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Abstract

The influence of mechanical activation by ball milling (BM) of Ti, B and graphite powders mixture on the synthesis of dense B4C-41%
vol. TiB, composite by Spark Plasma Sintering (SPS) is investigated. BM treatment produces grains size refinement (50-150 nm) in the
processing powders and the formation of TiB and TiB,, when milling times are longer than 6 h.

The synthesis process occurs through a solid-state diffusion mechanism where the first crystalline phase formed is TiB, which is
gradually converted to TiB,, while the formation of B4C takes place subsequently. The complete conversion of unmilled reactants is
reached at about 1500 °C, while this goal is achieved at 1100 °C when using 3 h milled powders. A near to fully dense product with fine
grained microstructure (down to submicrometer level) and homogeneous phases distribution is obtained by SPS when starting from 8 h
milled powders, if the applied current intensity does not overcome 1150 A.

© 2012 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Due to the combination of its remarkable hardness, high
melting temperature, low density, wear resistance, chemical
stability, neutron absorption capability, etc., boron carbide
is a very attractive material in several innovative and
traditional industrial fields, particularly for neutron
absorption, armor, thermoelectric and cutting tools appli-
cations [1]. In spite of these interesting properties, the
diffusion of this ceramic is hindered due to its intrinsic
brittleness and the difficulties encountered when sintering
the corresponding powders for the fabrication of massive
bodies.

Therefore, a considerable effort has been devoted in the
last two decades to the improvement of B4C sintering
behavior and mechanical properties. In this context, the
introduction of appropriate amounts of a suitable reinforcing
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phase, particularly TiB,, to the B4C matrix is well known to
produce a useful contribution to overcome both drawbacks
mentioned above [1].

Thus, several bulk ceramic composites in the B4C-TiB,
system have been investigated by various researchers using
different fabricating routes [2-21].

So far, the majority of the investigations took advantage
of the conventional pressureless (PLS) [2,5,8,9,12,14,15] or
hot-pressing (HP) [3,4,6,10,11,18] techniques, although
alternative approaches, such as high-pressure sintering
[7], hot-isostatic pressing (HIP) [5], crucibleless zone
melting method [16], plasma pressure compaction (P*C)
[13], and pulsed electric current sintering (PECS) [17,19—
21] have been also adopted.

Regardless the sintering method utilized, the obtainment of
bulk B4C-TiB, composites has been addressed either starting
directly from the previously synthesized ceramic constituents
in powder form [2,4-7,12-16,21] or after accomplishing the
reaction synthesis and densification in a single step using
appropriate reaction promoters [3,8,9,11,17-20].
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Most of the reactive sintering methods make use of B4C
and TiO, (with or without additional C) reactants
[8,9,11,18-20] according to the general synthesis reaction
(1+x)B4,C+ 2xTiO,+3xC—» B4,C+ 2xTiB,+4xCO.
Alternatively, B4C and TiC (B4C+2TiC — 2TiB,+3C)
[3] or elemental titanium, boron and carbon black
(Ti+10B+2C — 2B4C+TiB,) [17] are also used as
powder reagents.

Due to the covalent nature of boron carbide and
titanium diboride bonds, temperature levels equal or above
2100 °C are required for achieving adequate densification
levels during pressureless sintering of B4C/TiB, composites
[2,8,9,12,14,15]. On the other hand, relatively milder
temperature conditions are needed when an external
pressure is simultaneously applied, as for the case of
conventional HP [6,10,11,18] or PECS [17,19-21] methods.
The latter one, often indicated as Spark Plasma Sintering
(SPS), is a relatively novel technology where the powders
and the die containing them are crossed by a pulsed electric
current and simultaneously subjected to a mechanical
pressure [22]. It is well established that heating processes
are strongly accelerated during SPS in contrast with the
relatively long processing times (typically on the order of
hours) encountered in conventional HP, where the energy
required for sintering is provided by an external heating
source. Furthermore, in comparison to HP, the higher
heating rates and shorter dwell times obtained using SPS
typically lead to materials with relatively finer microstruc-
ture, as a consequence of the more favorable sintering
conditions which avoid excessive grain growth.

Along this direction, a positive contribution for promot-
ing sintering phenomena and obtaining bulk B,C-TiB,
composite with homogeneous and fine microstructure was
demonstrated to be provided by a mechanical treatment of
the starting powders to be either only sintered [6] or
simultaneously reacted and sintered [17]. In particular,
B4C-23% vol TiB, composite products with relative
density higher than 95% were obtained by SPS at
1700 °C after 5min holding time when using 16 h co-
milled Ti, B, and C black powders [17]. In this study, the
significant amount of WC detected in milled powders due
to contamination from milling media was reported to lead
to the presence of (Ti,W)B; in sintered samples.

