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ABSTRACT

Al,05-60vol.% B4C composites with 0-5wt% SiC addition were consolidated by pulsed electric current
sintering (PECS) during 4 min at 1650 °C. The influence of the SiC additive on the densification behaviour,
microstructure and mechanical properties of the Al,03-B4C composites were investigated. Microstruc-
tural analysis revealed the presence of Al;gB4033 grains, formed by chemical reaction of Al,03 with
surface oxides on B4C, in agreement with thermodynamic calculations. The Al,05 grains were found to
coarsen from 0.22 wm in the starting powder up to about 0.60 wm during PECS, whereas the size of the
~0.6 wm B4C grains hardly changed. The Al,03; and B4C grain size slightly decreased upon SiC addition.
The addition of 3 or 5 wt% SiC hardly influenced the hardness and toughness of the Al,03-B4C composites,
whereas the strength and stiffness were reduced. The composite with 1 wt% SiC combined a hardness of
26 GPa, an E-modulus of 448 GPa, a bending strength of 600 MPa and a fracture toughness of 6.2 MPam'/2,
The influence of the loading condition and dwell time during PECS of the 5 wt% SiC doped composite was

assessed.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Monolithic alumina (Al,03) ceramics are used in many fields
due to the unique combination of strength, hardness, thermal
resistance and electrical insulation. However, the low fracture
toughness is limiting the application as structural component [1,2].
Boron carbide (B4C) exhibits many attractive properties such as
low density, high melting point and high hardness, which makes it
suitable for light-duty armour, high-temperature structural parts,
cutting tools, wear parts and thermo-mechanical applications.
Moreover, B4C has a good wear resistance and high-temperature
hardness compared to other carbides, which makes it suitable for
wear applications [3,4]. Full densification of undoped B4C however
is a challenge. Recent developments on B4,C-based composites are
focused on reducing the densification temperature either by using
sintering additives or the use of alternative sintering technolo-
gies to achieve higher fracture toughness and strength [5,6]. PECS
densification of B4C composites with TiC and Al,03 was reported
to be feasible at lower temperatures compared to hot pressing
[4,7]. Moreover, a small amount of Al,03 was found to improve
the relative density of B4C to a large extent and B4C composites
with 10 wt% Al,03 could be densified by PECS at 1900 °C for 2 min
[7]. TiB, addition to B4C has been reported to result in a higher
fracture toughness [6]. The addition of TiC, TiB,, WC or SiC parti-
cles in an Al,03 matrix improve the fracture toughness, hardness,
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and strength for cutting tool applications [8-12]. The mechani-
cal properties of Al,03 were successfully improved with addition
of 5-20vol.% of whisker like and shardlike shaped B4C particles
[13]. Moreover, small amounts of SiC were found to significantly
improve the strength of Al,03-based ceramics [11,12,14-19]. In
accordance with the scarce information on sintering and charac-
terization B4C-Al, 03 composites [20], no information is available
on the properties of SiC doped Al,03-B4C composites. It is well rec-
ognized that both microstructural refinement and full densification
of the final product are desirable in many powder based material
systems.

In the present study, the effect of small amounts of SiC addi-
tion on the densification behaviour, microstructure and mechanical
properties of Al,03-60vol.% B4C was investigated. The ceramic
composites were densified by pulsed electric current sintering
(PECS), also known as spark plasma sintering (SPS). This sintering
technique has the advantage of higher heating rates and shorter
dwell times in comparison with conventional hot pressing [21,22].
Higher densities, refined microstructures, clean grain boundaries
and elimination of surface impurities, as well as an overall improve-
ment in materials performance are reported for PECS densified
ceramics [22-24].

