MWCNT with TiC (75CNT) for 2 h,
he MWCNT are obviously being destroyed since they are barely vis-

ble before and after heat treatment at 1500 ◦C for 10 h, in the SEM

icrostructures of Fig. 3a and b, respectively. In order to overcome
his, another mixing method for the TiC-MWCNT composite was
) and of 75CNTb (MWCNT not milled) as-produced (c) and heat treated at 1500 ◦C

attempted (hereinafter 75CNTb): mixing the 2 h milled TiC suspen-
sion with a MWCNT suspension previously sonicated. The resulting
SEM microstructures before and after heat treatment (Fig. 3c and d),
clearly show the presence of MWCNT.1 The MWCNT milling (“chop-
ping”) has a detrimental effect on the TiC sintering hindering, as
can be seen from the heat treated 75CNT and 75CNTb composites
(Fig. 3b and d, respectively), where the latter has smaller particle
sizes. Thus, only 75CNTb nanocomposites were chosen for further
discussion in this article.

A contamination of 3–6% of ZrO2, determined by XRPD (X-ray
powder diffraction), was  found in all the as-produced nanocom-
posites which comes from the wear of the milling media due to the
hard nature of TiC. After the thermal treatments at 1500 ◦C the ZrO2
was reduced to ZrC, as expected due in the presence of carbon.2 This
reduction is the cause of the somewhat high mass losses – 11,12
and 13% respectively for graphite, CB and MWCNT nanocompos-
ites (Table 2), obtained after heat treatments when comparing to
TiC (≈6%). This phenomenom and its effect on the nanocomposites
are discussed in more detail in another publication [46].

3.2. Nanocomposites sintering behaviour

In order to discuss the composites sintering and respective
porosity evolution, a simple phenomenological 4 stage model is
proposed and illustrated in the schematic of Fig. 4:

1. as known for nanomaterials, sintering starts predominantly
within the agglomerates, due to the high free energy and par-
ticle coordination number. The sintering happens through neck
1 More information on the properties of 75CNT can be seen in Figs. A.1.8 and A.1.4
and  Table A.1.1 on supplementary material A.1 and can be compared with 75CNTb
presented throughout this article.

2 Refer to X-ray powder diffractogram in Fig. A.1.3 in the supplementary materials
A.1.2.
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Table 2
Density (�), SSA, median pore size (PS), BJH pore volumes (vP,BJH), SEM particle sizes determined with ImageJ (GSEM) and mass losses (�m/m0) of TiC, TiCm, 50Gr, 50CB and
75CNTb as-produced and after heat treatments at 1500 ◦C for 2 and 10 h.

TiC TiCm 50Gr 50CB 75CNTb

� (g cm−3) As-produced 2.37 2.27 1.87 1.60 1.41
1500 ◦C – 2 h 3.19 2.44 1.89 1.69 1.65
1500 ◦C – 10 h 3.61 2.64 1.81 1.70 1.79

SSA  (m2 g−1) As-produced 25.1 29.4 32.6 37.5 49.8
1500 ◦C – 2 h 1.5 3.2 13.1 21.2 27.0
1500 ◦C – 10 h 0.5 2.1 11.9 21.1 23.6

PS (nm) As-produced 41 27 27 33 27
1500 ◦C – 2 h 35 39 44 40 27
1500 ◦C – 10 h 11 27 34 37 28

vP,BJH (cm3 g−1) As-produced 0.07 0.16 0.17 0.27 0.30
1500 ◦C – 2 h 0.01 0.01 0.10 0.20 0.21
1500 ◦C – 10 h 0.00 0.01 0.05 0.16 0.21

�m/m0 (%) 1500 ◦C – 2 h 6.2 6.6 9.4 10.9 10.6
1500 ◦C – 10 h 6.9 7.2 10.5 11.3 12.8

GSEM (nm) 1500 ◦C – 10 h 738 ± 254 314 ± 108 85 ± 42 58 ± 29 62 ± 26

Fig. 4. Phenomenological 4 stage model illustrating the phases of sintering of an agglomerated nanomaterial. For the model description please refer to the text.

F tment
m d by A

2

3

ig. 5. TiC, TiCm, 50Gr, 50CB and 75CNTb ��/�0 (a) and �PS/PS,0 (b) for heat trea
ean  (ErrS) – 95% confidence intervals – for the adjusted values (columns) obtaine

. after neck formation the agglomerated particles start to
grow, increasing the intra-agglomerate pore size (PS) while

Pr,<200 nm/Pr,>200 nm decreases with densification (�r increase);

. the agglomerated grains continue to grow (with densifica-
tion), increasing the overall average pore size (bringing to zero
Pr,<200 nm and reducing PS - since the pores can not be detected
s at 1500 ◦C for 2 and 10 h. The error bars correspond to the standard error of the
NOVA – analysis of variance.

anymore by nitrogen adsorption - BJH model [42]), eventually
sintering to a particle of approximately the same size of the

original agglomerate;

4. the densification will then proceed among the densified agglom-
erates, slowly reducing Pr,>200 nm until �r eventually reaches 1;
in this phase sintering will likely proceed at a slow rate due to
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Fig. 6. Relative density and porosity ratios (below and above 200 nm)  for the TiC,
TiCm, 50Gr, 50CB and 75CNTb as-produced and heat treated for 2 and 10 h.