In the present work, the fabrication of dense B,C-41%
vol TiB, composite by Reaction induced Spark Plasma
Sintering (RSPS) starting from titanium, amorphous
boron and graphite is addressed for the first time. Speci-
fically, the effect of ball milling on the characteristics of
powder reactants, SPS process behavior, reactants conver-
sion, product relative density and microstructure is system-
atically investigated.

2. Experimental
Titanium (99.5% purity, particle size < 125 pm, Merck),

amorphous boron (95-97% purity, particle size <9 pum,
Aldrich), and graphite (particle size <20 um, Aldrich)

were used as raw materials. The relative content of each
component in the mixture was calculated according to the
following reaction:

Ti+6B+C— BsC+TiB, (1)

Correspondingly, the reaction product consists of the
TiB,-59% vol B4C composite, whose theoretical density
(3.33 g/em?®) was determined on the basis of a rule of
mixture [23] which accounts for B4C and TiB, densities, i.e.
2.5 and 4.5 g/em® [24], respectively.

Mechanical activation of the starting mixture was
carried out by co-milling reactants in a SPEX 8000 shaker
mill (SPEX CertiPrep, USA) under Argon atmosphere,
using stainless steel jars (65.8 cm® internal volume) and 4
stainless steel balls (10 mm diameter, 8 g weight). Milling
runs included repeated cycles of 1 h of milling followed by
1 h cooling. The effect of milling time was investigated in
the range 0—12 h while the ball to powder weight or charge
ratio (CR) was maintained constant to 8.

Contamination of iron from milling media to processing
powders was evaluated by means of ICP-OES (VISTA
MPX-VARIAN).

Reactive sintering experiments were performed under
vacuum conditions (20 Pa) using an SPS 515S model
equipment (Sumitomo Coal Mining Co. Ltd, Japan). The
adopted pulse cycle consisted of 12 pulses on and 2 pulses
off, for a total pulse cycle duration equal to 46.2 ms, with
characteristic time of single pulse equal to about 3.3 ms.

About 2.5 g of powder mixture was poured inside a
cylindrical graphite die (outside diameter, 30 mm, inside
diameter, 15 mm, height, 30 mm). To protect the dies/
plungers and make sample release easier after sintering, a
graphite foil (0.13 mm thick, Alfa Aesar, Karlsuhe, Ger-
many) was inserted between the internal surface of the die
and the sample as well as between its top/bottom surface
and the plungers. Heat losses by thermal radiation were
limited by covering the die with a 2 mm thick layer of
graphite felt (Atal s.r.l., Italy).

The SPS apparatus was used under current controlled
mode, by increasing at a constant rate the integral mean
electric current up to a maximum value in the range of
1100-1200 A during a time interval of 5 min () and then
maintaining this current level (I) for additional 5 min (zp).
Nevertheless, the current application was interrupted at
various time intervals ¢; < ¢7=10 min when investigating
the mechanism of formation of the B4C-TiB, composite
during reactive sintering. The mechanical pressure in all
SPS experiments was held constant to 20 MPa.

Temperatures, applied current, voltage, and vertical
displacement of the lower eclectrode (0) were recorded in
the real time. In particular, the measured displacement
provides an indication of powder compact densification,
although thermal expansion of the samples, electrodes,
graphite blocks, spacers and plungers also contributes to
this parameter [25].

Temperature measurements were carried out using a
C-type thermocouple (Omega Engineering Inc., USA),
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inserted in a small hole drilled on the lateral surface of the
graphite die, as well as by means of a two-color pyrometer
(Ircon Mirage OR 15-990, USA).

Samples density were measured by geometric and
Archimedes method, using distilled water as a wetting
liquid. For the sake of reproducibility, each experiment
was repeated at least twice.

Phase identification of powders and sintered samples
was carried out by XRD using a Philips PW 1830 X-rays
diffractometer equipped with a Ni filtered Cu K, radiation
(A=1.5405 A). Crystallite size of selected powdered sam-
ples was estimated by means of the Williamson and Hall
method [26] from the line broadening of XRD peaks,
where the two contributions to diffraction lines broad-
ening, namely, the refinement of crystallite size and the
internal strain, are both accounted for.

The microstructure and local phase composition of
powders and bulk products were investigated by SEM
(mod. S4000, Hitachi, Japan) and EDS analysis (Kevex
Sigma 32 Probe, Noran Instruments, USA), respectively.

