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In conventional short fibre reinforced metal matrix composites, the quest is for a method of
processing that will provide a homogeneous and preferably random arrangement of fibres.
In contrast, recently developed contiguity models for multiphase composites on the one
hand, and finite element modelling of structures on the other, independently predict that
the modulus enhancement provided by short-fibre reinforcement can be improved if the
fibres are arranged in a cellular structure. Furthermore, provided the metallic phase is
continuous, the toughness of the composite may also thereby be enhanced. This paper,
which is part of an attempt to explore the question of reinforcement arrangements,
presents a method for making ceramic preforms for MMCs in which a polymeric foam is
used to position the fibres in cellular array. The polymer is then removed by pyrolysis and
the preform of fibres is strengthened by sintering. During high temperature sintering,
phase changes and grain growth degraded the fibre. Methods of increasing the
compressive strength of the preform by incorporation of alumina particles and by
subsequent infiltration are described and compared. © 2001 Kluwer Academic Publishers

1. Introduction the same reinforcement, a composite with two net-
Besides the obvious refractory applications for ceramisvorks: a metallic network and a fibre-reinforced MMC
foams, reticulated ceramics that have open porositypetwork should presentan elastic modulus thatis higher
are used primarily in applications where fluid trans-than that obtained by a random reinforcement distribu-
port within the microstructure is required [1]. Thesetion. Since the metal matrix is continuous, it should
may include catalyst supports, molten metal filtrationalso offer better damage tolerance. The same conclu-
or hot gas filtration, but the application which moti- sion has been obtained by the topological optimisation
vates the present work is the use of reticulated strucef structural elements using finite element analysis [9].
tures as preforms for metal matrix composites (MMCs).This coincidence of conclusions of theoretical mod-
There is a need to develop processing technigues whictls offers sufficient justification to explore the property
will provide the microstructure of a two-phase, three-advantages that are expected to accrue from the use of
dimensionally inter-connected composite after melt in-controlled inhomogeneous structures in MMCs.
filtration [2]. Several reviews of ceramic foamsandtheir The approach to structure control was to employ a
fabrication have recently appeared, including those byolymer processing method capable of preparing ce-
Saggio-Woyansky, Scott and Minnear [3] Sepulveda [4Jramic foams [10] and to replace the powder with short
and Rice [5]. They provide an effective way to control staple ceramic fibres.

the distribution of the reinforcement in composite ma- Generally, the fabrication method selected for mak-
terials and hence to influence the properties such aisg ceramic foams determines the range of porosity,
modulus, conductivity and dielectric constant. the pore morphology and pore size distribution. Previ-

One of the established methods of preparing metabus work has indicated that conventional and commer-
matrix composites is squeeze casting in which moltercially available polyurethane systems can be used to
metal infiltrates a porous preform consisting of ceramicproduce ceramic foams [10-12] in which microstruc-
fibres. The emphasis until recently, has been on attemptural control of the final foam during the processing step
ing to produce homogeneous isotropic preforms. is possible.

However, a theoretical model based on a microstruc- A tangled fibre network is one of the four basic struc-
tural approach allows the physical properties to be pretures of porous ceramics [13] and the method for mak-
dicted [6-8]. One of the outcomes of this model is thating such fibre networks as preforms normally involves
the mechanical and physical properties depend mormixing the fibres with water followed by slurry and filter
directly on the continuous volume fraction of reinforce- pressing which yields a random or planar random dis-
ment than on the overall volume fraction. The modeltribution of fibres. Although directional arrangement,
therefore suggests that, for a fixed volume fraction ofsuch as a planar random distribution [14], has been
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achieved by some manufacturers, there is less contrcg
in the spatial distribution of the fibres due to the limi-
tations of the process.

The method employed here, based on the procep
dure used in our previous work for particulate ceramic
foams [10, 15], presents a method for arranging shor
fibres in an efficient way to form cellular structures for
the subsequent melt infiltration of metals. It thus uses
polymer processing operation to make a ceramic struc
ture for a metallurgical goal.

