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Abstract 

Graded or layered materials have been used for 
many years in specific applications to improve relia- 
bility for bonds between dissimilar materials, for 
improved coating adherence and to obtain better 
compatibility between fibers and matrices in compo- 
sites. Recently, the concept has been formalized, and 
such materials entitled FGMs. Molybdenum and 
mullite are two ideal candidates to fabricate cera- 
mic/metal composites and FGh4.s because of their 
similarity in thermal expansion, lack of reactivity at 
high temperature and high refractoriness. In the 
present work a systematic investigation of powder 
processing for the fabrication of mullite/Mo FGMs 
is described. It was found that the processing of 
mullite/Mo in water resulted in a formation of a 
homogeneous composite, whereas mixtures pro- 
cessed in ethyl alcohol produced FGMs with con- 
tinuous gradient. Compositional gradients, fracture 
toughness, hardness and electrical conductivity of the 
FGMs were also evaluated. 0 1998 Elsevier Science 
Limited. All rights reserved 

1 Introduction 

A functionally graded material (FGM) is one in 
which composition, microstructure and properties 
vary continuously across the material. Such mate- 
rials would be useful in applications where different 
properties are needed at different surfaces and 
where reducing the residual and applied stress dis- 
tributions is critical for functionality and lifetime 
improvement. Although such structures have been 
developed heuristically, the desire to develop 
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unified concepts for FGM design is relatively new 
and has prompted the reformulation of key ques- 
tions regarding design principles to yield materials 
with optimal performance and reliability.’ 

Examples where FGM structures could be useful 
include: (1) the joining of dissimilar materials, e.g. 
ceramics with superalloys for gas turbines or for 
turbocharger rotor-to-shaft; (2) bonding electrodes 
to electrolytes, as for fuel cells; (3) creating struc- 
tures with thermal barriers, such as high-speed air 
foils; (4) bonding electrodes to insulating contain- 
ment, as for high energy lamps and (5) forming 
environmentally compatible transition layers, as 
for biomaterials implants. 

Mullite/Mo FGMs have several advantages: (i) 
both compounds exhibit very similar thermal 
expansion values (aMO = 5’75 x 10-6”C-*, o&.n,ii = 
5.13x 10-6”C-1, at 1000”C),23 thus, the residual 
thermal stresses due to thermal expansion mis- 
match are expected to be very small; (ii) there is a 
range of temperature and ~(0~) for which mullite 
and MO are compatible, which facilitates proces- 
sing and ensures the chemical stability of the com- 
posite under certain operating conditions; (iii) MO 
is an good electrical and thermal conductor 
(PM0 = 5.6 x lop6 Qcm, KMO= 138Wm-‘K-l at 
room temperature)2 whereas mullite is an electrical 
insulator and has a very low thermal conductivity 

( KMUil = 2.5 W m-l K-1).4 This opens a large num- 
ber of possible applications in electronics and 
microelectronics, in thermal barrier coatings or in 
electrical conductor/insulator components. 

Recently Ishibashi et ~1.~ have developed SiOz/ 
MO continuous FGM for electrodes used in high- 
intensity discharge lamps. The present investigation 
describes the development of mullite/Mo FGMs 
using pressure slip casting method. 

2 Experimental Procedure 

The following starting powders have been used: 
99.9% pure MO metal (Kojyundo Kagaku, Japan) 
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with an average particle size of 1,s ,um; Mullite 
(Chichibu MP40, Scimarec Co. Ltd, Tokyo, Japan) 
with an average particle size of 0.7 pm and Ti02, 
0.08; MgO, 0.04; CaO, O-07; FezOs, O-05; NazO, 
0.02 and K20, O.O4wt% as main impurities. 

In order to process mullite/Mo FGMs by the 
pressure slip casting method, slurries containing 
50 wt% solids have been prepared using 200 proof 
ethyl alcohol or distilled water as liquid media. The 
mixtures were homogenized by milling with alu- 
mina balls in polyethylene containers at 120 rpm 
for 3 h. The slip casting was made in cylindrical 
PMMA tubes (2cm diameter) placed on plaster of 
Paris blocks. The pressure has been kept constant 
at 0.375 MPa for 2 h. Subsequently, the cylindrical 
green samples with have been dried at 40°C in air 
for 48 h. After drying, the specimens were sintered 
in vacuum (5x 10e3 Pa) at 1650°C for 1 h. The 
final FGMs are cylinders with -15 mm radius 
and the gradient parallel to the height (typically 
1 O-20 mm). 