3. Results and discussion
3.1. Mechanical milling of reactants

The XRD patterns of the powder mixture as a function
of the milling time at CR =8 are reported in Fig. 1. All the
major peaks appearing in the XRD spectra of unmilled
powders correspond to Ti and C, although the presence of
some crystalline boron in the commercial amorphous
boron used in the present investigation is evidenced by
the small peaks observed in the 15°-25° 260 range. This
feature is also revealed in similar studies recently reported
in the literature where the same type of boron was
employed as reactant [17]. It is seen from Fig. 1 that the
original sharp graphite peak is significantly reduced after
only 1 h milling and finally disappears in the XRD spectra
relative to 3 h milled powders. Based on the results
reported in the literature relatively to B—C and Ti-C
binary systems [27-32], different explanations are possible
to justify graphite peak disappearance by milling. For
instance, the occurrence of such feature in Ti—C mixtures
was ascribed to the localization of graphite within sand-
wiched Ti layers or in Ti grain boundaries, that makes C
detection difficult, also because of the large differences in
Ti and C mass absorption coefficients [27,28]. On the other
hand, this outcome was also assigned to graphite amor-
phization phenomena [31]. More recently, the formation of
transitional bonding states between C and Ti atoms was
also postulated [32]. Moreover, the absence of graphite
peaks after 2 h milling of B—C mixtures was considered a
consequence of the dissolution of C atoms into B lattice to
form supersaturated solid solutions [29].

Since no shift of Ti peaks position was observed in our
study, that is on the other hand evidenced when solid
solutions are formed after 1h milling in Ti-C and Ti-B
mixtures [30], the latter phenomena may be excluded

o Ti o cubic TiB
mC x H3803 .TiB2

Intensity (a.u.)

>~ %
o

45 55 65 75
Diffraction angle, 20 (degree)

Fig. 1. XRD patterns of Ti—B-C powders as a function of the milling time
(CR=23): (a) unmilled, (b) t,,=1h, (c) t3,=3h, (d) t,,=6h, (e) tp,=7h, (f)
tyy=38h and (g) 1),=12h.

among the possible causes for graphite disappearance in
the XRD patterns shown in Fig. 1. Thus, graphite
amorphization and/or C entrapping between Ti grain
boundaries are the most likely motivations which are able
to justify the experimental observation above.

Although the mechanical treatment is performed under
Ar environment, the formation of H;BOj5 (boric acid) after
1 h milling is evidenced by the small peak appearing in the
XRD pattern, and is possibly caused by moisture adsorbed
on the particle surface.

The main change observed in Fig. 1 in the 3 h-6 h milling
time range relates to Ti peaks broadening, as a result of
grain size refinement and internal strain increase. In
particular, the Williamson-Hall method provides an aver-
age grain size for Ti of about 250 nm when powders are
milled for 6 h. Moreover, this milling time interval also
corresponds to the presence of cubic TiB as the first new
phase evidenced by XRD, as well as H3;BO; peak
disappearance.

The incipient formation of one of the two constituent
phases of the final composite, namely TiB,, was observed
after 7 h milling treatment at CR=8 and is accompanied
by a relative increase of the amount of Ti monoboride. As
the milling time is augmented to 12 h, the peaks intensities
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Fig. 2. SEM images of (a) unmilled; (b) 3 h milled and (c) 8 h milled
(Ti+6B+C) powders.

of these two boride phases progressively increase, while Ti
content correspondingly decreases. Moreover, the indica-
tion of marked crystallite refinement and internal strain
increase is provided by the significant peaks broadening of
reactants and products formed during milling. Unfortu-
nately, the use of the Williamson-Hall formula for estimat-
ing crystallites size evolution during milling is not
appropriate for time intervals longer than 6 h due to the
overlap of the various peaks in XRD spectra (cf. Fig. 1).

Changes in powders characteristics during the milling
treatment was also investigated by SEM. Figs. 2(a)—(c)

show three secondary electron images relative to unmilled,
3 h milled and 8 h milled powders, respectively. Specifi-
cally, our analysis was mainly focused on Ti particles,
whose size, as mentioned in the Experimental section, was
originally larger as compared to B and graphite reactants.
It is clearly seen that, the unmilled Ti particles, about
10 um sized (cf. Fig. 2a), are progressively converted into
agglomerated consisting of fine grains with sizes falling in
the nanometer range (50-150 nm) for milling time of 8§ h
(cf. Fig. 2¢). These values are consistent to the grains size
estimate (about 250 nm) obtained by means of the Wil-
liamson and Hall method when considering 6h milled
powders.

Iron contamination during ball milling was retained at
sufficiently low levels, ie. 0.30+0.3wt.% and
0.51 + 0.3 wt%, for the case of 3 h and 8 h milled samples,
respectively.

The contamination from Fe, WC and other metals
(about 2 wt%) was observed during milling of B4C and
TiB, powders using WC based milling media [10]. As
mentioned in the introduction, WC contamination was
also evidenced by XRD in the literature [17], where the
milling of Ti, B and C powders was investigated. Both
studies reported that (Ti, M)B, solid solutions (M =W, Fe,
etc.) were formed during the subsequent sintering step. In
this regard, no evidence of similar phases was found in the
present work, likely due to the relatively low contamina-
tion level obtained.