2. Experimental details
A two-component, polyurethane (PU) foaming system
(grade ISOFOAM RM6216W) was supplied by Bax-
enden Chemicals (Accrington, Lancs, UK). The details
have been described elsewhere [15].

The ceramic fibre selected for this study was Saffil
alumina short fibre which is predominantlyalumina
(Al,O3) with an average diameter ofi@@n and a fibre
length ranging from 100 to 150m. This was kindly do-
nated by Vernaware, Bolton, UK. Table | gives the basic
properties of the fibre and its morphology is shown in
Fig. 1 at low magnification (a) and, in order to show the
smooth surface of the fibre, at higher magnification (b).

The processing sequence is summarised in Fig. 2 an
the details are similar to those used for the preparatiof
for particulate ceramic foams [12]. All the suspensions
prepared for foaming contained 5 vo1.% fibre mixed
into both components of the system. This was the max
imum volume fraction of fibre that retained fluidity as (b)
found by introducing different amounts of fibre into rigyre 1 Morphology of Saffil short alumina fibre (a) low magnification
the components of the foam. Beyond this value, theind (b) high magnification showing smooth surface.
suspension was too viscous to foam.

In order to enhance mechanical strength of the cel;
lular body, silicone oil (Dow Corning 510/50¢S, BDH | FOAMING AGENT! | | CERAMIC PHASE | | FOAMING AGENTH |

Laboratory Supplies, Poole, UK) alumina powder were | | | |
incorporated in the foaming system during the process
|

ing procedure. A siliceous phase produced by the de
composition of silicone oil provides a binder which can
be employed in strengthening porous ceramic bodies MIXING WITHIN THE
Alumina powder (MA130 gradeDso of 4 um, supplied CREAM TIME
by Alcan Chemicals Europe, Burnt Island, Scotland)

was added to increase the number of particle-fibre
bridges. The compositions of these modified foaming

systems are given in Table II.

An alternative method of introducing ceramic pow-
Figure 2 Flow chart of the processing procedure for ceramic foams.

der for the purpose of strengthening the cellular body
was as follows. The sintered foams with coarse powdel
additive were infiltrated with the fine alumina powder

(RA45E, supplied by Alcan Chemicals Europe, Burnt

TABLE | Properties of Saffil alumina fibre (RF grade)

chemical 5 A'§93:392;97% Island, Scotland) in suspension on up to three occa-

emical composition 9 3-4% sions. After infiltration, they were dried at 200 for at
Crystal phase mainlg-aluming  l€ast 12 hrs and then fired at_12_fG[C)f<_)r 2 hr. In order.
Density 3300 kg/h to prepare suspensions for infiltration, sedimentation
Median fibre diameter am tests were carried out on 5 vol.% alumina suspensions
Melting point >2000°C

adjusted to pH 1.7, 8.5 and 12 as measured by a model

\T(iﬂflg?ssr:igﬂfﬂs ;gg %’;':a PW9418 meter (Philips, UK) calibrated with a pH4
buffer. The suspension that showed least sedimentation
*Alpha alumina<15%, as claimed by the manufacturer. was selected for infiltration.
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TABLE |l Compositions for preparation of fibre foams 4000 g 3 « o 5-ALO;
. x  o-ALO
Composition vol.% N Aleséoaw
4 g
Alumina Silicone 30001 "
Sample fibre Powder oail Polyurethane 1 . x i x
i w 1 hA ﬂ H X \"
Fibre foam 5 0 0 Bal. 2. 2000 i . i ! | 1‘ | }\
without additives © ] Ul N | o 1
Fibre foam wit.h. 5 0.5 0 Bal. ii)v_ L JL! i ‘u«f"‘_fL"‘jL’g a2 I3 e J(\VX_AJ\J ‘JL
powder addition 1000 () = o ] = , o8
. . 4 oA %o, A ¥ I i
Fibre foam with 5 0.5 0.25 Bal. e A R e i
silicone oil Tay v e, A g iy
AR A O LV SRS i A N Lo "
+Based on the ceramic-polymer system T e
: 20 30 40 50 60 70