Since sintering is carried out in a closed graphite die/punch set-
up, some in situ generated gas or volatile phases might be trapped
inside the powder compact during sintering. Thin oxide layers, i.e.
B, 03 compounds, are always present on the surface of B4C starting
powders. Therefore, it is also important to investigate the influ-
ence of different PECS loading cycles on the densification and final
microstructure of the SiC doped Al,03-B4C composites.
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2. Experimental procedures

Commercially available B4C (Grade AS974, ESK, 0.6 um), a-Al,03 (TM-DAR,
Taimicron, 0.22 pm), and 3-SiC (grade HSC-059, Superior Graphite, USA, 0.7 wm)
powders were used as starting materials for the SiC doped Al,03-B4C composites.
Composites with 60 vol.% B4C and O wt% (AB60), 1 wt% (AB60S1), 3 wt% (AB60S3) and
5wt%(AB60S5) SiC additions were wet-mixed in ethanol on a multidirectional mixer
(Turbula T2A, WAB, Switzerland) using alumina-milling balls (¢ = 10 mm, grade AL9,
Cerlim, France) for 48 h. After mixing, the suspensions were dried on a rotating
evaporator at 65 °C and granulated through a 315 wm sieve.

The composite powders were pulsed electric current sintered (PECS, Type HP
D25/1, FCT Systeme, Rauenstein, Germany) under a maximum pressure of 80 MPa
in a 30 mm graphite die for 4 min at 1650 °C. The initial heating rate was 200 °C/min
up to 1050°C and 100°C/min up to 1650°C. The uniaxial pressure was gradually
increased from 8 to 40 MPa in the 400-1050 °C region and increased to 80 MPa dur-
ing the 0.5 min dwell period at 1050°C, as further indicated as thermal cycle TC1.
The PECS process is a rather fast sintering procedure but homogenization of the
temperature distribution is an important issue, especially when sintering electri-
cally insulating or poorly conductive materials. Therefore, a dwell period of 0.5 min
is incorporated at 1050 °C. Horizontal and vertical graphite foils were used to sepa-
rate the graphite die/punch set-up from the powder compact. To minimize the heat
loss by thermal radiation, a porous carbon felt (Sigratherm flexible carbon felt, SGC
carbon group, Wiesbaden, Germany) insulation was placed around the graphite die.
Details on the equipment, the die/punch set-up and temperature measurement are
provided elsewhere [25,26].

After PECS and sand-blasting, the cross-sectioned samples were polished up
to 1 wm diamond paste. The bulk density of the composites was measured by the
Archimedes method in ethanol. The microstructure was examined by scanning elec-
tron microscopy (SEM, XL30-FEG, FEI, Eindhoven, The Netherlands), equipped with
an energy dispersive analysis system (EDS, EDAX, Tilburg, The Netherlands) for com-
positional analysis. The average Al,03; and B4C grain size was determined from SEM
micrographs using Image-pro Plus software [27] to measure the linear intercept
length of at least 100 grains for each material grade. The Vickers hardness (HVs),
was measured (Model FV-700, Future-Tech Corp., Tokyo, Japan) with an indenta-
tion load of 49.05 N. The fracture toughness, Kic, was calculated from the length of
the cracks of the Vickers indentations according to the formula of Shetty et al. [28]
and Niihara [29]. X-ray diffraction (XRD) patterns were recorded on a Seifert 3003
T/T, X-ray diffractometer using Cu Ko radiation. The elastic modulus of the ceramics
was measured according to the resonance frequency method, as measured by the
impulse excitation technique (Model Grindo-Sonic, J.W. Lemmens N.V., Leuven, Bel-
gium). The sample surfaces for E-modulus and strength testing were ground with
a diamond grinding wheel (type D46SW-50-X2, Technodiamant, The Netherlands)
on a Jung grinding machine (JF415DS, Goppingen, Germany). The 3-point flexu-
ral strength was measured on rectangular samples (25 mm x 3 mm x 2 mm), with a
span length of 20 mm and a cross-head displacement of 0.1 mm/min.