3.2. Reactive spark plasma sintering
3.2.1. Unmilled powders

3.2.1.1. Effect of sintering time. Simply blended Ti, B
and graphite powders combined in stoichiometric propor-
tions according to reaction (1) were first considered. The
sample displacement (shrinkage) and temperature time
profiles measured during the synthesis and simultaneous
consolidation process when /=1100 A and P=20 MPa are
shown in Fig. 3 for the case of unmilled powders.

No significant changes in the é parameter are observed
for time intervals shorter than 225 s which correspond to
temperature levels lower than about 1040 °C. Subse-
quently, a gradual increase of sample shrinkage up to
about 0.3 mm takes place between 225 and 250 s, while it
remains approximately constant until a temperature of
about 1370 °C is achieved (290 s). Afterwards, & progres-
sively increases until its maximum value of about 2.3 mm is
reached at the end of the experiment (600 s), when the
measured temperature was about 1710 °C.

The mechanism of formation and the densification
behavior of the B4C-TiB, composite during the reactive
SPS process was then investigated under the same electric
current intensity (/=1100 A) and applied pressure (P=20
MPa), for different time intervals ranging from 7,=0
(starting powders) to #,=600 s (final product), as indicated
in Fig. 3.
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Fig. 3. Sample displacement- and temperature-time profiles during
reactive SPS (I=1100 A, P=20 MPa) for the case of unmilled powder.

The compositional changes of the Ti—-B—C system for the
case of unmilled powders may be then seen in Fig. 4, where
the XRD patterns of the corresponding products are
reported. The incipient formation of TiB, is observed after
approximately ;=180 s when the recorded temperature is
about 870 °C, while only reactants were found for the case
of shorter time intervals. Traces of the orthorhombic TiB
phase are also detected by XRD at ¢;. This outcome is
consistent with literature results, where the formation
during SPS of TiB and TiB, from a (Ti+ B) mixture was
reported to start above 700 °C [32]. It is expected that the
chemical interaction of Ti and B leads first to the forma-
tion of Ti monoboride (Ti+B— TiB) that is subsequently
converted to TiB, (TiB+B— TiB,).

As the sintering time is prolonged to #,=225s
(T=1040 °C), the intensity of TiB, peaks increases and
the presence of TiB in the product is confirmed, while the
height of Ti peaks remarkably decrease. It should be noted
that no melting phases are formed up to this stage, as
evidenced by the absence of displacement variation during
this time interval (cf. Fig. 3). Thus, consistently to the
relatively low temperature level achieved at this stage,
product formation takes place through a solid-state
mechanism. The rapid increase of the diboride phase
amount observed when #;=250s (T=1220 °C), is accom-
panied by the first evidence of B4C formation and the
corresponding decrease of graphite peak (B+4C— B4C).
This finding is in good agreement with previous literature
studies where the formation of boron carbide from
amorphous boron and carbon black was reported to occur
at about 1200 °C during SPS [33].

No additional phases are apparently formed in the time
interval #;3-7; (250-290 s), although Ti peaks drop out and

eTiB, oTi mC
v B,C 4 orthorhombic TiB
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Fig. 4. XRD patterns of final products obtained by reactive SPS starting
from (Ti+6B+C) unmilled powders for different values of the time
interval (cf. Fig. 3) during which the pulsed electric current is applied
(I=1100 A, P=20 MPa).

graphite content markedly decreases, as an indication of
the progress of synthesis reactions. As the sample tem-
perature approaches the value of about 1570 °C
(t5=320s), TiB, and B4C are basically the only significant
phases detected in the obtained product, while both
residual graphite and TiB tend to disappear from XRD
spectra. Therefore, the synthesis reaction can be considered
completed at about 1600 °C, since only slight differences in
product composition are evidenced by XRD, as the current
application is prolonged to #,.

Other than producing the desired composition of the
ceramic composite, the further important goal is the
achievement of highly dense products. Thus, the influence
of the time interval during which the pulsed current
(I=1100 A) is applied on the SPSed sample density was
also correspondingly monitored. As reported in Fig. 5, the
densification behavior is qualitatively similar to that of the
displacement output (cf. Fig. 3), thus indicating that the
contribution from thermal expansion in not relevant in this
case. This consideration holds also true when examining
the milled systems taken into account in next sections. It is
confirmed that sample densification becomes significant
only for sintering times longer than ¢, and temperatures
higher than 1370 °C, i.e. when the reactants are almost
completely converted to the desired ceramic phases. Thus,
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Fig. 5. Density of final products obtained by reactive SPS starting from
unmilled (Ti+6B+C) powders for different values of the time interval
during which the pulsed electric current is applied (/=1100 A,
P=20 MPa).

the refractory character of the TiB, and B4C formed makes
product densification difficult so that a rather porous
composite material (relative density of about 81.3%) is
obtained at the end of the experiment (#,=600s, T=1710 °
C) under the adopted current/temperature conditions.