20
A phase transformation occurs between dlﬁeremﬁigure4XRDresultsshowingthephasetransformationofaluminafibre

CrySta"ine polymorphs of alumina during heat treat'during high temperature treatment. The as-received fibre is also shown
ment. The as-received fibres were fired at 12D0@nd  for comparison: (a) as-received (b) sintered at ZZDir 2 hr (c) sintered
1650°C for 2 h and the phase composition and fi-at 1650 C for 2 hr.

bre morphology were examined by X-ray diffraction

(XRD) and scanning electron microscopy (SEM). o N . . . _
Thermogravimetric analysis (TGA) was carried out 12.8%wt Wh'.Ch IS equwalgnt tothe starting welgh_t per
gent of the fibre phase in the suspension within the

onthe foamed suspension in order to judge the pyrolysi X X ; .
and sintering schepdules APerkin-EIgnergModeIIDYI'GSX‘,/—ZQXpemne.m"’lI error. Qn this basis, f[he heating sched-
' ule described in Section 2 was devised for samples of

analyser was used with a flow rate of air of 25 ml/min

and a heating rate of 1G/min. 40 mm cube. Because of thg low apparent thermal con-
The polymer-ceramic foamwas cutinto cubes ofsidedUCtIVIty of these low dens¢y foams, larger Samp"?s

40 mm and pyrolysed in flowing air (41/hr) at&/hr may need much lower heating rates. After pyrolysis,

to 450°C with a 2 hour hold before furnace cooling. the preform was black due to traces of residual carbon

Sintering was carried out in air with a heating rate Offrom the polymer phase.

o : : The phase transformation during high temperature
(z;ogn/g;n t0 1200°C with a 2 hour hold before furnace treatment revealed by XRD is shown in Fig. 4. The XRD

The microstructure of the foams was observed by uszrace ofthe as-received flbrg IS aIsp sh_own for compar-
son (Fig. 4a). The as-received fibre is composed of

ing a Jeol JX840 scanning electron microscope (SEM%rlainl s-alumina andv-alumina but the peaks are not
where the samples were secured with double sided con- y i . P )
harp due to the fine grained structure [16]. The peakin-

ducting tape. No liquid adhesives or dags were used. " T !

The compressive strength of the sintered foam was me ensities of ther-alumina increased slightly when the
sured using a Model 4206 Instron testing machine (In-z aomnpdléanm{astr?:sageoc]{ t?\;gﬁ ifr?; geré?g;:‘dn?;orﬁ')
stron Ltd, Buckinghamshire, UK) fitted with flat steel SPON9INIY: 9.42D).

) h . This indicated that partial phase transformation from
platens closing with a cross head speed of 0.5 mm/min to a-alumina occurred at 120 in agreement with

the findings of Birchall and co-workers [16] and this

3. Results and discussion was accompanied by a morphological change of the fi-
3.1. Thermogravimetry and bre surface which is shown below. There are also a few
phase transformation peaks corresponding to é8i,O;3which appeared after

The thermogravimetric weight loss (Fig. 3) of a pure heat treatment at 120C, due to the reaction between
fibre foam shows a three stage decomposition of theél,O3 and the 3—4 wt% Si@which exists in Saffil fibre
cured polyurethane culminating in the loss of carbona{Table I).

ceous residue at-630°C in air. The final residue is  After sintering at 1650C for 2 hours, the transfor-
mation went to completion and the peakseflumina

are very sharp due to extensive increase in grain size

98.2%
100 (Fig. 4c). The peaks of ABi,O3 are remarkably well

80 defined as well.
& The surface morphology changes resulting from the
= 60 phase transformations and grain growth of the fibre af-
& ter high temperature treatment are shown in Fig. 5. For
B 40 samples sintered at 1200, the edges of a plate-like

»0 phase appear on the fibre, both on the surface and inside

(Fig. 5a) which are believed to reflect the phase trans-
formation and grain growth [16]. The time-temperature
conditions determine the conversion rate which, as
shown by Badkar and Bailey [17], is controlled by the
interaction of the phase boundary with pores.