3. Results and discussion
3.1. Densification behaviour

The in situ shrinkage curves of the Al,03-B4C powder com-
pacts with and without 5wt% SiC during PECS are compared in
Fig. 1. Blank runs using the graphite die/punch set-up without pow-
der were performed to extract the densification curves from the
experimentally registered piston travel during PECS. No substan-
tial densification was observed below 1050 °C under a maximum
pressure of 40 MPa. All composite grades however started to shrink
rapidly during the heating stage from 1050 to 1650 °C under a pres-
sure of 80 MPa. The onset of densification of B4C without additives
during PECS was reported to be at 1500 °C whereas maximum den-
sification was achieved at 1900 °C[5]. Therefore, the shrinkage peak
between 1050 and 1235 °C can be attributed to the densification of
Al;03 grains. The displacement of the undoped Al,03-B4C com-
posite levels off after 2 min at 1650 °C, whereas that of the 5wt%
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Fig. 1. Representative densification behaviour of undoped and 5wt% SiC doped
Al,05-60vol.% B4C composites during PECS according to the thermal cycle TC1
(1650°C with 4 min dwell time at 80 MPa).

SiC doped composite gradually increases during the dwell period of
4 min, implying that a longer dwell time is needed to fully densify
the higher SiC content composite.

The bulk and relative density of the Al,03-B4C composites
sintered for 4 min at 1650 °C are summarized in Table 1. The theo-
retical density (TD) of the composites was calculated according to
the rule of mixtures, using a theoretical density of 3.94, 2.52 and
3.16 g/cm3 for Al,03, B4C and SiC respectively. Although the rela-
tive density does not take into account potential reaction products
or solid solutions, the data in Table 1 indicate that the final density
of the Al,03-B4C composites apparently decreases with increas-
ing SiC content. SEM analysis of cross-sectioned polished samples
revealed the presence of a small amount of residual porosity, espe-
cially in the 5 wt% SiC doped grades. The observed amount however
is substantially smaller than the relative density calculations indi-
cate.

The present experimental results revealed that Al,03-based
composites with 60vol.% B4C with or without 1wt% SiC addition
can be nearly fully densified within 4 min at 1650°C and 80 MPa.
The total PECS thermal cycle only took 20 min, including heating
and cooling, whereas 1h at 1850°C and 75 MPa was needed to
densify Al,03-40vol.% B4C composites by means of hot pressing
[20].

The loading cycle can also influence the densification, espe-
cially when gasses are released during the thermal cycle. When
applying the maximum load too early in the thermal cycle, these
gasses might get trapped in the powder compact and inhibit den-
sification, whereas vapour products can be easily removed from
the sintering compact by the vacuum environment when delay-
ing the load increase. Therefore, the densification behaviour of the
Al;03-B4C powder compacts with 5 wt% SiC content was studied in
more detail in two additional sintering cycles, shownin Fig. 2(a) and
(b). In the second thermal cycle, TC2, the heating rate of 200 °C/min
was maintained up to 1650 °C, whereas the pressure was gradually
increased from the minimum up to 80 MPa during heating from

Table 1

Physical properties of the SiC doped Al,03-60 vol.% B4C composites PECS at 1650 °C under different processing cycles.
Grade Thermal cycle SiC (wt%) p (glcm3) R.D. (%) E (GPa) HV;5 (GPa) Kic(shetry) (MPam'/2) Kic(anstis) (MPam'/2) TRS (MPa)
AB60 TC1 0 3.03 98.1 445 24.35 + 0.50 5.6 + 0.2 72+03 596 + 39
ABG60S1 TC1 1 3.05 98.5 448 25.88 + 0.98 6.2 + 0.1 7.9+ 03 580 + 54
ABG60S3 TC1 3 2.99 96.6 434 24.03 + 0.98 5.6 +£0.2 7.1+0.2 488 + 22
AB60S5 TC1 5 3.02 97.5 439 24.53 £+ 0.65 57 +0.2 73 +0.2 506 + 59
ABG60S5 TC2 5 3.00 97.1 400 22.48 + 0.94 45+ 0.1 58 £ 0.1 -
ABG60S5 TC3 5 2.94 95.1 380 22.70 + 0.50 4.8 £ 0.3 6.1 +0.3 -
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Fig. 2. Representative densification behaviour of Al,03-60vol.% B4C with 5wt%
SiC doped composite during PECS according to the thermal cycle TC2 (a) (pressure
applied at 1250°C) and TC3 (b) (pressure applied at 1650 °C).