3.2.1.2. Effect of current level In order to improve
product density, the influence of the pulsed electric current
intensity on the simultaneous synthesis and densification of
the TiB,—B4C composite was then investigated in the range
of 1100-1200 A, while mechanical pressure and sintering
time were maintained constant at 20 MPa and 10 min,
respectively. From the obtained results reported in Fig. 6
for both the unmilled and 8h milled systems, it can be seen
that higher current levels lead to significantly denser
composites. Specifically, a near to fully dense material
(97.5% relative density) is produced when the applied
current to sinter the unmilled powders is increased to
1200 A. Correspondingly, the maximum temperature
recorded was about 1820 °C.

This result was confirmed by SEM investigation. In this
regard, Figs. 7(a) and (b) show two back-scattered micro-
graphs relative to products obtained when /=1100 and
1200 A, respectively. The two TiB, (lighter) and B4C
(darker) phases synthesized during reactive sintering are
easily distinguishable. It is also clearly seen that the
residual porosity present in the sample sintered at the
lower current level is markedly reduced when increasing its
intensity to 1200 A.

This outcome can be readily justified on the basis of the
increased electrical power supplied to the system undergoing
sintering when the intensity of the applied current is
augmented. Indeed, the correspondingly higher temperature
levels and heating rates achieved by Joule effect promote
sintering phenomena among powders, thus improving
sample densification. The XRD analyses of SPSed samples
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Fig. 6. Effect of applied electric current on the relative density of final
products obtained by reactive SPS starting from unmilled and 8h ball
milled (Ti+6B+C) powders (P=20 MPa, ¢t7=10 min).

Fig. 7. SEM micrographs of final products obtained by reactive SPS
starting from unmilled (Ti+6B+C) powders (P=20 MPa, t7=10 min):
(a) I=1100 A, (b) I=1200 A.
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as a function of the applied current, not shown here for the
sake of brevity, do not exhibit noteworthy changes in
product composition, while TiB, and B4C peaks become
more intense and narrow. This fact can be associated to the
grain growth favored by the higher sintering temperature
reached when the current intensity is increased.

3.2.2. Milled powders

3.2.2.1. Effect of the sintering time

After the optimal sintering conditions for obtaining the
near fully dense B4C-TiB, composite from as-received
powders have been identified, the effect of the milling
treatment on the SPS process dynamics, reactants conver-
sion, relative density, and product microstructure is sys-
tematically investigated, as reported in what follows. In
particular, the results obtained for the case of (Ti+ 6B+ C)
powders co-milled for 3 and 8 h at CR =8 will be analyzed
in detail. For the sake of comparison, the milled powders
were first processed in the SPS apparatus under the same
operating conditions (/=1100 A, P=20 MPa) adopted in
the previous section relatively to unmilled powders.

The sample shrinkage profile recorded during the reac-
tive SPS process of 3 h co-milled powders is reported in
Fig. 8. With respect to the sintering of unmilled powders
(cf. Fig. 3), it was found that milling did not give rise to a
significant variation of the obtained temperature profiles,
so that the corresponding plot is not shown in this case. On
the other hand, some differences are displayed by the
displacement behavior.

The evolution of product composition and density
during the reacting sintering process of milled powders
was then monitored by following the same strategy
adopted for as received powders. Thus, a series of speci-
mens to be characterized from the compositional and
density points of view are produced by interrupting the
application of the electric current at the different time
intervals ¢; in the range of 0—10 min, as indicated in Fig. 8.
The corresponding XRD patterns are reported in Fig. 9.
As described in section 3.1, the XRD analysis of 3 h co-
milled powders did not reveal any additional phase formed
during the mechanical treatment, with the only exception
of a small peak of H3BOj;, due to the moisture/oxygen
present in original boron powders.

The increase of about 0.3 mm in the sample displace-
ment occurring after about 50 s from the application of the
current does not correspond to the appearance of new
phases in the products undergoing sintering. However, a
slight gas evolution took place during this time interval, as
manifested by the corresponding increase of the gas
pressure inside the SPS chamber. Based on this feature,
the change in sample shrinkage is likely associated to
H3;BO; vaporization, as confirmed by the related peak
decrease in the XRD performed when ¢;,=100s (320 °C).
As the experiment proceeds thus reaching about 620 °C
(t,=140s), cubic TiB was also detected as a new phase in
the XRD spectra. However, Ti peaks appear broaden and

5

Displacement, 8 (mm)

0 100 200 300 400 500 600
Time (s)

Fig. 8. Sample displacement-time profiles during reactive SPS (/=1100 A,
P=20 MPa) for the case of 3 h ball milled (Ti+6B+C) powders.

