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bstract

he aim of this work was to shed light on the wetting mechanism in the SiC–B4C–Al system and to explore processing routes that enable infiltration
f Al alloys into these ceramic powder mixtures without the formation of the deleterious reaction product Al4C3. For this purpose, powder mixtures
onsisting of SiC and pre-treated B4C were pressureless infiltrated with Al alloys at relatively low temperatures under an inert gas atmosphere.
epending on the characteristics of the starting powders fully infiltrated composites were achieved in the temperature range of 935–1420 ◦C. It
as observed that addition of pre-treated B4C to SiC enabled complete infiltration of the ∼0.6 cm thick preforms. The bulk density of all produced
omposites was >98% of the X-ray density. By controlling the surface chemistry and particle size of the starting powders as well as the processing
onditions, the wetting behaviour and reaction kinetics of this system could be tailored so as to render fully dense SiC–B4C–Al composites devoid
f Al4C3.

2008 Elsevier Ltd. All rights reserved.
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. Introduction

Wettability can be defined as the ability of a liquid to spread
n a solid surface, and it represents the extent of intimate contact
etween a liquid and a solid.1 Unfortunately, the wettability of
eramic particles with liquid Al alloys is generally poor.2

Lack of wetting is usually attributed to the presence of con-
amination, moisture, or a gas layer that covers the ceramic
article surface, to the Al2O3 layer that covers liquid Al
nd/or to the native SiO2 layer that ordinarily covers SiC par-
icles. In all these cases the molten metal matrix is hindered
rom coming into contact with the surface of the individual
articles.3–7

Various procedures have been recommended to improve the
etting of ceramic particles by liquid metal, and include: (i)

ncreasing metal liquid temperature,8 (ii) the addition of some
urface-active/reactive elements such as Mg, Li, Ca, Ti, or Zr

nto the matrix alloy,9–13 (iii) coating or oxidising the ceramic
articles,14–18 and (iv) cleaning the particles, for example by pre-
eat treatment.19–21 The principle methods to improve wetting
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re based on (1) increasing the surface energy of the solid, (2)
ecreasing the surface tension of the liquid alloy, or (3) decreas-
ng the solid–liquid interfacial energy, at the particle–matrix
nterface.22,23

Two of the major problems frequently encountered in
he processing by the pressureless infiltration method are (i)
he presence of considerable levels of residual porosity and
ii) the development of unwanted reaction products (Al4C3,
l4SiC4).24

Residual porosity is related to an inadequate wetting of
iC by molten Al and unwanted reactions/phases developed
rom the dissolution of the SiC reinforcement by the liquid
l.25–27At temperatures above the melting point of Al, and
nder atmospheric pressure, SiC becomes thermodynamically
nstable; interfacial reactions may occur and result in reac-
ion products such as Al4C3

25,27–34 and Al4SiC4.35–37 Because
he solubility of C in liquid Al is very low, the threshold C
ctivity values for Al4C3 formation are small. The C atoms
hat go into solution will react almost immediately with Al to
orm Al4C3 either as a continuous layer or as discrete precip-

tates around the SiC particles.38 Not only does this reaction
ause the dissolution/degradation of the SiC reinforcing parti-
les and result in weakening of the composite, but also both
l4C3 and Al4SiC4 are thermodynamically unstable and have

mailto:garslan@anadolu.edu.tr
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tendency to hydrolyse slowly with the atmospheric moisture
o form Al-hydroxide thereby enhancing crack propagation in
he composite by the moisture-induced corrosion of the Al4C3
hase.35,38,39

. Aim of the current study

B4C–Al composites are potential candidate materials to be
sed, for example, in impact applications. Although novel pro-
essing routes such as pressureless melt infiltration already have
nsured fabrication of these composites at low processing costs,
he relatively high cost of B4C powder limits their widespread
sage.

SiC, on the other hand is being produced in larger scales and
t also has a wider field of application areas when compared with

4C. The price of SiC powder, accordingly, is lower than that
f B4C while its ballistic performance is close to that of B4C.

Therefore, the main driving force to conduct this work was
o produce SiC–B4C–Al composites with as low a B4C con-
ent as is possible that may be used for impact applications and
xplore processing routes that preserve the cost-effectiveness of
he pressureless melt infiltration method.

