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bstract

he mechanical properties and microstructure of alumina-rich magnesium aluminate spinel/tungsten (14 and 22 vol.% W) composites obtained by
ot press at 1650 ◦C under reducing conditions have been investigated. The R-curve for these composites was estimated by the indentation strength
ethod and compared with that of the monolithic spinel obtained under similar conditions. Rising R-curve behavior was specially observed in the

omposites when tungsten content was higher. Other mechanical properties such as hardness, toughness, Young’s modulus and bending strength,

ere also determined for both (composites and monolithic magnesium aluminate). Higher values of bending strength were found as the metal
olume fraction increases in the composite. The metal content dependence of Young’s modulus and Vickers hardness follow the rule of mixtures.
echanical properties and specially toughness are influenced by the metal content and its grain size.
2007 Elsevier Ltd. All rights reserved.
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. Introduction

In the last decades many efforts have been made to improve
he mechanical properties of ceramic materials. Brittle ceramics
an be toughened by incorporating metallic inclusions into them;
ence ceramic/metal composites are very interesting under phys-
cal, electrical, optical and mechanical points of view. In this
ay, it is easy to find many works reported using various metals
ith different ceramic matrices.1–4

Magnesium aluminate spinels have well known optical
pplications in fabricating vis–UV transparent domes, win-
ows and lamp envelopes,5–7 and also other structural as for
xample as catalyst support,8,9 for nuclear waste manage-
ent applications,10 armor,11 humidity sensors12 and cement

astables.13 On the other hand, the high melting point of tungsten
akes it an obvious choice for structural applications exposed

o very high temperatures. Tungsten is used at lower temper-
tures for applications that can use its high elastic modulus
E = 411 GPa), density and considerably high Vickers’ hardness

Hv = 3.43 GPa). The combination of both components makes
he spinel/tungsten composite a promising new material with
reat technological interest for high temperature applications

∗ Corresponding author. Tel.: +34 913349083; fax: +34 913349083.
E-mail address: jsmoya@icmm.csic.es (J.S. Moya).
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s could be thermal barriers, ceramic–metal interconectors14

nd also for armor. Ceramics and ceramic/metal composites are
merging in military systems,15,16 which make use of the low
anufacturing cost, light weight, scale-up potential, and unique

roperties.
The most important factor that made us choose tungsten for

ur purpose was that the mismatch between the thermal expan-
ion coefficients is low (α= 5.4 × 10−6 K−1 for the spinel and
= 4.5 × 10−6 K−1 in the case of tungsten) making this system
model to study. This is a key factor in selecting suitable rein-

orcement materials in addition to the chemical compatibility
ith the matrix. Furthermore, both present a refractory character

Tm = 2135 ◦C for this particular spinel and Tm = 3422 ◦C in the
ase of tungsten). The alumina-based systems are very impor-
ant to study because this is one of the most common compounds
n refractory materials.

This particular system is original and has never been studied
efore hence the results obtained can be compared with those of
ther cermets reported in the literature.

The way of processing chosen was the conventional wet route
ormally followed in other ceramic/metal composites as for

xample mullite/molybdenum,17 zirconia/stainless-steel18 and
irconia/nickel.19

The aim of this work was improving spinel brittleness by the
nclusion of metallic particles.

mailto:jsmoya@icmm.csic.es
dx.doi.org/10.1016/j.jeurceramsoc.2007.02.192
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. Experimental procedure

.1. Starting materials

The following commercially available powders have been
sed: (1) 99.95% pure W metal (Goodfellow Cambridge, Ltd.,
K), with an average particle size <1 �m; (2) Alumina-Rich
agnesium Aluminate Spinel AR78 (Alcoa Industrial Chem-

cals, Germany) with an average particle size of 4.5 �m and
hemical analysis (wt.%): Al2O3 (77.1); MgO (22.52); SiO2
0.05); Fe2O3 (0.08); CaO (0.25).