1250 to 1650°C. Based on the punch displacement, i.e. shrinkage
during the experiment, the dwell time was stopped after 8 min,
as shown in Fig. 2a. The densification started upon increasing the
pressure at 1250 °C, reaching a maximum shrinkage rate at 1650 °C.
TC2 resulted in a composite density of 3.00 g/cm? (97% TD), which
is similar as for TC1 (see Table 1).

In thermal cycle TC3, the initial heating rate of 200 °C/min was
reduced to 100°C/min in the 1050-1650°C range, whereas the
pressure was increased from the minimum up to 80 MPa after a
3 min dwell time at 1650°C, as shown in Fig. 2b. The dwell period
was stopped after 12 min when the densification levelled off, result-
ing in a final density of 2.94 g/cm3 (95% TD). Again, the maximum
densification rate was observed upon increasing the load but the
obtained density is lower thanin TC1 and TC2. This can be attributed
to the longer dwell time at 1650 °C, providing more time for inter-
phase reactions (see further) resulting in a lower apparent density
of the ceramic. The shrinkage curve in TC2 and TC3 indicates the
onset of densification upon increased pressure. The vacuum pres-
sure during sintering is also plotted in Fig. 2(a) and (b), revealing
no substantial gas evolution during thermal cycling.

3.2. Constituent phases

The room temperature XRD patterns of the ground Al,03-B4C
composites are compared in Fig. 3. All composites contain mainly
a-Al;03 and rhombohedral B4C. As expected, the peak intensity
of SiC increases with increasing addition in the starting powder,
implying that the SiC phase is chemically stable in the Al,03-B4C
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Fig. 3. XRD patterns of ground surfaces of Al,03-B4C-SiC composites, PECS accord-
ing to thermal cycle TC1.

matrix. However, additional peaks that could be matched to the
Al1gB4033 (9A1,03-2B,03) phase were detected in all composites.

The observation of a small amount of Al;gB40353 in the sintered
composites is consistent with the work of Wang et al. [30] on the
combustion reaction of Al, B,O3; and C and the thermite reaction
of Al and B,03 in argon. The reaction product in a combusted
4 mol Al, 2 mol B,03 and 1 mol C mixture was reported to contain
mainly Al,03, some B4C and a small amount of Al,O3-rich borate,
i.e., AligB4033 formed according to reaction (1) [30]. According to
Logan et al., Al;gB4033 was observed when combusting Al-B,03
both in air and argon [31]. Al;gB4033 formation was also reported
during self-propagation high-temperature synthesis of Al,03/B4C
composites [32].

In the investigated Al,03-B4C system, the formation of
Al gB4033 can be explained by a combination of reactions (1)-(3):

9Al;05 (s) + 2B;03(g) < Al1gB4033(s) (1)
B4C(s) + 402 (g) ¢ 2B,03(g) + CO2(g) (2)
B4C(s) + 402 (g) + 9AL05(s) < Al1gB4033(s) + COz(g) (3)
B4C(s) + 2.5A1,03 (s) < 2B,0, (g) + 2.5AL,0(g) + CO(g)  (4)

The evolution of the Gibbs energy of these reactions with temper-
ature, as calculated by FactSage software [33], is shown in Fig. 4,
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Fig. 4. Gibbs energy change of reactions (1)-(4) as a function of temperature.
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Fig. 5. Secondary electron micrographs of Al,03-60vol.% B4C composites with 0wt% (a), 1 wt% (b), 3wt% (c) and 5wt% (d) SiC, PECS at 1650°C for 4 min according to the

thermal cycle TC1. Some SiC grains are marked by circles.