Another important goal of this study was to show that B4C
ddition provides an alternative, effective and simple approach
o improve the wettability of SiC by Al. That is why the starting
iC powders were not coated or oxidized prior to the infiltration
rocess and a Si-deficient alloy with a relatively low Mg content
as used as a source of Al.

. Experimental

The SEM micrographs of the starting powders are shown in
Fig. 1).

Passivation of starting B4C powders was achieved by heat-
reating them in the absence of free carbon at 1370 ◦C for 2 h
nder an Ar gas atmosphere prior to the infiltration process.40

SiC and B4C powders were planetary ball milled in alcohol
edia. After milling, the slurry was dried in a rotary evaporator.
Preforms were prepared by uniaxially pressing the SiC–B4C

owder mixtures at 100 MPa. Polyethylene glycol (PEG) was
sed as a binder.

SiC–B4C–Al composites were produced by melt infiltrat-
ng 7075 Al alloy blocks into porous SiC–B4C preforms under
n Ar gas atmosphere. Infiltration temperatures were chosen
etween 935 and 1420 ◦C. Heating rate applied was 5 ◦C/min
p to 900 ◦C and 10 ◦C/min onwards up to the infiltration tem-
erature. Cooling rate from the infiltration temperature to 900 ◦C
as 10 ◦C/min and then 5 ◦C/min down to room temperature.
X-ray diffraction (Rigaku Rint 2200, Tokyo, Japan) was per-

ormed using monochromatic Cu-K� radiation (λ = 1.5406 Å).
Microstructural studies of the composites were performed
ith scanning electron microscopes (ZEISS EVO 50 EP and
EISS SUPRA 50 VP, Germany) both attached with an energy
ispersive X-ray spectrometer (Bruker AXS XFlash, Germany
nd Oxford Instruments Inca Energy model 7430, England,
espectively).

∼
c
9
t
t

ig. 1. SEM micrographs of starting powders. (a) coarse SiC, (b) fine SiC and
c) fine B4C.

. Results

The lowest infiltration temperatures and infiltration times of
he prepared compositions to result in full infiltration of the

6 mm high pellets are given in Table 1. Among the produced

omposites 80S20B has the lowest infiltration temperature of
35 ◦C but at the expense of higher infiltration time. Similarly,
he compositions 60S40B and 70S30B have the lowest infiltra-
ion times but at the expense of somewhat increased infiltration
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Table 1
Chemical composition of prepared powder mixtures and limit conditions of
infiltration

Composition SiC (wt.%) B4C (wt.%) Temperature (◦C) Time (min)

50S50B 50 50 985 60
60S40B 60 40 1035 10
70S30B 70 30 1035 10
80S20B 80 20 935 60
90S10B 90 10 985 30
9
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posites 95S5B and 100S (Fig. 4c and d). XRD patterns of the
composites 80S20B that were produced from coarse and fine SiC
powders and infiltrated at the limiting conditions (935 ◦C/1 h)
5S5B 95 5 1130 60
00Sa 100 0 1420a 60a

a Partial infiltration (∼2.4 mm).

emperatures. Fig. 2 depicts the variation of the open porosity
ontent and lowest infiltration temperature as a function of B4C
ontent. It indicates that there is a strong relationship between the
mount of open porosity, infiltration temperature and B4C con-
ent of the powder mixture. The amount of open porosity content
s relatively low (<1.5 wt.%) in composites containing less than
0 wt.% B4C, but as the B4C content is reduced below this value
t increases sharply reaching 2.76% at 5 wt.% B4C. The variation
f the lowest infiltration temperature with the B4C content fol-
ows a similar trend. Full infiltration takes place at temperatures
elow 1050 ◦C in composites containing at least 10 wt.% B4C,
ut as the B4C content is further reduced it increases to 1130 ◦C
t 5 wt.% B4C. In the absence of B4C, only partial infiltration
2.4 mm) was achieved at 1420 ◦C.

Variation of the green and bulk density of the composites as a
unction of B4C content are shown in Fig. 3. It indicates that the
reen density of the searched compositions increases slightly
ith decreasing B4C content reaching a maximum of 62.3%

t the composition of 70S30B but then decreases with further

eduction of added B4C content. The lowest green density of
52% was obtained in the compositions 95S5B and 100S. The

ulk densities of the produced composites ranged in a relatively
arrow band from 2.71 to 2.83 g/cm3.

ig. 2. Plot of open porosity content and lowest infiltration temperature of the
roduced composites as a function of B4C content.