.2. Processing of spinel–tungsten composites

Alumina-rich magnesium aluminate spinel commercial pow-
er was first attrition milled in distilled water media with zirconia
alls for 3 h until an average particle size of ≈2 �m was reached.
fter milling, spinel powders were ground in an agate mortar,

alcined at 600 ◦C in air for 1 h in order to burn all organic
esidues and subsequently passed through a 100 �m sieve. Two
ifferent spinel–tungsten suspensions were prepared by mixing
illed spinel powder with 14 and 22 vol.% of W, using distilled
ater as a liquid medium. From now on the samples will be
enoted as AR78-14W and AR78-22W, respectively (AR78 is
he spinel commercial name and stands for alumina-rich 78%).
he solids loading was fixed to 75 wt.% and an anionic poly-
lectrolyte (Dolapix PC-33) was added (1 wt.% referred to total
olids loading) as deflocculant. The mixtures were homoge-
ized by milling with zirconia balls in polyethylene containers
t 100 rpm for 24 h and then dried at 90 ◦C for 24 h. The result-
ng powders were crushed in an agate mortar. Then the powders
ere hot-pressed in a carbon die of 50 mm diameter using an
rgon atmosphere at 1650 ◦C and 46 MPa for 1 h avoiding con-

act with oxygen. Disks of 50 mm in diameter and 8 mm in height
ere obtained. In terms of comparison, a similar experimental
rocedure was used to obtain a pure spinel sintered disk.

.3. Characterization

X-ray diffraction analysis (XRD) of the powders was per-
ormed using Cu K� radiation for phase identification (Bruker
8 diffractometer).
The microstructures of fired specimens were studied on dia-

ond polished surfaces down to 1 �m by scanning electron
icroscopy (Hitachi, Model S3000N).
Bulk densities for all materials were measured using the

rchimedes method, with water as the immersion media.

.4. Mechanical properties

The hot-pressed disks were machined to obtain prismatic
ars with dimensions of 43 mm × 2 mm × 4 mm for measure the
echanical properties. The tensile surface was polished down to

�m. Indentation strength tests were performed using prismatic
ars in which the centers of the tensile faces were indented with
Vickers diamond indenter (Leco 100-A, St. Joseph, MI) at con-

act loads, P, between 10 and 500 N. The mechanical test was

d
a
t
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erformed immediately after indentation to avoid any subcriti-
al crack growth due to stress corrosion effects. The specimens
ere tested at room temperature using a three-point support with
span of 40 mm in a universal testing machine (Instron Model
411). The specimens were loaded to failure with a crosshead
peed of 0.005 cm/min. The bending strength, σf, was deter-
ined by three-point bending test. Bars were evaluated with a

oading direction normal to the hot-pressing direction.
Special effort was made to ensure that in all specimens the

ndentation contact site acted as the origin of failure; that was
erified after testing using a reflected light optical microscopy
Leica, Model DMR).

The hardness was estimated by the Vickers indenta-
ion. Young’s modulus was obtained from the slopes of
oad–deflection curves. A static extensometer was used to mea-
ure the deflection with an error in the measurement of ≈0.05%.

R-curves (toughness curves) were measured via the
ndentation-strength method reported by Braun et al.,20 where
radial crack c is considered to be produced by indentation at
load P and subjected to the action of a tensile stress σa due

o the applied stress load during three-point bending. During
ost-indentation bending, the crack is subjected to a total stress
ntensity, Kt, which is the sum of contributions from the residual
tress intensity factor acting on the indentation crack resulting
rom the elastic-plastic mismatch associated with the indenta-
ion, Kr, and the stress intensity factor resulting from the applied
tress, Ka:

t(c) = Ka(c) +Kr(c)

= ψσac
1/2 + ξ

(
E

H

)1/2 (
P

c3/2

)
= KR(c) (1)

here ψ is a crack geometry factor; ξ a dimensionless geo-
etrical constant; E Young’s modulus; H hardness; KR is the

oughness of the material. For a given indentation load, P, fail-
re is assumed to occur at the stress where the applied stress σa
s equal to the fracture stress, σf, which satisfies the following
alance and tangency conditions:

t(c) = KR(c) (2)

dKt(c)

dc
= dKR(c)

dc
(3)

he R-curve is determined by solving Eqs. (2) and (3) for each
eam simultaneously. In other words, the R-curve is determined
s the common envelope of the tangency points to the family of
t(c) curves from the σf (P) data sets.

