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For the first time, ceramic precursors were applied in the powder metallurgy (P/M)
preparation of Functionally Graded Materials (FGM). Two types of FGMs were prepared:
Al/SIC for possible aerospace applications and Cu/SiC for dynamic seal applications. There
are two main advantages of using ceramic precursors for P/M preparation of FGMs (1)
avoidance of the commercially used debinding step and (2) shrinkage control of the

individual layers of the composite.

1. Introduction

The concept of functionally graded materials (FGMs)
was proposed [1,2] in the last decade as a means of
preparing thermal barrier materials suitable for use in
aeronautics (hypersonic aircraft skins), fusion reactors,
and space transportation systems. An FGM is an
anisotropic composite material in which a continuous
change in microstructure from low modulus (usually
metal) to high modulus (usually ceramic) domains
result in a gradation of properties. An abrupt
transition in material composition from pure ceramic
to pure metal, due to the low coefficient of thermal
expansion of the ceramic and relatively high thermal
expansion coefficient of the metal, [3,4] results in
severe thermal stress which encourages the propaga-
tion of interfacial cracks. A well-controlled interlayer
may relieve stress acting across the bonded interface
and may thus prevent crack formation. This technique
is especially applicable within materials which exhibit
thermal-expansion mismatch.

Depending on the application of the FGM, the
gradient can be created in a single step, in a continu-
ous or in a stepwise fashion. The single step gradient is
comprised of a uniform mixture of metal and ceramic
sandwiched between pure ceramic and metal layers. In
a continuous gradient the mixtures of metal/ceramic
blends gradually vary from ceramic-rich to metal-rich
layers. The stepwise gradients are achieved by steps in
composition of ceramic-rich to metal-rich layers
(Fig. 1).

The interest in the field of FGMs is constantly
growing [5-7]. The application of FGMs can be
found wherever corrosion, wear, and heat-blocking
are required such as in the fuselage of a hypersonic
aircraft which, due to aerodynamic heating, may ex-
perience temperatures of up to 1700 °C [5, 6]. Ceramic
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tails, traditionally used for this purpose, tend to deb-
ond at the metal-ceramic interface as a result of ther-
mal stress. Other applications of FGMs also may be
found in biotechnology for bone implants, eg,
a Ti/hydroxyapatite FGM [8&].

The FGM preparation methods include: various
powder metallurgy (P/M) techniques, [9] plasma
spray techniques, [10,11] chemical vapour depo-
sition, [12] self-propagating high temperature syn-
thesis (SHS), [13—-16] as well as magnetron sputtering,
physical vapour deposition, dynamic ion mixing,
chemical vapour infiltration, and reaction bonding
[17]. Powder metallurgy processes, due to their speed,
simplicity, and economy, are employed mostly for
FGMs that are composed of layers (plies) with a thick-
ness in the order of millimeters. The powder tech-
niques generally are divided into dry and wet pro-
cesses.

An FGM is prepared by dry powder metallurgy in
a number of ways. In one of these, dry powders such as
Al Si, and ZrO, [18] or SiC, C, ZrO,, and TiC [19]
are deposited successively by thermal spraying and
subsequently compacted by cold isostatic pressing
(CIP) prior to sintering. Another dry P/M process of
FGM preparation consists of sintering of a powder
compact at high temperature (1500 °C) at a high isos-
tatic pressing (HIP) of 12.5 MPa [20]

In wet P/M most of the powder processes require
binders. For example, an injection molded Fe-Co
alloy/stainless steel (SUS 304) FGM required
7-11 wt % of an organic binder (such as poly(vinyl
acetate) or polyethylene) which had to be removed in
vacuum at 350°C prior to sintering [21]. Another
process for the preparation of functionally graded
materials utilizes a suspension of metal and ceramic
powders in water and is analogous to the packing of
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Figure I Functionally Graded Material (FGM); M-metal, C-ceramic. After Suganuma et al. [1].

a liquid chromatography column. The gradual vari-
ation in suspension composition from metal-rich to
ceramic-rich gives the gradient. In the final step,
solid/liquid separation is carried out and the resulting
cake is dried at 100 °C in vacuum [22].

Yoshitaka et al [5] and Takemura et al [6] have
extensively explored the thin sheet laminating process
which involves the preparation of a slurry and the
subsequent use of a doctor blade technique for prep-
aration of thin sheets. These sheets may vary in thick-
ness from tens of microns to about 2 mm. They then
are overlayed and uniaxially pressed in a way to give
the final composition gradient. The green laminate
preform requires a debinding (dewaxing) step prior to
sintering which involves heating the green FGM to
500 °C with an air pressure of 0.5 MPa.

In both wet and dry P/M, the shrinkage of the
laminate layers may cause deformation in the final
product. The shrinkage control of individual layers of
the FGM composite is important, especially when
powders of various particle sizes are used. If shrinkage
is not addressed, total warpage of the FGM composite
takes place. It is essential to make all the layers of the
laminate shrink equally during sintering to avoid de-
formations of the final part. Niino and coworkers in
reference [17] showed that when 0.03 pm particle size
Zr0O, is blended with Ni(~4 um) powder, the percent
shrinkage increases with an increase in volume frac-
tion of ZrO,; however, the reverse is the case when
15 um particles of ZrO, are employed. It also was
observed that the volume shrinkage ratio was nearly
equal to the volume fraction of organic binder in the
green body. Therefore, successfully controlled shrink-
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age requires the incorporation of a mixture of different
sized ZrO, particles in conventional P/M preparation
of FGMs. In general, the shrinkage of parts prepared
from powders depends on powder characteristics such
as size, shape, and size distribution [23].