Fig. 7. TiC, TiCm, 50Gr, 50CB and 75CNTb �S/S0 for heat treatments at 1500 ◦C for
2
9
a

o
f
5
1
u
(
c

F
3

 and 10 h. The error bars correspond to the standard error of the mean (ErrS) –
5% confidence intervals – for the adjusted values (columns) obtained by ANOVA –
nalysis of variance.

the stabilization of the structure by the existence of large pores
which are difficult to eliminate.

The control charts of Figs. 5a, b and 7 were built using analysis
f variance (ANOVA) in order to assess statistical significant dif-
erences of ��/�0, �PS/PS,0 and �S/S0, respectively, for TiC, TiCm,
0Gr, 50CB and 75CNTb during heat treatments at 1500 ◦C for 2 and

0 h. In this figure the average values (triangle), the adjusted val-
es from ANOVA (column) and respective 95% confidence intervals
column error bars) are represented. To complement the control
harts, the obtained �r and porosity, Pr, can be found represented in

ig. 8. SEM microstructures of TiC heat treated at 1500 ◦C for 10 h (a) and of TiC milled, T
14  ± 108 nm for TiCm.
ramic Society 37 (2017) 3899–3908 3905

Fig. 6, where Pr is divided accordingly to porosity below (Pr,<200 nm)
and above 200 nm (Pr,>200 nm). The absolute values for all the sin-
tering parameters studied (�, SSA, PS, vP,BJH , �m/m0 and GSEM) can
be found in Table 2.

3.2.1. Titanium carbide sintering behaviour
Milled and non-milled TiC was  subjected to the same heat treat-

ments as the produced nanocomposites to serve as control samples.
A TiC sample was  milled for 2 h (named TiCm), heat treated at
1500 ◦C for 10 h, together with a non-milled sample where the
milling was seen to hinder the TiC sintering even with no carbon
addition. The microstructures resulting from the heat treatments
can be seen in Fig. 8a for TiC and Fig. 8b for TiCm. TiC has a GSEM
of about 738 ± 254 nm and TiCm around 314 ± 108 nm which are
close to their Dv,50 values as measured by laser scattering: 1.70 �m
for TiC and 0.37 �m for TiC milled for 2 h (Fig. 2a – milling times of
0 h and 2 h). This result seems to already point that for both cases
at 10 h we  are on the stage 4 of the proposed model, where the
primary particles in the agglomerates sinter and only after this do
the dense agglomerates sinter among themselves.

The large SSA losses seen for both TiC and TiCm, can likely
be related to the stage 1 of the sintering model, as expected for
nanomaterials, bringing not so large densifications, as seen in,
for example, TiCm for 2 h: large losses of SSA with relatively low
changes in density (Figs. 7 and 5a). Stage 2, characterized by the
decrease of Pr,<200 nm (Fig. 6) and increase in PS (Fig. 5a), is seen for
TiCm at 2 h. Alternatively this latter value can also be influenced
by the smaller inter-agglomerate pores of TiCm (smaller agglom-
erates), which can be below 200 nm and thus be detected by BJH.
At 10 h this is followed by the end of stage 3 at 10 h, where the PS
decreases again and the agglomerates densify (as seen before).

In the TiCm case, we  seem to be in the presence of differen-
tial sintering where the agglomerates shrink more than the full
body. This is seen from the reduction of Pr,<200 nm, in Fig. 6 –
agglomerate sintering – where it should cause a large densification
where instead it converts into Pr,>200 nm without much densifica-
tion. Probably, due to the much larger agglomerate size and smaller
Pr,<200 nm/Pr,>200 nm ratio initially in the TiC compared to TiCm,
the shrinking of the agglomerates during sintering dominates the
shrinking of the compact. This leads to an overall larger �r for TiC
than TiCm (�r = 73% for TiC and 53% for TiCm for 10 h at 1500 ◦C).