. Results and discussion

.1. Microstructural analysis

The relative densities of the obtained sintered spinel/tungsten
omposites were found to be >98% of theoretical.
Fig. 1 shows scanning micrographs of the microstructures of
ifferent spinel/tungsten composites. Darker and bright phases
re spinel and tungsten grains, respectively. The tungsten par-
icles are uniformly dispersed in the matrix and no significant
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Table 1
Mean hardness, Young’s modulus and bending strength of monolithic spinel and
spinel/tungsten composites

Material Hardness
(GPa)

Young modulus
(GPa)

Bending
strength (MPa)

AR78 14.7 ± 0.5 235 ± 9 264 ± 18
A
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s
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spinel/tungsten composites are less than 1/3, rising R-curve
behavior is expected. The AR78-22W composite, have higher
indentation strength and flaw tolerance than the other composite
and monolithic spinel.
ig. 1. SEM micrographs of both spinel/tungsten composites: (a) 14 vol.% W
nd (b) 22 vol.% W.

orosity is observed, in agreement with the density measure-
ents. There is a difference in tungsten grain size and its

istribution in both composites. In the AR78-14W composite,
bigger amount of small and rounded W grains are observed
hile the irregular shapes in larger tungsten particles are less

ommon than in the AR78-22W composite. These larger tung-
ten particles are the responsible for bridging the cracks thus
he toughness in both composites will be different. Round and
mall tungsten grains are also present in the 22 vol.% W compos-
te but in a less significant amount. It is important to note that
o entities of tungsten oxides are detected by EDX analysis,
s can be expected after sintering under reducing atmosphere.
eramic/metal interface is well bonded and no microcracks
re observed. Under the same sintering conditions, the matrix
rain size of the spinel/tungsten composites is smaller than
hat of monolithic spinel. This suggests that the presence of W
nhibits the grain growth of the matrix. It can be concluded that

onolithic spinel (AR78) has a d50 ≈ 4.8 �m; while, for both
omposites, spinel has a d50 of ≈3.3 �m for the 14 vol.% W
ontent and 3.5 �m for the 22 vol.% W content.

.2. Mechanical properties

The hardness, Young’s modulus and bending strength for the

omposites and the monolithic spinel are given in Table 1.

Hardness, in the case of all composites, decreases as expected
ollowing the rule of mixtures and taking into account tungsten
ardness is 3.43 GPa. The same tendency is observed in the case

F
c
s

R78-14W 13.6 ± 0.2 251 ± 16 302 ± 27
R78-22W 12.3 ± 0.2 263 ± 4 344 ± 19

f Young’s modulus, values were found to be very close to those
redicted by the rule of mixtures.

The fracture strength of the unindented spinel/tungsten com-
osites increased with the metal content of the composites up
o ≈30%. This fact can be explained by an increase in tough-
ess, similar critical defect and low residual stress due to a not
ignificant thermal expansion coefficients mismatch.

.3. Indentation strength R-curves

The fracture strength as a function of the indentation load
or monolithic spinel and spinel/tungsten composites is shown
n Fig. 2. In terms of comparison, a constant toughness material
trength response corresponding to a P−1/3 asymptote is also
lotted. The strengths for natural flaws of different compositions
ere arbitrarily plotted at P = 1 N. Great care was taken to ensure

hat the indentation site was the source of the critical flaw for all
eported data.

Linear regression was used to obtain the best fit to the
ata from monolithic spinel and spinel/tungsten composites.
t showed that the slopes of monolithic spinel (AR78) and
pinel/tungsten composites (AR78-14W and AR78-22W) were
.27, 0.24 and 0.22, respectively. Griffith materials, which
how no rising R-curve behavior, present a slope of 1/3, and
lopes for R-curve materials are lower. Because the slopes of
ig. 2. Fracture strength vs. indentation load plots of spinel and spinel/tungsten
omposites. The indentation-strength data to the P−1/3 strength response is
hown by the dashed line.
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Fig. 4. R-curve diagrams for spinel and spinel/tungsten composites. Solid curves
are plots of Kt vs. crack length from Eq. (1) at a particular indentation load and
corresponding indentation strength indicated at the plot. The points define the
locus of the R-curve and are calculated from Eq. (4).
ig. 3. (A) Indentation scheme made on the prismatic bar and (B) SEM micro-
raph of the fracture caused by a 500 N load indentation.

This σf versus P measurements were subsequently used to
econvolute the R-curve, in accordance with an indentation
trength k-field analysis of Braun et al.20 described above. For
he present study, the value of ψ was taken to be ≈1.1.21 There
re no previous works where this value for the magnesium
luminate spinel is reported, but can be estimated when the
eometry of the indentation transversal section is known. Fig. 3
hows an indented bar scheme and a scanning picture of the
00 N transversal section indentation without any posterior load
pplied after its generation. Taking into account that a/c is ≈0.6
nd a/t is 0.2,ψ ranges from 0.916 to 1.110 as well as the inden-
ation angle increases (higher indentation loads result in deeper
ngles). Hence, a mean ψ value of 1.1 is good enough for all
alculations with negligible error.