Figure 3 The TGA curve of a pure fibre foam showing a two stage  With the nucleation and growth of the alpha alumina
polymer decomposition. phase, grain boundaries become more obvious at the

50 150 250 350 450 550 650 750 850
Temperatare/°C
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(b)

Table Il gives a summary of the relative densities
and volumetric shrinkage at each stage in the process.
For each foam, a substantial shrinkage occurs as the
polymer is removed and again during sintering and this
is a disadvantage when high dimensional accuracy is
needed. The shrinkage on pyrolysis establishes the pre-
fired relative density at which the fibre assemblies en-
ters the sintering furnace. The volumetric shrinkages
for the foams without silicone oil were about 50%, The
pre-fired alumina fibre preform underwent a very high
shrinkage at the sintering stage, i.e., 90%, and this led
to a fired relative density of 4%. This indicates 96%
void fraction which is made up of both macroporous
and inter-fibre pores.

3.2. Microstructure of the fibre foam

Fig. 6 shows a fracture surface of the foam made with-
out any additives, i.e., fibre only. The cellular structure
which is sought for metal matrix composite preforms
was successfully achieved by using this foaming me-
thod. The fibres have aligned themselves along the lon-
gitudinal direction of the struts to form fibre bundles.
While this provides a microstructure for the metal ma-
trix composite that should offer high tensile strength
in the struts, it also tends to reduce the compressive
strength of the preforms because it allows for fewer
fibre bridges. Thus, there is less bonding between the
fibres inthe struts and this tends to resultin low strength
of the preform. Indeed the foam was too fragile to be
handled or tested.

Figure 5 The surface morphology changes resulting from high temper- %
ature treatment (a) sintered at 12Q0for 2 hr (b) sintered at 165C for
2hr.

fibre surface. Sintering at 165Q for 2 h caused the
surface to be distinctly changed. The grain size of the
a-alumina is several microns (Fig. 5b). This is much |8
larger than that of the original grain size (about 50 nm)
in the fibre as suggested in Dinwoodie’s work [16]. Pre-
vious studies [14, 16] indicate that this transformation
incurs a loss of fibre properties; the tensile strength de
creases dramatically when the fibre is subjected to hig
temperature heat treatment.

In this study, the sintering of the final fibre foam was E=SS = z :
carried out at 1200C for 2 hrs in order to achieve 100pum
adequate strength and limit damage to the fibre itself.

Since lower temperatures offer little or no sintering, thiSrigure 6 Fracture surface of the foam made without any additives show-

isa compromise_ ing the cellular structure but limited bonding between struts.
TABLE |1l Dimensional changes and volumetric shrinkage during pyrolysis and sintering
As-foamed Volumetric Volumetric Calculated Measured
density shrinkage shrinkage relative relative
Details of sample (kgrm?) on pyrolysis on sintering density (%) density (%)
Fibre foam without 71 51 86 4.0 4.1
additives
Fiber foam with 65 44.0 90 4.6 4.2
powder addition
Fibre foam with 344 22.3 32 3.9 4.0
silicone oil
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The low strength of the fibre preform results not only
from fibre alignment but also from the low volume frac-
tion of fibre that can usefully be incorporated in the lig-
uid components of the resin. This is mainly a result of
the high aspectratio[18, 19]. When higher volume frac
tion mixtures were prepared, the suspension viscosi
rose steeply and very little expansion occurred on foam=
ing. Furthermore, the mechanical strength of junctions®
between fibres is expected to be low after sintering a:*
1200 C and mechanical strength of fibres themselves®
is low after sintering at 165C. ¥

In order to increase the number density of contacts,
coarse alumina powder with a mean diameter pid
(MA130) was introduced into the suspensions at ar ;
additional volume percent of 10% based on the fibre
phase, that is, 0.5 vol.% in the whole suspension. Thglgure 8 SEM micrograph of the foam produce with silicone oil addition
final structure of the fibre foam produced therefromShOW'ng non-uniform distribution of residue.
is shown in Fig. 7a, and at a higher magnification in
Fig. 7b. With the assistance of the alumina powder, the Despite this progress, compressive testing of this
junction density in the fibre struts is increased. foam revealed poor strength. In an attempt to amelio-