revealing that reactions (2) and (3) are most favourable under stan-
dard conditions during thermal cycling up to 1650 °C. The oxidation
of B4C is thermodynamically favourable when B4C is exposed to an
0, atmosphere. Submicrometer B,C powders were indeed found
to slowly oxidise at room temperature in wet air forming a layer of
B, 03, HBO, or H3BOj3 [34]. At higher temperature, a B,O5 glass film
was formed during oxidation of micrometer sized B;C powders at
500°C in air [35]. According to the specifications of the suppliers,
the oxygen content in the B4C starting powder was 2.1 wt%, imply-
ing a B,03 film was already present on the B4C starting powder.
Since PECS was conducted in a vacuum of 100Pa, it is expected
that only a small amount of additional B,03 was formed during
thermal cycling. According to the Gibbs energy change of reac-
tion (1), Al;gB4033 will be formed under the applied experimental
conditions, which is also consistent with the Al,03-B,03 phase dia-
gram [36,37]. Although B4C could also react directly with Al,03
at 1650°C according to reaction (4), the AG of —541k] at 1650°C
is substantially smaller than —1792K] for reaction (3). Further-
more, no substantial gas evolution was detected during PECS of
the Al,03-B4C composites, indicating reaction (4) did not proceed.

The influence of the Al,03/B,03 ratio on the formation of
Al4B,0g and Al1gB40533 phasesin the Al,05-B,03 phase diagram, as
calculated by FactSage, was reported as a function of temperature,
suggesting that the formation of crystalline Al;gB4033 is possible
by the reaction of amorphous B,03 and Al,03 at 1000°C [37]. The
reported theoretical density of 2.68 g/cm3 of Al;gB4033 [37] is lower
than for Al, 03 and SiC, implying that the actual density of the PECS
composites is higher than the calculated relative theoretical density
suggests.

3.3. Microstructural analysis

Representative secondary electron micrographs of the compos-
ites with 0-5wt¥% SiC, PECS according to thermal cycle TC1, are
compared in Fig. 5. The dark and bright phases correspond to B4C
and Al, O3 respectively, whereas the grey contrast grains are either
SiC or Al1gB4033. The constituent phases were homogeneously dis-
tributed in all composites. The Al,03 and B4C grain size slightly
decreased with increasing SiC content implying that SiC is not an
efficient grain growth inhibitor for both phases. In the SiC-free

grade, the average Al;03 and B4C grain size is 0.56 and 0.63 pm,
whereas the grain size decreased to 0.56 and 0.52 pm respectively
inthe 5 wt% SiC grade. Monolithic Al, O3 can be PECS around 1200°C
and the average grain size increases rapidly with increasing sin-
tering temperature [11,12]. The addition of nanometer sized SiC
particles to an Al,03 matrix however can reduce grain growth
by grain boundary pinning [11]. Several researchers have stud-
ied the effect of SiC addition on the densification behaviour and
microstructural properties of Al;03/SiC composites [11,14-19]. SiC
nanopowder addition was reported to delay densification and grain
growth of an Al,03 matrix providing the SiC particles is mainly
located at intergranular positions [14]. Due to the relatively large
size of the B4C starting powder in this work, the B4C grains are
mainly present in direct contact with Al,03 grains, at triple pock-
ets or in contact with the Al;3B4033 phase. The SiC grains pin the
alumina grain boundaries, not only resulting in a reduced alumina
grain size but also a reduced densification rate due to the limited
grain boundary diffusivity at the Al,03-SiC interface [15].

The SiC starting powder used in this study might be too large to
be an efficient grain growth inhibitor. The fact that the size of the
B4C phase in the densified composites is comparable to that of the
starting powder, i.e. 0.6 um, whereas the alumina phase only coars-
ened from 0.22 up to 0.60 wm indicates that both phases already
efficiently act as mutual grain growth inhibitors by grain boundary
pinning.

Representative SEM micrographs of the 5wt% SiC doped
Al,05-B4C composites PECS according to thermal cycle TC2 and
TC3 are shown in Fig. 6, revealing that the longer dwell time and
slower initial heating rate in TC3 leads to an increased grain size.
The average grain size of the Al,03, B4C and SiC phases decreased
from respectively 0.49, 0.78 and 0.65 pwm after TC3 to 0.40, 0.71 and
0.59 pm after TC2.