F
a
a

ig. 3. Plot of green and bulk of the produced composites as a function of B4C
ontent.

Qualitative X-ray diffraction revealed that all produced com-
osites contained the phases SiC, B4C, Al, Al3BC, and Si.
eaks belonging to the Al4C3 phase could not be proven to
xist in the composites 80S20B (Fig. 4b), 60S40B, 50S50B,
nd 90S10B. Al4C3 formed in significant amounts in the com-
ig. 4. XRD patterns of composites (a) 80fS20B (fine SiC powder) infiltrated
t 935 ◦C for 1 h, (b) 80S20B infiltrated at 935 ◦C for 1 h, (c) 95S5B infiltrated
t 1135 ◦C for 1 h and (d) 100S infiltrated at 1420 ◦C for 1 h.
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ig. 5. SEM micrographs of the partially infiltrated composite 100S taken from
a) the top layer, (b) the intermediate layer, and (c) the bottom layer.

re compared in Fig. 4a and b. It is seen that Al4C3 formation
as suppressed completely by incorporating coarse SiC starting
owders.

. Discussion
The results obtained indicate that the produced SiC–B4C–Al
omposites can be categorized in two main groups: (i) the first
roup is comprised of composites that can be pressureless infil-

w
(

6

ig. 6. EDX point analysis of the metallic matrix in the top layer of the partially
nfiltrated composite 100S.

rated under the employed testing conditions only when the
emperature is well in excess of 1050 ◦C, and in which platelet-
haped Al4C3 formation takes place in significant amounts
95S5B), (ii) while the second group includes the composites
hat can be infiltrated at temperatures below 1050 ◦C and in
hich the existence of Al4C3 could not be verified by XRD

50S50B, 60S40B, 80S20B and 90S10B).
The composites 100S, 95S5B and 80S20B were studied

n detail to characterize their typical microstructural features.
ased on these experimental findings an infiltration mechanism
as proposed for the SiC–B4C–Al system.
When the microstructure of the composite 100S is scanned

rom top to bottom three clearly distinguishable layers with dif-
erent microstructural features becomes apparent (Fig. 5). These
bservations showed that there was high continuity at the Al/SiC
nterfaces with a low proportion of faults of contact or voids.
oth observations are signs of a proper wettability between these

wo composite components.
The first layer (Fig. 5a) which is closest to the metal block-

owder compact interface and is measured to have a thickness
f about 700 �m, contains a small amount of undissolved SiC
articles whose surfaces are irregularly shaped and dull. It is also
een that the average size of the coarse SiC particles has become
maller when compared with their initial size (Fig. 1a) due to
xtensive dissolution of them and the subsequent formation of
ull-shaped and dark grey-coloured reaction products that dom-
nantly surround these SiC particles. As verified by XRD results
Fig. 4d), the reaction product is Al4C3. XRD pattern of this
omposite and point analyses taken from the light grey phase
ndicate that the metal matrix is an Al–Si eutectic (Fig. 6). Since
he Al alloy used did not contain any Si initially, it must have
riginated from the SiC phase. The low degree of interconnec-
ivity of the Al–Si matrix suggests that the microstructure was
bout to be locked. In fact, there are regions where the Al–Si
utectic alloy has been completely isolated by Al4C3 particles

ith a globular morphology from the remaining metal matrix

Fig. 5a).
The intermediate layer (Fig. 5b) was measured to be about

50 �m thick. SiC particles that did not dissolve completely
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ig. 7. SEM micrographs of the composite 95S5B taken from (a) the layer clos
ayer distant to the interface (bottom layer), and (d) 80S20B (no layered cross-s

ere still observed but to a much less extent and of much smaller
article size indicating that there was more time for the SiC
issolution process to take place in this layer. The XRD pattern
f this layer and point analysis taken from this phase confirmed
he presence of Al4C3. This Al4C3, however, appears in the
orm of platelets with a relatively high aspect ratio. Because of
he large amount of tiny Al4C3 platelets the interconnectivity of
he metal matrix is completely lost, leaving many Al–Si islands
solated. This in turn infers that almost all channels through
hich the liquid alloy has to flow has been completely locked

hereby preventing a continuous and easy supply of liquid metal
o the lower parts of the composite. Comparison of (Fig. 5b and
) nicely depicts the narrowing of the channel width and locking
f the microstructure in the intermediate layer. The SiC particles
n contact with the liquid alloy thus had enough time to dissolve
lmost completely (Fig. 5b).