The fibre preform structure shown in Fig. 7 shouldrate the strength, an additive that would leave a siliceous
provide a combination of i) high density of reinforce- residue was used on the grounds thatitwould strengthen
ment in the struts, ii) continuity of the unreinforced fibre junctions after a low temperature treatment. Sili-
ductile metal phase through the open windows of thecone oil which has been added to other ceramic bodies
fibre foam which is regarded as important for toughnesgor similar reasons [20] was incorporated in the foaming
of the final MMC and iii) high contact density inside system. Thermogravimetry of the silicone oil showed
the struts to give high preform strength. that a residue of 4% was left after heating to 8Q0in
air. The resulting microstructure of the foam (Fig. 8)
was very non-uniform, probably because of the immis-
cibility of silicone oil in the polymer system. This was
later confirmed by observing the phase separation that
occurred after thorough mixing of the resin and sili-
cone oil. Also, as shown in Table lll, the addition of
silicone oil limited the foaming of the suspension and
led to a relatively higher as-foamed density and a lower
volumetric shrinkage during the pyrolysis and sintering
process.

It is arguable that strength could be increased by
high temperature sintering because it would strength-
ening the fibre junctions, but after sintering at 1850
the surface morphology of Saffil fibre became grooved
due to the phase transformatiorvt@lumina and grain
growth. Previous investigations [14, 16] indicated that
high temperature heat treatment (above T2)0esults
in a sacrifice of fibre strength.

3.3. Slurry impregnation of the fibre foam

and its effect on compressive strength
The compressive strength of the fibre foam with coarse
powder additions was 73 kPa. The target value of com-
pressive strength based on slow infiltration of a non-
wetting liquid was estimated as 100 kPa. In order to
increase the compressive strength of the ceramic foam
toalevelthat can sustain molten metal influx by squeeze
casting, the foam sintered at 12@which had been
made with addition of coarse alumina powder was sub-
sequently dipped in a fine alumina powder suspension.
A fine grade of alumina powder (RA45E) with a mean
particle diameter of 0.4gm was mixed with distilled
Figure 7 Microstructure of the fibre foam produced with coarse powder water at 5 vo1%. In the sedimentation test described in
addition and sintered at 1200 for 2 hrs, (a) low magnification and S€cCtion 2, the pH of the suspension that gave the longest
(b) high magnification. sedimentationtime was pH 11-12. Thisis more alkaline
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than the pH of the isoelectric point for alumina thatis The mechanical properties of cellular materials can
generally in the region of 8.5-9 [21]. be related taC (1 — V,)™, whereC is a geometric con-
The sintered foam was dipped inthe suspension gradstant characteristic of the unit cell shapg,is the vol-
ually until the block was completely immersed. This ume fraction of the pores and m depends on the defor-
method ensures the outgoing air escaped from the tomation mode of the struts [22].
surface of the sample. After a dwell time-efl minute, Models for mechanical behaviour often rest on the
the samples were dried at 200for 10 hrs and then sin- assumption that the mechanics of a single unit cell can
tered at 1200C for 2 hrs. For multiple dip experiments, be used to describe the overall deformation. They con-
the samples were dried at 200 for 10 hrs and sintered clude that the most important factor affecting the me-
at 800°C after each dip to ensure that the powder wouldchanical behaviour is the relative density, but they also
not fall out during handling or subsequent dipping. Theidentify some influence of the cell size on the properties.
weight changes and the total volume fractions of theOne expression developed to describe the dependence
samples are summarised in Table IV. of compressive strengtla{) of open cell ceramics on
Compressive testing was performed on rectangularelative density gives [22]:
blocks with a size of 1% 10x 10 mm. These results
are also given in Table IV. The fibre foam with coarse otc/ots = C (L — Vp)¥/2. 1)
powder additive before dipping had a compressive
strength of 73 kPa. It was too fragile to sustain squeezélere,C is a constant that depends on the cellular ge-
casting. After infiltration three times, the strength wasometry and has been found empirically to be approx-
increased to 290 kPa. This is strong enough to withimately 0.2 for brittle open-cell foams. For cellular
stand the pressure encountered in squeeze casting asalids with fully dense strutsys is the fracture strength
therefore is suitable for preparing metal matrix com-of the dense ceramic material which, for a brittle solid,
posites. Infiltration with the fine powder suspensionis close to its fracture stress in simple tension and
significantly increased the total volume fraction of the (1 — V,) is equal to the relative density.
ceramic phase in the foam. The fine powder mainly ex- In the case of fibre arrays described here, infiltration
ists in the struts as shown in Fig. 9. After sintering, thewith fine alumina particles did not decrease the pore
powder sticks to the fibres and leads to an increasedolume very much and hence the improved strength of
number density of contacts and hence to a better bondhe cellular body shown in Table IV is primarily due to
ing between the fibres with consequent increase in théhe increase in strength of the struts. Inthe present work,
strength of the foam. the strut consists of fibres and incorporated particles and
is notitself fully dense, so thatin Equation 1{1V,) is
TABLE IV Weight changes, total volume fraction of ceramic phase NOt equal to the overall relative density. In this circum-
and compressive strength of foams modified by infiltration with 5 vol% stancesgts represents the strength of the strut (fibre
RAASE powder suspension network) in simple tension. De Ruwvet al. [23] ap-
Before Infiltration  Infiltration  Infiltration proximated the in-plane strength of fibre networks by a
infiltration by one dip by two dips by three dips  Power law function of the relative density which, using
the nomenclature adopted here, gives an expression for