3.4. Mechanical properties

The Young’'s modulus (E), Vickers hardness (HV5) and fracture
toughness (Kjc) of the PECS composites are compared in Table 1. The
stiffness of the composites is nearly constant at different SiC con-
tents. Upon the addition of 1 wt% SiC, the hardness of the Al,03-B4C
composites increased from 24.35 to 25.88 GPa, what could be
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Fig. 6. SEM micrographs of 5 wt.% SiC doped Al,03-60 vol.% B4C composites, PECS at 1650 °C according to thermal cycle TC2 (a) and TC3 (b). Some SiC grains are marked by

circles.

correlated with an improved densification, whereas the strength
and toughness was comparable.

It should be mentioned that the way of calculating the fracture
toughness is determined by the crack pattern, i.e., either accord-
ing to a radial/median or Palmqvist crack mode. To identify the
crack mode, the indented surfaces were additionally polished for
a few minutes with 3 wm diamond paste. The original and repol-
ished indentations are shown in Fig. 7(a)-(d). The gap in-between
the edge of the polished indentation and the actual crack reveals
a Palmqvist crack mode in the Al,03-B4C composites [38]. The
indentation toughness can therefore be calculated according to the
formula of Niihara [29] and Shetty et al. [28], as summarised in
Table 1. A similar crack pattern was reported for undoped B,4C,
PECS at 1900°C, resulting in a toughness of 3.9-4.2 MPam!/2, as
calculated according to both the Niihara and Shetty equation [39].

The toughness of the composites, PECS according to ther-
mal cycle TC1, hardly changes as function of the SiC content.
The Niihara and Shetty toughness was measured to be 5.6 and
7.2 MPam!/2 respectively, which is substantially higher than the
3.9-4.2 MPam'/2 for single phase B,C material [39]. The toughness
of the composites prepared according to TC2 and TC3 was lower.

@

Investigating the crack propagation of the Palmqvist
cracks originating at the corners of Vickers indentations
revealed that the cracks propagated both inter- and trans-
granularly in all PECS Al,03-B4C composites. Since the
nature of the crack propagation is not influenced by the
addition of SiC, the fracture toughness of the composites is
comparable.

No improvement in hardness and toughness were measured at
higher SiC contents of 3 and 5wt%. Although the Al,03 and B4C
grains were finer, the hardness was comparable and the strength
and stiffness were slightly lower than for the undoped composite.
This should be attributed to the higher residual porosity in these
composites.

The E-modulus of the 5wt% SiC doped ceramics decreased
from 439 to 400 and 380GPa after TC1, TC2 and TC3 respec-
tively (see Table 1), indicating an increased interphase reactivity
with the formation of Al;gB4033 due to the increased dwell time
at 1650°C, rather than a decreased density. The presence of
Al gB4033 was also reported to assist pressureless densification by
liquid phase formation, but leads to poor mechanical properties
[40].

Indentation

Indentation

Fig. 7. Optical micrographs of 49 N Vickers indentions before (a and c) and after (b and d) additional polishing on Al,03-60 vol.% B,C composites without (a and b) and with

(c and d) 5wt% SiC, PECS according to thermal cycle TC1.
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4. Conclusions

Near fully dense submicrometer sized Al,03-based composites
with 60vol.% B4C with or without 1wt% SiC could be obtained
within 20 min by means of pulsed electric current sintering at
1650 °C for 4 min under a pressure of 80 MPa. The average grain size
of the Al;03 and B4C phase is 0.55 wm. Due to the partial oxidation
of the B4C phase, a small amount of Al;gB4033 was formed during
PECS. The addition of SiC delayed densification of the Al,03-B4C
composites and hardly influenced the grain size of the B4C and
Al;03 phases. The properties of the composite hardly changed by
the addition of 1 wt % SiC resulting in a composite exhibiting a hard-
ness of 26 GPa, an E-modulus of 448 GPa, a bending strength of
600 MPa and an acceptable toughness of 6.2 MPam!/2. The 3 and
5 wt% SiC doped composites were not fully densified after 4 min at
1650°C and 80 MPa, resulting in slightly inferior properties.

The loading cycle influenced the material properties, whereas
a longer dwell time up to 15min at 1650°C led to an increased
but still submicrometer grain size of all phases. The mechanical
properties like E-modulus, hardness, fracture toughness and overall
density decreased with increasing dwell time at 1650 °C due to an
increased amount of Al;gB4033.
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