The third layer (Fig. 5c), which is closest to the unfiltrated
owder compact had a thickness of about 1150 �m and was com-
rised of a large number of SiC particles with a morphology and
ize close to that of the starting SiC powders (Fig. 1). XRD
esults confirmed the absence of Al4C3 in this layer. In agree-
ent with the reduced reactivity between SiC and Al in this
ayer and the absence of tiny platelet shaped Al4C3 particles,
he degree of interconnectivity in the metallic phase was high.

Addition of as low as 5 wt.% B4C to the SiC powder compact
esulted in a drastic decrease in the infiltration temperature from

s
a
p
i

e preform/metal source interface (top layer), (b) the intermediate layer, (c) the
).

420 to 1130 ◦C (Table 1). Furthermore, although the composi-
ion 100S could only be partially infiltrated, full infiltration was
chieved in 95S5B. Addition of another 5 wt.% to the SiC–B4C
owder mixture caused a further noteworthy reduction in the
nfiltration temperature and time (Table 1). Further enrichment
f the SiC–B4C powder mixture in B4C, however, was observed
o influence the infiltration temperature to a less extent.

When the microstructure of 95S5B is scanned from top to bot-
om (Fig. 7a–c) the inhomogeneity in the distribution of pores,
iC particle shape and size, and phase composition becomes
pparent. The top and intermediate layers are characterized by a
elatively low porosity content, SiC particles having many intru-
ions and extrusions, Al4C3 particles formed, hardly observable
4C particles and an Al–Si matrix (Fig. 7a and b). They exhibit a
ell-defined reaction zone between the SiC and the metal matrix
ith a contour that is dull and highly irregular. The reacted layers

re continuous, completely surrounding the SiC particles. The
resence of the reaction products Al4C3 and Si in these layers
as confirmed by the results of the XRD analysis (Fig. 8b and
).

The bottom layer (Fig. 7c) is characterized by a relatively
arge porosity content, SiC particles maintaining their initial

hape and size, lack of Al4C3 particles, and clusters of unre-
cted B4C particles left in the space between the coarse SiC
articles. No obvious reaction layer is apparent at the SiC–Al
nterface. This observation is in agreement with the results of X-
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in an expansion in volume of about 9.8% (densities of SiC, Al,
Al4C3 and Si were taken as 3.22, 2.70, 2.99 and 2.33 g/cm3,
respectively) contributing to the narrowing of the pore channels.
ig. 8. XRD patterns of the composite 95S5B infiltrated at 1135 ◦C for 1 h. (a)
ottom layer, (b) intermediate layer and (c) top layer.

ay diffraction analysis, which indicated that Al4C3 formation
id not take place in this layer (Fig. 8a).

Scanning the microstructure of the composite 80S20B
hrough its cross-section revealed that, unlike in 95S5B, there
re no significant differences in microstructural features as one
oves from top to bottom. Its microstructure is characterized

y the absence of Al4C3 and a homogeneous distribution of
ne B4C particles in the space between the coarse SiC particles
Fig. 7d). The absence of Al4C3 was confirmed by XRD analy-
is (Fig. 4b). Comparison of the particle sizes of SiC and B4C
ith their initial size (Fig. 1) illustrates that most of the B4C
articles have decreased in size while the SiC particles preserve
heir initial size. This indicates that dissolution of B4C occurred
referentially, which may be attributed to its finer particle size.
owever, a higher dissolution rate of B4C with respect to SiC
as also observed by Chernyshova and Rebrov.41 This in turn

ndicates that the reaction product Al3BC predominantly results
rom the interaction between B4C and Al, while that metallic Si,
f observed, should be present in small amounts. This reasoning
s in very good agreement with the XRD powder pattern of this
omposite which shows a very weak Si1 1 1 peak at 2θ ≈ 28.44◦
nd a relatively strong Al3BC1 0 1 peak at 2θ ≈ 30.56◦, (Fig. 4b).