left-shifted in their position as a consequence of boron
diffusion within Ti structure to form a Ti—B solid solution.
Thus, in comparison with the case of unmilled powders,
the appearance of TiB during reactive sintering seems to be
slightly anticipated as a consequence of the milling treat-
ment. On the other hand, similarly to the behavior
displayed by as received reactants, the first evidence of
the TiB, formation was found when T is equal to about
800 °C (#3=170s). Moreover, while the presence of TiB is
partially hidden by Ti peaks broadening, another phase,
that seems to correspond to an unknown species found
during a recent investigation involving the reactive sinter-
ing of B4C-23 vol% TiB, [17], is also evidenced in the
XRD pattern (20 of about 37.5°). Product composition
changes significantly only 20 s later (£,=190 s), when the
measured temperature is about 890 °C. Indeed, TiB,
becomes the main phase in the product, while the intensity
of Ti peaks strongly decreases and small amounts of TiB
(cubic and orthorhombic structures) are also found along
with some traces of the unidentified phase. It should be
noted that the latter one behaves like an intermediate
phase since it tends to disappear, as well as the residual Ti,
when #5=200s (T=930 °C). Orthorhombic and cubic TiB
(minor amounts) are still detected in the product. How-
ever, as the temperature level was increased to about
1000 °C (z5=210s), they are completely converted to
TiB,, which is the only crystalline phase revealed by
XRD at this stage. It is clearly seen that the chemical
transformations taking place during the time interval ¢; — t4
do not correspond to any change in the 6 parameter.
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Fig. 9. XRD patterns of final products obtained by reactive SPS starting
from 3 h ball milled (Ti+6B+C) powders for different values of the time
interval (cf. Fig. 8) during which the pulsed electric current is applied
(I=1100 A, P=20 MPa).

As the SPS process proceeds up to #,=230s and the
corresponding measured temperature is of about 1100 °C,
the XRD analysis evidences the occurrence of B4C forma-
tion. This event is accompanied by a small increase in the
sample displacement (cf. Fig. 8). Finally, no changes from
the compositional point of view are found until the end of
the sintering experiment (£,=600s). On the basis of the
obtained results, the reaction for the synthesis of B4C-TiB,
composite goes to completion at lower temperature levels
when starting from 3 h milled powders (< 1100 °C) as
compared to the case of as-received reactants (about
1600 °C). This is an unequivocal indication of the impor-
tance of interface formation between reactants induced by
ball milling to promote diffusion phenomena, and conse-
quent chemical transformations, during reactive SPS.

As far as the densification behavior is concerned, at the
time interval when the reaction can be considered com-
pleted (about 230 s), it is found that the obtained material
is still extremely porous, being its relative density slightly
above 60%. Thus, higher temperatures and prolonged
sintering times are required to achieve adequate densifica-
tion levels. Specifically, a 97% dense composite material is

produced at the end of the SPS process. This is an
important achievement, which demonstrates the marked
effect of the 3h milling treatment to improve powders
densification, as compared to the best result obtained
under the same sintering conditions while processing
simply blended reactants (cf. Fig. 5).

A back-scattered SEM image of the fully dense specimen
produced when using 3h milled powders is reported in
Fig. 10. Sample microstructure appears in this case
significantly different from that found for unmilled pow-
ders (cf. Fig. 7).

A significant TiB, grain size refinement is evidenced in
Fig. 10 in comparison with the situation displayed in
Fig. 7(b) relatively to unmilled powders, thus manifesting
an important effect of the milling treatment on the
microstructural characteristics of the bulk composite
material. However, a rather wide grains size distribution
is obtained and the produced TiB, (lighter) and B4C
(darker) phases are not homogeneously dispersed through-
out the sample. This fact is likely ascribed to the hetero-
geneous nature of the ball milling treatment, which may
provide, unless prolonged milling times are adopted,
powders to be sintered with different characteristics (grain
size, reactivity, etc.).

Let us now consider the reactive sintering of 8 h milled
powders. The sample displacement temporal changes
correspondingly recorded when the applied current was
equal to 1100 A are shown in Fig. 11. Also in this case, the
temperature time profile is not reported here since it
provides similar values to that recorded when as-received
powders were processed under the same SPS conditions
(cf. Fig. 3).

Differently from the unmilled and 3 h milled systems
examined previously, Fig. 11 indicates that the 8h milled
sample shrinkage is almost exclusively confined to the
sintering time interval of 220-340 s, corresponding to a
temperature range of about 1000-1600 °C. Thus, as com-
pared to less severely milled powders, displacement

Fig. 10. SEM micrograph (2500x) of the end product obtained by reactive
SPS starting from (Ti+6B+C) 3h milled powders (I=1100 A, P=20
MPa, t7=10 min).
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Fig. 11. Sample displacement-time profiles during reactive SPS (/=1100
A, P=20 MPa) for the case of 8 h co-milled powders.

changes take place at a relatively higher rate and the final
value of & (about 2.3 mm) is reached sooner.