Although in the literature reduction of the agglomerate size of
nanometric powders is known to increase their densification (and
so sintering kinetics) [17,15], such is not seen in the data presented
here. Nevertheless, sintering is not complete in either case, so if
higher temperatures would be used, TiCm should reach faster full

density, due to the smaller agglomerate sizes. However, if the intro-
duction of Zr in the case of TiCm, acts as a dopant that hinders
the sintering, this could help explain the obtained lower densities,
but no studies on Zr doped TiC could be found in the literature.

iCm, for 2 h and with the same heat treatment (b). GSEM is 738 ± 254 nm for TiC and
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Fig. 9. Dilatometry of TiC, TiCm, 50Gr, 50CB and 75CNTb up to 1500 ◦C.

n the intermediate stages, the network of large pores (once inter-
gglomerate pores) could hinder the sintering as soon as they are
ormed, which happens sooner for TiCm than TiC, thus explaining
he results obtained.

Complementarily, in the dilatometry represented in Fig. 9 both
iC and TiCm seem to start sintering at the same temperatures, of
bout 1100 ◦C, although they reach different shrinkages. Further-
ore, TiC sinters continuously with no rate decrease while TiCm

hows some shrinkage before 1100 ◦C and rate changes around
200 and 1400 ◦C which is likely due to mass losses due to the
resence of ZrO2 milling contaminants [46].

.2.2. TiC-graphite composites
The 50 vol.% graphite-TiC composite (50Gr) SEM microstruc-

ures, as-produced and heat treated at 1500 ◦C for 10 h, can be seen
n Fig. 10a and b respectively. Comparing these microstructures, it
an be seen that the TiC has grown in particle size, but is not even
ear to the TiC or TiCm cases (Figs. 8a and b). Furthermore, GSEM was
etermined to be 85 ± 42 nm,  which is much smaller than the TiC
ases. Consequently, just from the SEM microstructures it is clear
hat TiC sintering is hindered to a large extent by the presence of
raphite.

Since the graphite SSA is small when compared to TiC (Table 1)
nd graphite particle sizes are not drastically affected during
illing, the main contribution to the SSA of 50Gr comes from the

iC. When heat treating the 50Gr, the �S/S0 values for 2 and 10 h
n Fig. 7, are both around −60%. This SSA reduction can only be
ue to the TiC sintering, since graphite particles are not expected
o sinter. Although reduced, the percolation of the TiC particles in
0Gr still exists in between the graphite particles, as can be seen

n the SEM microstructure of Fig. 10a. As a result TiC–TiC contacts
ill have a constrained sintering, which results in a reduced and

table over time �S/S0 when comparing with TiC or TiCm. In the
ame composite, the almost negligible ��/�0 (Fig. 5a) and shrink-
ge (Fig. 9) are due to the size of the graphite particles which are
round 2 orders of magnitude larger than the TiC, creating a very
table, non-sinterable skeleton for the microstructure.

The Pr,>200 nm of 50Gr before heat treatment is low (Fig. 6) which

hows that the mixing was quite successful since there is a good
lling of TiC in the big pores created by the graphite micrometric
articles. Otherwise, one would expect a large Pr,>200 nm from the
raphite micrometric size. Even though �S/S0 values don’t change
eramic Society 37 (2017) 3899–3908

much, from 2 to 10 h (Fig. 7), the Pr,<200 nm/Pr,>200 nm is reducing
for these times, showing that sintering still exists where the TiC
particles percolate.

The �PS/PS,0 values in Fig. 5b is positive for 2 h, indicating that
stage 2 of the proposed model is on-going and stage 3 is starting for
the 10 h value, due to the reduction of both �PS/PS,0 and Pr,<200 nm.

3.2.3. TiC-carbon black composites
Fig. 10b and d shows respectively the microstructures of the

50CB before and after heat treatment at 1500 ◦C – 10 h, where
barely any change in particle sizes is seen. This shows that CB is
very effective hindering the sintering of TiC. Due to their similar
size and when homogeneously mixed, CB reduces the TiC coordi-
nation number significantly which hinders its sintering. In these
microstructures, the CB is not easily distinguished from the TiC
particles, but it was  still possible to determine the GSEM for 10 h
of sintering – showing 58 ± 29 nm.

Due to the CB effect and its nanometric nature, high Pr,<200 nm
values on the 50CB are kept after the 1500 ◦C heat treatments, as
seen in Fig. 6, where the PS is not changing much with the heat
treatments (Fig. 5b). For the 50CB composites it is likely that phase
1 of the proposed model has just passed, where neck formation
happened where possible and particle growth is hindered by the
CB and sintering stagnates at phase 2.

50CB presents the lowest �S/S0 – a very sensitive parameter
to the sintering of TiC - of all composites (Fig. 7). It also presents
very stable �r values in Fig. 6 and small ��/�0 in Fig. 5a. Curiously,
the dilatometry of 50CB in Fig. 9 shows small shrinkages close to
the values of TiCm. Both, at around 1400 ◦C, present changes in the
shrinkage rate: in the case of TiCm the shrinkage rate is increasing
while for 50CB it is decreasing (effect of the carbon black addition).