Mass (g) 0.49 0.87 1.22 1.54 Ots:
Total volume 4.20 6.80 9.30 11.50

fraction of n

ceramic (%) ois/ot = K(1 — Vs) (2
Compressive 73 100 157 290

strength (kPa) where,o is the tensile strength of the fibre itsélf; is

the volume fraction of porosity within the struts only,
andk andn are constants. Values afcan vary from

1 to 4 depending on processing conditions. Equation 2
has the same form as Equation 1 and this indicates that
the strength of the fibre network can be treated in a
similar way to that of a cellular body. This can be further
simplified by takingk=1/3 andn=1 reflecting the
finding that the maximum tensile strength of a random
two dimensional network is equal to one third of the
strength of the individual component fibres [23, 24].
Thus

*Initial mass of the sintered foam block before dipping in the powder
suspension.

ors 1
TSV, ©

of

The volume fraction¥,, andVs need to be determined
separately and are related to the overall relative density,

p* by

*

Figure 9 Microstructure of the foam after infiltration with fine powder Vs=1-
suspension showing that the fine powder mainly resides in the struts. 1-Vp

(4)
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silicone oil was not successful because of its low mis-
cibility with the resin. By incorporating coarse alumina
particles in the foam and by subsequent infiltration with

(5)
, .. fine alumina slurry, the compressive strength of the cel-
Since the cells of the foam are large compared with o, body was significantly increased.

the pores in the struts, they cor_1trib_ute little to sintering  These cellular arrays of ceramic fibre have poten-
and the final pore_volyme fraction is comparable_ to th&ia) use in a range of applications, but the main aim of
pore volume fraction in the as-foamed state. Taking thgne present work was to prepare preforms for metal ma-
data from Table Ill,o* is approximately 0.04. Taking iy composites which will produce a three dimensional

so that combining Equations 1, 3 and 4:

otc = 1/1501p* (1 — Vp)*/2.

manufacturer’'s data the as-received fibre has a tens”ﬁcontinuous microstructural topology.

strength of 2 GPa but after heat treatment at 2200
giving mainly alpha alumina, the strength is likely to be

in the region of 500 MPa [14]. Equation 5 then predictsAcknowledgement
acompressive strength of 290 kPa, some 220 kPa highathe authors are grateful to EPSRC for the financial
than the measured value. Clearly the simplifications insupport of this work under Grant No. GR/L80553 and

Equation 3 need to be explored experimentally for thetg

Mr. Barrie Harvey of Vernaware, Bolton, UK for

struts in which fibres tend to be uniaxially aligned; ansupplying the alumina fibre.

arrangement that makes for a lower density of fibre
contacts.

Equation 5 indicates that for a fibre foam with a given References
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