The evolution of chemical composition during the
synthesis process is shown in Fig. 12. In this case, the
powders undergoing sintering (f#p=0s) initially contain
certain amounts of TiB, and TiB formed during milling.
No compositional transformations are evidenced by XRD
analysis at ;=80 s (290 °C). However, when the reactive
process was interrupted at #,=150s, although the corre-
sponding thermal levels are rather low (T=690 °C), a
significant conversion of Ti to TiB is observed, while the
TiB, content modestly increases. This outcome indicates
the improved reactivity of the powders mixture to induce B
diffusion into Ti matrix to form TiB (Ti+B—TiB) as a
consequence of the relatively intense mechanochemical
activation received. As the temperatures was increased to
about 860 °C (£3=180 s), the XRD analysis reveals a slight
TiB, increase at the expenses of TiB. Nevertheless, product
composition changes completely 30s later (£,=210s,
T=1000 °C), when the most relevant crystalline phase
detected in the sample is TiB, with only traces of TiB. It
should be noted that the significant peaks broadening of
the diboride phase indicates that the corresponding crystal-
lites are maintained relatively fine. Indeed, the application
of the Williamson-Hall method at this sintering stage
provides an average crystallite size of TiB, lower than
50 nm.

The synthesis of B4C was evidenced at about 1180 °C
(t5=240s), while the sample displacement shows only a
modest increase. A significant TiB, peaks narrowing is
correspondingly observed, thus denoting grain growth
occurrence. Nevertheless, an average crystallite size lower
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Fig. 12. XRD patterns of final products obtained by reactive SPS starting
from 8 h milled (Ti4+6B+C) powders for different values of the time
interval (cf. Fig. 11) during which the pulsed electric current is applied
(I=1100 A, P=20 MPa).

than 100 nm was estimated using the Williamson-Hall
formula. This holds also true as the sintering process
proceeds until the end of the experiment.

According to the sample displacement output reported
in Fig. 11, density measurements of SPSed products
obtained from the 8 h milled powders still evidence that
the most relevant powder consolidation follows reaction
completion. Indeed, while extremely porous samples are
obtained at the time interval when the original reactants
and intermediate phases are fully converted to TiB, and
B4C, material porosity is rapidly reduced as the tempera-
ture levels increase. However, despite of the plateau
observed in the displacement curve (cf. Fig. 11), the
complete densification of the composite product was not
achieved when applying this current level (1100 A), being
the maximum relative density obtained equal to
about 94.3%.

The data related to the influence of milling time on the
density of end-products obtained by reactive SPS under
the same sintering conditions, i.e. [I=1100 A, P=20 MPa,
tt=10 min, are summarized in Fig. 13. As milling time is
augmented, the density first increases significantly, reaches
a maximum when using 3 h milled powders, and then
gradually decreases. Such behavior is similar to that
observed when investigating the reactive sintering by SPS
of TiC-TiB, composites using mechanically activated Ti,
B4C, and C reactants [34] and can be justified as follows.
As milling process proceeds, powders size decreases and
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Fig. 13. Effect of milling time on the relative density of the bulk samples
obtained at the same SPS conditions (/=1100A, P=20 MPa, 7= 10 min).

interfacial formation between reactants is progressively
promoted. Both these features facilitate mass transport
by diffusion and, therefore, the occurrence of synthesis and
sintering phenomena. On the other hand, the refractory
nature of products formed during the mechanical treat-
ment, in particular TiB and TiB, in our system, may hinder
powder densification, thus leading to residual porosity in
final bulk products. This explanation is in agreement with
the XRD analysis results of the differently milled powders
reported in Fig. 1. Indeed, no product is formed after 3 h
milling while significant amounts of TiB and TiB, are
found when the treatment is prolonged to 8 h. Thus, a fully
dense product is obtained at 3 h milling time while this
condition is not satisfied when such treatment is pro-
longed. Consistently, the intermediate behavior displayed
by 6 h milled powders indicates that the incipient forma-
tion of ceramic products, i.e. TiB along with the other
possible minor refractory phases whose amounts are
present below the detection limit of XRD analysis, starts
to play a role in this regard.

Another possible reason to justify the observed densifica-
tion behavior relates to the tendency of nanocrystalline
particles to agglomerate, that is well known to negatively
affect powder densification [35-37]. Indeed, as seen in
Figs. 2(a)«(c), the milling treatment gives rise to the forma-
tion of large agglomerates of fine grains. Thus, it is likely that
for milling times longer than 3 h, such phenomenon may
hinder powder consolidation, thus contributing to explain the
relative density decreasing observed in Fig. 13.