3.2.4. TiC-MWCNT composites
From the MWCNT composites, only 75CNTb will be discussed

here, where in the others the milling had a detrimental effect on
the MWCNT, as was discussed in Section 3.1. Further results on
the 25, 50 and 75CNT can be found in the supplementary materials
A.1.2.

When comparing the ��/�0 of 75CNTb in Fig. 5 with the other
nanocomposites it is noticeable that 75CNTb presents the highest
density variation, up to 28%. Although these ��/�0 are high, they
are likely related with the relatively high mass losses of 75CNTb
(Table 2) which can easily collapse the very porous structure of
the composite (�r = 31% for 75CNTb, Fig. 6). Although these density
differences are quite high in absolute terms (Fig. 5a), �r values at
10 h of heat treatment are still the lowest of all the composites (37%
at 10 h). In the dilatometry of 75CNTb in Fig. 9 its shrinkage is as
high as TiC, which is not due to TiC sintering but the mass losses.

Even though there are large ��/�0 values, looking at the
microstructures of 75CNTb before and after 1500 ◦C – 10 h (Figs. 3c
and d, respectively) there is barely any sintering happening, were
TiC sizes at 10 h are GSEM = 62 ± 26 nm (Table 2). Furthermore, the
pore structure of the 75CNTb is dominated by Pr,<200 nm in all stages
where very small �PS/PS,0 values (Fig. 5b) are verified as well,
where both come from the MWCNT effect on the microstructure.

Relatively to the SSA, the 75CNTb composites have the highest
absolute values both before and after heat treatments, 49.8 m2 g−1

before and 23.6 m2 g−1 after – Table 2, with similar �S/S0 to 50CB
(Fig. 7).

It  is relevant to mention that in the case of the MWCNT compos-
ites, for the volume calculations the bulk density of MWCNT was

used (Table 1), which is much smaller than graphite and carbon
black densities. If calculated in mass, the 50Gr and 50CB, the car-
bon percentages initially added are were around 30 wt.%, while for
75CNTb it was  only 8.4 wt.%. Thus, with small quantities of MWCNT
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ig. 10. SEM microstructures of 50Gr before (a) and after (b) heat treatment at 150
0CB  after 1500 ◦C – 10 h, GSEM is 85 ± 42 nm and 58 ± 29 nm,  respectively.

when not co-milled), the sintering of TiC is very efficiently hin-
ered.

. Conclusions

Even though TiC-C composites are present in the literature, their
haracteristics are not suited for the application as ISOL target
aterials for the production of isotopes by high energy particle

ombardment. A new processing route had to be developed in order
o stabilize nanometric TiC under high temperatures.

TiC as supplied (48 nm)  sinters at 1500 ◦C to grain sizes of
38 ± 254 nm.  When milled for 2 h TiC sintering was  hindered,
here at 1500 ◦C the TiC the grain sizes were about 314 ± 108 nm.

n any case, even with the latter result (milling TiC) nanometric TiC
ould not be maintained at 1500 ◦C, so carbon addition was  inves-
igated to maintain a nanometric structure at high temperatures.

A successful processing route was created to produce three dif-
erent TiC – Carbon nanocomposites: TiC – Carbon Black, TiC –
raphite and TiC – multi wall carbon nanotubes (MWCNT). Attri-

ion milling was used to co-mill the nanocomposites in isopropanol,
xcept for the TiC-MWCNT composite where MWCNT were added
ater to the TiC, to avoid destruction of the MWCNT. The obtained
omposites were heat treated at 1500 ◦C for 2 and 10 h to assess TiC
intering hindering.

All 3 different carbon allotropes used, successfully hindered the
intering of nanometric TiC where the best stability was  in the TiC-
WCNT, followed by TiC-carbon black and finally TiC-graphite. At

500 ◦C for 10 h TiC-MWCNT showed TiC particles of 62 ± 26 nm,
nd 37% density, with only 8.4 wt.% C addition to TiC. Where in
he others, with around 30 wt.% of C addition to TiC, after the same
eat treatment conditions, grain sizes of 58 ± 29 nm and 85 ± 42 nm
ith densities around 50% were obtained for TiC-carbon black and

iC-graphite composites, respectively.
In the current tests we aimed for stability of nanometric TiC at
500 ◦C. Since for the application in sight can benefit from higher
emperatures (such as 1800 ◦C) to bring faster isotope releases,
hese nanocomposites were tested at higher temperatures and pre-
ented in another publication [46]. Furthermore, the zirconium
or 10 h and of 50CB before (c) and after (d) the same heat treatment. For 50Gr and

oxide and consequent carbide formation, with the respective mass
losses need to be studied in detail to ascertain its impact on the
nanocomposites and phase stability, a key factor for production of
stable and high intensity radioactive ion beams in practice.
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