In parallel, the sedimentation behavior of the 
different slurries in glass test tubes has been studied 
at room temperature for times up to 24 h. In the 
case of water-based mixtures, the liquid was fil- 
trated after the tests and the remaining solid was 
analysed by micro-Raman spectroscopy (Dilor, 
Argon + ,A = 5 14.5 nm). 

Sintered FGMs were mounted in an epoxy resin 
and cut perpendicular to the gradient. The cross- 
sections were fine ground and finished by polishing 
with diamond. The final abrasive used was 0.25 pm 
A1203. The microstructure of sintered and 
polished specimens was evaluated using reflected 
light optical microscopy (Leica DMRM, Germany), 
scanning electron microscopy (SEM, Topcon, 
DS- 13OC) and transmission electron microscopy 
(JEOL 2010, 200KeV). The major phases present 
in the sample were identified by XRD. Elemental 
analysis and X-ray mapping were performed both 
by energy dispersive (EDS) and wavelength dis- 
persive (WDS) methods. The phase concentration 
profile along the FGM normal axis has been 
obtained by SEM/EDS analysis on the polished 
cross-section of the sample using MO La1 peak 
intensity quoted from an area of 5Ox200pm, with 
the short dimension parallel to the gradient. 

Electrical resistivity measurements have been 
performed on FGM slices of -1 mm thick. The 
slices were cut perpendicular to the gradient. The 
resistivity was measured using the 4-point method 
with d.c. currents between 0 and 500mA, silver 
paint contacts and pure copper wiring. MO content 
in each slice was determined by EDS analysis. 

The variation of hardness and toughness along 
the gradient was measured using Vickers indenta- 
tion of polished cross-sections. The loads were 

adjusted in order to obtain indentations having 
well-defined radial cracks, which could be used to 
compute the fracture toughness, but without lateral 
cracking or spalling (small loads give indentations 
with no cracks and excessive loads cause spalling). 
This resulted in the use of loads varying from 50 to 
lOON, with higher loads being required for the 
higher MO contents. From the measured indenta- 
tion and crack size both the hardness and fracture 
toughness were calculated. The toughness was cal- 
culated from .the relation given by Anstis et ~1.~ as: 

where E is the Young’s modulus; H, the hardness; 
P, the indentation load; and C, the measured crack 
length. Only the results of tests with long cracks 
(C/O >2, D indentation diagonal) were used to 
measure toughness. The elastic moduli were calcu- 
lated based on the MO concentration using the rule 
of mixtures. 

3 Results and Discussion 

3.1 Sedimentation and processing 
The sedimentation studies showed that the 
water-based slurries flocculate forming mullite/Mo 
clusters. The coagulated suspension settles very 
fast, resulting in homogeneous sediment with 
relatively low packing density. Consequently, all 
attempts to fabricate graded materials using 
water-based slurries has been unsuccessful, with 
the final product being a homogeneous mullite/Mo 
composite. On the other hand, alcohol-based slurries 
remained deflocculated, and the mullite and MO 
particles settle at different velocities given by their 
density (10.2 g/cm3 for MO and 3.16 g/cm3 for 
mullite) and size (Fig. 1). The final sediment has a 
larger packing density and presents a continuous 
gradient in MO content from top to bottom. 
Therefore it has been possible to obtain mullite/Mo 
FGMs using the alcohol-based slurries. The final 
gradient is determined by two processes, on one 
side the different sedimentation velocity of the 
metal and ceramic particles, as given by the Stokes 
law, and on the other, the progressive drying of the 
slurry that starts from the bottom (the face 
touching the plaster of Paris). The sedimentation 
behavior is different in the Si02/Mo system, where 
continues FGMs can be prepared using water- 
based slurries.5 

The pH of the mullite powder suspension in 
water is 6.1, close to the isoelectric point of mullite, 
6.03.7 The molybdenum powder used in this study 
was found to contain a small amount of oxide on 
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MullitelMo FGM 
Processed in Alcohol 

Fig. 1. Mullite/Mo green compacts obtained by pressure slip- 
casting of ethyl alcohol and water slurries. 