3.2.2.2. Effect of current
Since prolonged milling treatments are found to produce
relatively difficult-to-sinter powders, higher current levels

are required to improve SPSed product density. Thus,
analogously to the simply blended powders, the electric
current intensity was increased in the range of 1100-
1200 A, while maintaining constant the other sintering
conditions. The obtained data shown in Fig. 6 along with
the results related to the unmilled system indicate that the
application of 1150 A provides a product with relative
density higher than 96% while an almost 98% dense
sample is produced at 1200 A.

Fig. 14. SEM micrographs of final products obtained by reactive SPS
starting from 8 h ball milled (Ti+6B+C) powders (P=20 MPa, t7=10
min): (a) I=1100 A, (b) 7=1150 A and (c) 7=1200 A.
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The microstructures of corresponding composite materi-
als are compared in Figs. 14(a)—(c), where three SEM back
scattered images related to the different electric current
conditions are reported. A very homogeneous and fine
grained microstructure is obtained at 1100 A, if compared
to the results previously described and related to original
(cf. Fig. 7) or milder-milled (cf. Fig. 10) powders sintered
under the same current conditions. In particular, grains
size of both ceramic phases is on the order of 1 pm or less
(cf. see inset of Fig. 14(a)), thus indicating the beneficial
influence of the mechanical treatment to the obtainment of
massive fine-grained TiB,—B4C composites. Such accom-
plishment could be associated to the fact that ball milling
promotes an increase in the nucleation rate of product
phases as compared to the grain growth. Along this
direction, the prominent role is played by the combined
effect of reactants/products grain refinement, the interface
formation between reagents as well as the presence of the
TiB and TiB, phases formed during ball milling, that act as
crystallization seeds during the synthesis process by SPS.

As the applied current is augmented to 1150 A (cf.
Fig. 14(b)), a good homogeneity in phases distribution is
maintained while the grains size of TiB, and B4C are found
to increase only slightly (1-2 um) as compared to the case
displayed in Fig. 14(a).

On the other hand, a significantly coarser grained
microstructure is obtained when the 8 h milled powders
were sintered at 1200 A (cf. Fig. 14(c)) thus indicating that
the improvement of product densification at higher cur-
rents occurred in this case at the expenses of a marked
grain growth.

On the basis of the results described above, it is possible
to state that, when using 8 h milled elemental powders, the
most preferable current intensities to be adopted by
reactive SPS for obtaining a nearly full dense TiB,—B4C
composite with very fine and uniform microstructure are in
the range of 1100-1150 A, while higher values produce
excessive grain growth.

4. Concluding remarks

The combined effect of mechanical and electric current
activation on the simultaneous synthesis and densification
of B4C-TiB, composite was investigated. Specifically, Ti, B
and graphite powder reactants are first preliminarily co-
milled at different time intervals and then reactively
sintered using a SPS apparatus.

Sintering time and electric current level are found to
strongly affect the composition and density of the obtained
bulk material. In particular, when using unmilled powders,
a near fully dense composite (about 97% relative density),
only consisting of TiB, and B4C phases and characterized
by relatively coarse microstructure, was obtained under the
optimal SPS time (10 min total) and current level (1200 A).

The mechanical treatment of starting reactants was
found to promote grain size refinement (up to 50—
150 nm) and, for milling times longer than 6 h (CR=S8),

the formation of TiB and TiB,, while B,C was not detected
in the processing powders even when the more intense
milling conditions (12 h) were adopted.

Some insights on the mechanism of formation of the
ceramic composite are provided by analyzing the SPS
products resulting after the interruption of the synthesis
process at different time intervals. It was found that the
intermediate TiB compound is the first phase formed as a
consequence of Ti boriding. However, as the SPS holding
time is increased, the monoboride phase is gradually
converted to TiB, while the formation of B4C required
the achievement of higher temperature level.

The milling treatment was found to markedly affect the
conditions needed for the complete reactants conversion.
For instance, residual graphite and TiB are still found at
1430 °C when starting from unmilled powders, while only
the two desired phases are present in SPSed samples at
1100 °C when using 3 h or 8 h milled powders.

Furthermore, on the basis of the relatively low tempera-
ture levels recorded during the entire synthesis process, it is
possible to state that all transformations during reactive
SPS of the B4C-TiB, composite are governed by a solid-
state diffusion mechanism.

Product density obtained by SPS when I=1100 A was
observed to increase from about 82% to 97% of the
theoretical value, when the original powders were milled
for 3 h, while further increase of the milling time led to a
density decrease down to about 94.3% for the 8 h milled
system. On the other hand, the latter conditions also
correspond to the material with the finer microstructure
(on the order of 1 um or less) and homogeneous phase
distribution. An increase of the applied current intensity to
1150 A allows for the improvement of product density
(higher than 96%) at the expenses of a slight microstruc-
ture coarsening. Nevertheless, the improvement in product
densification when the current is further augmented is
accompanied by a remarkable grain growth of both
composite constituents.
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