The toughness is plotted as a function of crack length for each
P, σf) pair for the monolithic spinel and spinel/tungsten com-
osites in Fig. 4. The value of the geometrical constant ξ = 0.016,
alibrated by Anstis et al.22 from a number of brittle materials
ith known values, and appropriate E and H values from Table 1,
ere used to generate these plots. The locus of points defin-

ng the R-curve were generated with the following relationship
eveloped by Hsueh and Becher23

f =
[
ξ(E/H)1/2

ψ

]1/2(
dσf

dP

)−1/2

(4)

here dσf/dP was found from Fig. 2.
Fig. 5 compares the R-curves of the spinel/tungsten compos-

tes with the monolithic spinel. In the case of AR78-22W, the
nitial toughness is ≈3.5 MPa m1/2 and rises to a maximum value
f 5.6 MPa m1/2. A clear rising R-curve behavior due to the crack

ake zone associated to a bridging mechanism is observed. In

he case of AR78-14W, the initial toughness is ≈3 MPa m1/2

nd reaches a maximum value of 4 MPa m1/2, a slight R-curve
ehavior is noted in this composite and a saturated value in

Fig. 5. Comparison of the R-curves measured in spinel and spinel/tungsten
composites.
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oughness (Kss) is achieved at a crack length of ≈400 �m. On
he other hand, in the case of monolithic spinel (AR78) such
ising R-curve is not showed, as a consequence of its transgran-
lar fracture mode that results in a lack of wake bridging, so a
onstant value of toughness is observed characteristic of brittle
aterials. These experimental results obtained with indentation

trength test show that the spinel/tungsten composites develop
crack growth resistance”.

The crack growth resistance, and therefore the flaw tolerance,

n the case of AR78-22W composite are more important because
he number of tungsten grains involved in the crack bridging is
igher than in the 14 vol.% composite. After analyzing fracture

ig. 6. SEM micrographs of fracture surfaces of (a) AR78; (b) AR78-14W; (c)
R78-22W composites.
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ig. 7. Stretched W ligaments bridging the crack faces as observed on the crack
rofile of spinel/tungsten AR78-22W composite.

urfaces for both composites (and in terms of comparison for
he pure spinel) (Fig. 6), it is revealed that just larger (irregular)

etal particles suffer plastic deformation (necking) when cracks
ake progress and interlock bridging is showed. On the other

and, smaller W particles (rounded and <2 �m) suffer inter-
ranular fracture. The cracks advance along the metal/ceramic
nterface and pull out is observed. The increment in toughness
alue observed in these composites can be explained by the plas-
ic deformation of the larger metallic particles (irregular shaped
nd >2 �m) in the crack bridging. Fig. 7 shows that, once the
rack has reached the particle–matrix interface, the difference in
he crack-tip opening displacement between the ductile particle
nd the brittle matrix will cause the crack to be locally blunted
nd its segments forced to circumvent the particle, thus bridging
he crack along its length. This toughening mechanism requires
oth (i) strong metal–ceramic bonding and (ii) high plasticity of
he metal particles.

A similar behavior has been observed in mullite/molybdenum
omposites by Bartolomé et al.17 It is explained that crack
rowth resistance is improved by increasing metal grain size and
ts volume fraction; this fact is also observed in spinel/tungsten
omposites. When metal content is higher, tungsten trends to
gglomerate, thus metal grain size is larger and the amount of
ffective particles involved in bridging is higher as well as the
oughening increases.

. Conclusions

The following conclusions can be drawn:

1) The spinel/tungsten composites exhibited progressively
weaker sensitivity of strength to indentation load (flaw size)
with increasing tungsten content in the composite; in other
words, flaw tolerance improved with increasing metal con-
tent (related to larger metallic particles grain size and higher
number of effective particles involved in toughening).

2) The increase in the resistance of these ceramic–matrix

composites with adherent ductile phase to crack propaga-
tion with crack extension (rising R-curve behavior) can be
attributed to clamping forces applied by metal ligaments
that bridge the crack faces behind the crack front. This metal
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phase was shown to provide toughening by remaining intact
behind a propagating crack front and applying closure forces
that impeded crack growth.

3) It has been demonstrated once again that one of the most
important factors in the determination of fracture resistance
are the metal phase dimension and shape. The smaller the
metal phase, the smaller bridging area and the smaller frac-
ture resistance. Coarse W particles enhanced the bridging
effect, and as a consequence, a higher toughness value was
achieved.
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