Based on these experimental findings the following
nfiltration mechanism is proposed. Once a true Al–B4C
nterface is created interaction proceeds by the classical
issolution–precipitation mechanism (Fig. 9a). C and B atoms
igrate by liquid-phase diffusion from the surface of B4C where

l supersaturates in C and B (dissolution) to faces of Al3BC

rystals that are growing from the metal (precipitation). As max-
mum solubility of these elements in Al are very low, simple
issolution process ends very quickly. It is followed by nucle-
an Ceramic Society 29 (2009) 473–480

tion and growth of mainly Al3BC crystals from an Al matrix
upersaturated in B and C (Fig. 9b).42 In places where Al3BC
rystals are fixed and begin to grow, coarse SiC particles sur-
ounded by Al3BC particles are protected against further attack;
hile in places where liquid Al remains in direct contact with

he surface of SiC, dissolution continues. This is no longer true
hen growing Al3BC crystals tend to join together and form
dense layer at the SiC surface (Fig. 9c). Further growth of

eaction products obeys another mechanism that implies solid-
tate diffusion of B, C, or Al atoms through the growing Al3BC
ayer.42

It was observed that Al4C3 did not form in the composites that
ontained B4C contents equal to or greater than 10 wt.% in their
tarting powder mixtures. Therefore it is argued that 10 wt.%
ne B4C was enough to effectively cover the surfaces of coarse
iC particles with B4C and hence Al3BC. The consequence of

his encapsulation is to restrict a direct contact between SiC
nd liquid Al and to form a solid barrier for the diffusion of
i and C atoms originating from the SiC particles. Apart from

hat, the formation of significant amounts of the Al-rich Al3BC
hase, especially in the vicinity of the SiC–Al interface depletes
hese regions in C and especially Al making the formation of
l4C3 even more difficult. Since Al3BC does not have a needle-
r plate-like morphology, the pore channels, through which the
iquid alloy flows, although getting narrower, are not blocked
ompletely.

Based on a previous work by Arslan et al.43 it is reached
hat Al3BC is the 3D compound enabling reactive wetting in the
iC–B4C–Al system. Thus, the infiltration front may continue to
enetrate deeper into the porous powder compact as long as Al
ontinues to react with freshly exposed B4C particles forming
l3BC at the B4C–Al interface, and the infiltration rate is faster

han the reaction rate at the B4C–Al interface.
It is proposed that there are two possible mechanisms for

l3BC to improve the wettability in the SiC–B4C–Al system.
n the one hand, the reaction product Al3BC might be more
ettable by Al than is B4C. On the other, the Al3BC–Al sys-

em itself, like the B4C–Al system, might have a non-wetting
haracter. In the latter case, the improved wettability has to
e attributed to a proper balance of interfacial energies at the
B4C–Al3BC)–Al interface.44

The formation of Al4C3 and Si in the SiC–Al system results
Fig. 9. Proposed infiltration model for the SiC–B4C–Al system.
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l4C3 crystals precipitate out as elongated grains, which divide
he originally large channels (Fig. 5c) between the SiC parti-
les into many tiny channels (Fig. 5b), thus appreciably slowing
own the infiltration rate. This significant reduction in the infil-
ration rate may lead to a switch in the infiltration mode from
he reaction-controlled one to the infiltration-controlled one in
he absence of sufficient B4C and therefore Al3BC.45

. Conclusions

Compositions containing no B4C could be infiltrated
nly partially and at relatively high infiltration temperatures
1420 ◦C).

Addition of fine B4C to the powder mixture resulted in a dras-
ic decrease in the infiltration temperature and fully infiltrated
omposites.

Composites having less than 10 wt.% B4C had to be infiltrated
t temperatures well in excess of 1050 ◦C. They were charac-
erised to have a relatively high (>1.5 wt.%) porosity content,

layered microstructure across the specimen thickness, suf-
er from extensive dissolution of SiC particles and contained
ignificant amounts of Al4C3.

Composites having at least 10 wt.% B4C could be infiltrated
t temperatures below 1050 ◦C. They were observed to have less
han 1.5 wt.% open porosity, a homogeneous microstructure, and
ardly contained Al4C3. Such composites were characterised to
orm a protective Al3BC layer around the coarse SiC particles
ffectively suppressing the dissolution rate of them.

The reaction of SiC with Al to produce Al4C3 and metallic
i is accompanied by a volume expansion in the order of 10%.
his, coupled with the plate-like morphology of Al4C3 crystals
ivides the originally large channels into many tiny channels
hus blocking the flow of liquid metal and significantly reduces
he infiltration rate.
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