its surface (the weight loss of the MO powder after 
hydrogen annealing at 600°C for 2 h was 0.56%). 
When the molybdenum particles are present in 
water a partial dissolution of the molybdenum 
oxide layer takes place. The MO oxide is respon- 
sible for the bluish color observed in the super- 
natant liquid. * This dissolution induces the 
formation of (Mo702#- species9 and shifts the pH 
to 4.1. These species are stable in the pH range 3- 
6.S9 and can be adsorbed on the surface of the 
molybdenum particles, as has been observed by 
micro-Raman spectroscopy of the solid fraction 
separated from the water slurries (Fig. 2). This 
spectrum is in good agreement with the one pro- 
posed by Coddington and Taylor9 for (Mo70&. 
At pH = 4.1 mullite particles are positively charged 
and consequently will be attracted by the nega- 
tively charged molybdenum species present on the 
surface of the MO particles. A coagulated, open 
and loose structure, similar to the one presented 
in Fig. 3, forms and hinders the differential 
sedimentation of MO and mullite grains. 

v(cm-I) 

Fig. 2. Raman spectrum obtained from the water slurry solid 
fraction after drying in air. The characteristic vibrational fre- 
quencies u,,,(Mo-O), u,,~~(Mo-O) and 6(MoO) associated 
with [Mo702& species at 993, 822 and 379cm-r, respec- 

tively, can be seen. 

MullitelMo in Water 

Mullite 

0 Molybdenum 

Fig. 3. Schematic representation of the aggregation state of 
mullite and molybdenum particles in water slurries. 

In the silica/MO system processed in water no 
flocculation has been observed.5 In this system MO 
particles settle as expected based on the difference 
in specific gravity between MO and silica. This 
makes processing of silica/MO FGM relatively 
easy. In this particular case formation of 
(Mo~O~~)~- also takes place shifting the pH 
toward the acid region of pH 334. However, at 
these pH values the silica particles are negatively 
charged (Si02i,e,p. = 2i”), and therefore no attraction 
forces between negatively charged molybdenum 
species and silica occurs. 

3.2 Microstructural study 
The sintered mullite/Mo FGMs had a density 
> 99% th. and a continuous graded micro- 
structure. A typical optical micrograph of the 
cross-sectioned FGM is shown in Fig. 4. Figure 5 
shows the fraction of molybdenum (~01%) versus 
length fraction. Once the slurry is poured into the 
mold, a cake forms almost immediately at the bot- 
tom surface, giving the observed sharp peak in MO 
concentration, This is because the coarser molyb- 
denum particles settle very fast at the beginning of 
the pressurized slip casting operation. The final 
shape of the gradient depends on the combination 
of differential sedimentation of the metal ceramic 
particles and drying of the slurry. The final gradient 
shows an increase in MO content until it reaches a 
maximum value at about O-4 length fraction. Then, 
the MO content decreases monotonically to almost 
zero at the top of the sample. 
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MullitelMo FGM 
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Fig. 4. Reflected light optical micrograph corresponding to a mullite/Mo FGM cross-section showing the molybdenum (white 
particles) concentration gradient. 
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Fig. 5. Plots of fraction of MO (vol%), resistivity, toughness 
and Vicker’s hardness versus length fraction for mullite/Mo 

FGM. 

Typical SEM micrographs of the FGM obtained 
at different distances from the bottom (MO-rich 
part) are shown in Fig. 6. It is important to note 
that no new phases were detected by XRD or 

Fig. 6. SEM micrographs of mullite/Mo FGM specimen 
obtained at different distance from the bottom. 

observed at the mullite/Mo interface by TEM or 
SEM. A TEM micrograph of the interface is shown 
in Fig. 7. The EDS analysis of the MO particle 
shows the presence of oxygen. This oxygen is 
located at the interstitial position of the bee lattice 
of MO causing embrittlement of the metal.” The 
analysis of mullite exhibits a MO peak, which corre- 
sponds to an amount of 2.3 wt% of MO dissolved in 
mullite. This suggests that the MO oxide that coats 
the metal particles diffuses into the mullite lattice. 
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Fig. 7. (a) TEM micrograph showing molybdenum particles inside mullite grains. (b) Close-up of a mullite/Mo interface showing 
no presence of new phases at the interface. (c) EDS spectrum obtained from a mullite grain indicates about 2.33 wt% of molybde- 

num. (d) EDS spectrum obtained from a molybdenum particle showing the presence of oxygen. 

No data have been reported in literature about 
the solid solution of MO oxides in mullite. 
Extensive synthesis experiments performed by 
Schneider12 have shown that mullite can incor- 
porate into its structure different amounts of a 
wide variety of transition metals, e.g. Ti, V, Cr, 
Mn, Fe and Co. Schneider et ~1.‘~ also studied the 
thermal expansion of mullite with additions of 
11.5 wt% Cr20s and 10.3 wt% Fe203 (close to the 
solubility limit for these oxides in mullite). He 
concluded that Cr3 + and Fe3 + are incorporated in 
mullite by replacement of A13+. Mo3+ has an ion@ 
radius in the same range as Cr3 + and Fe3 + (0.65 A) 
when located in an octahedral coordination. 

Consequently, Mo3+ can also substitute A13+ in 
the mullite lattice. A more detailed study will be 
necessary to completely understand the mechanism 
and the extension of this solid solution. 

3.3 Electrical properties 
Figure 5 shows the resistivity of each FGM slice 
depending on its location in the specimen. It can be 
observed that -2/3 of the sample conducts 
electricity. The transition from conductor to insu- 
lator marks the point where the microstructure 
changes from an interconnected metal-ceramic 
composite to isolated metal particles in a mullite 
matrix. 
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In Fig. 8 the resistivity of each slice is plotted 
against its MO content. The resistivity of a Mo- 
ceramic composite can be modeled using the 
General Effective Media equations14 as: 

pc = pMo(l _ izz!kp-r 
1 -fc (2) 

where pc is the resistivity of the composite,_/& the 
volume fraction of the composite, fc the critical 
volume fraction needed for conductivity (for MO 
contents lower thanf, the slice is insulating) and t 

is an exponent that is fitted from the experimental 
data and depends on the composite microstructure. 

Fitting of the resistivity data with the General 
Effective Media Equation is also shown in Fig. 8. 
The corresponding critical MO volume fraction (f,) 
is about 12~01% and t-3-2. The expected_& for a 
random distribution of conductive and non-con- 
ductive spheres of same size is 16%,14 slightly lar- 
ger than measured. This can be due to the effect of 
particle size distribution. Possible strategies to 
decrease the critical fraction of MO needed for the 
conductivity cfc) would include the development of 
microstructures in which the conductive particles 
are not packed at random (e.g. have arrays of 
conductive particles in the form of strings) or to 
use MO particles with more elongated shapes (for 
example, fibers). 

3.4 Hardness and toughness 
As can be seen in Fig. 5 the hardness varies weakly 
with MO content, up to the maximum at the mul- 
lite side of the FGM. This dependence is reason- 
able, given reported values of 15 GPa for mullite15 
and of 2-2.5 GPa for annealed Mo.~ 

103 F I 

Fig. 8. Electrical resistivity of thin FGM slices depending on 
their MO content. Fitting to the General Effective Media 

equation is also presented. 

The toughness also depends on the MO content. 
Typical values reported in the literature are 
2.0MPa.m1/2 for mullite3 and 5-10MPa.m1/2 for 
sintered Mo.16 As expected, the toughness increa- 
ses with MO content up to twice the mullite tough- 
ness for a MO fraction of 35%, Similar toughness 
dependence has been found in Mo/Si02 FGMs. 
The toughening mechanism involves some deflec- 
tion of cracks and bridging of metallic ligaments 
across the crack flanks. 

Comparison with the resistivity measurements 
indicates that the larger change in hardness and 
toughness occurs when the interconnected MO 
skeleton is broken. 

4 Conclusions 

The present study shows that it is possible to fab- 
ricate continuous mullite/molybdenum FGMs, 
with density closed to theoretical, by pressure slip 
casting of alcohol-based slurries. When water is 
used (M07O24)~- species adsorb on the surface of 
the MO particles causing flocculation and impeding 
the formation of graded structures. 

Mullite and MO do not react during sintering in 
vacuum at 1650°C and no new phases were detec- 
ted in the final FGM. On the other hand, EDS 
analysis detected the presence of oxygen in the MO 
grains and -2.3 wt% of MO in the mullite lattice. 

The mechanical properties (hardness and tough- 
ness) and electrical resistivity varied along the gra- 
dient as expected. An important point is that it has 
been possible to fabricate FGMs with a micro- 
structure that continuously changes from an inter- 
connected metal/ceramic composite to metal 
particles isolated in a mullite matrix to almost pure 
ceramic. As a result, the samples contain both a 
conductive and insulating areas. 
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