In the preparation of FGMs by powder metallurgy,
to date only organic binders have been utilized; there
is no precedent in the literature of using preceramic
polymers as binders for the fabrication of FGMs.
Recently, it has been shown that preceramic polymers
serve excellently as binders for ceramic powders in
the fabrication of shaped ceramic parts [24-26].
When the part is sintered, pyrolysis of the preceramic
polymer occurs with minimal evolution of gases to
give a high yield of ceramic residue, which is retained
in the part [27]. Preceramic polymers may be used
as binders for metal powders for the in situ fabrication
of metal matrix composites (MMCs) [28,29]. In
both cases, the utilization of a preceramic polymer
does not require the debinding step and the pre-
ceramic polymer also acts as an in situ source of
ceramics. The ceramic phases formed in this process
are derived from the reaction of the metal and the
ceramic precursor yielding, in most cases, metal
carbides and silicides.

We report here an improved powder metallurgy
technique for FGM preparation which involves the
use of preceramic polymers as binders for metal/ce-
ramic powder blends and provides shrinkage control
of each individual layer. The preliminary results of this
technique as applied to two thermal-expansion mis-
matched systems, Cu/SiC and Al/SiC FGMs, are de-
scribed [30].



2. Experimental procedure

2.1. General comments

All green powder preparations of metal and polymeric
ceramic precursors were conducted in an air-free at-
mosphere using standard Schlenk line and dry-box
techniques. Toluene was distilled from sodium under
an Ar flow. Metal powders were purchased from Ce-
rac and were handled in the dry-box at all times: Al
(cat. # A-1182;1lot # X14720) and Cu (cat. # C-1133;
lot # X14557). SiC powders were obtained from:
Cerac (( < pum); cat. # S-2022;lot # X15459) and City
Chemical Corp. NY, 600 mesh.

Nicalon® polycarbosilane (PCS) was purchased
from Dow Corning Corp., X9-6348, lot# PG 110064.
Ceramic precursors were prepared using published
procedures: PCS crosslinked with Co,(CO)g and
PMS. The particle size distribution of Al, Cu, and SiC
(all from Cerac) is shown on Fig. 2.

2.2. Preparation of Cu/SiC FGM by using
powder Cu substrate

The following powder mixes were prepared (Tables

I and II):

The dry mixes were suspended in toluene and ultra-
sonic activation was used to maintain dispersion and
the cleanliness of the surface of the metal powder.
After overnight sonication, the solvent was removed
under vacuum. The resulting powder was dried, pul-
verized in an agate mortar and pestle and passed
through a 270 mesh sieve to assure a uniform particle
size distribution. The powders then were compacted in
a manner shown on Fig. 3. The layers were com-
pressed uniaxially in a die at 43.1 MPa for 1h.
The green FGM compact was ejected from the die

35

TABLE I (constant amount of polymeric precursors)

Mix PCS?*/SiC Nicalon® PCS  SiC Cu (— 325

No. (< um)/Cu Precursor (<1um) mesh)
molar ratio wt (g) weight (g) weight (g)

1 0:0:100 pure Cu powder

2 5:0:95 0.96 0 20.00

3 10:0:90 2.03 0 20.00

4 10:10:80 1.00 0.69 8.76

5 10:20:70 1.00 1.38 7.66

6 10:50:40 1.50 5.20 6.60

7 10:90:0 0.87 6.00 0

2 Based on Si

TABLE II (gradual increase of polymeric precursor from Cu to
SiC)

Mix. PCS?/SiC Nicalon® SiC Cu (—325

No. (1 <um)/Cu PCSP (< 1pm) mesh)
molar ratio weight (g) weight (g) weight (g)

1 0:0:100 pure Cu powder

2 8:20:72 0.08 0.14 0.80

3 14:36:50 0.16 0.28 0.60

4 19:52:29 0.24 0.42 0.40

5 24:62:14 0.32 0.56 0.20

6 31:69:0 0.40 0.60 0

* Based on Si
® Crosslinked with Co,(CO)g [35]

and isostatically pressed at 275.8 MPa for 10 min and
subsequently was fired in the furnace in argon at rate
of 5°Cmin~"' to 250°C with a 2h hold and
5°Cmin~"! to, 900 °C with a 3 h hold at that temper-
ature. The entire pyrolysis was conducted under
a uniaxial load of 200 g.
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Figure 2 Particle size distribution of, () Al, (l) Cu, (M) SiC powders used for FGM preparation.
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Figure 3 The process of FGM preparation using ceramic precur-
sors as binders. (a) - deposition of green powder; (b) - smoothing of
the powder bed by counter rotating the roller; (c) - lowering the
powder bed for the next green powder composition; (d) - introduc-
ing the top punch; (e) - uniaxial pressing; (f) - the final product -
FGM.

2.3. Preparation of Cu/SiC FGM by using
a solid Cu substrate

The following powder mixes were prepared (Table III):

The mixes were prepared as described in the first
experiment. The powders were deposited (in sequence:
No.1, No. 2) on a solid (OFC) Cu plate (1.25x
3.78 x 0.15 cm), the surface of which had been pre-
viously oxidized by extensive (15 min) polishing of the
substrate on 4000 grit SiC paper in air using water as
a coolant. The pressing and pyrolysis were conducted
as described in the first experiment.

2.4. Preparation of Al/SiC FGM by using
a powder Al substrate
The following powder mixes were prepared (Table I'V):
The preparation and compaction of mixes were
performed as described in the first experiment. The
pyrolysis was effected at 5°C min~' with a 2 h hold at
250°C, further pyrolysis at 5°C min~ ' with a 3 h hold

TABLE III Cu/PCS/SiC powder mixes for the solid Cu substrate

at 550 °C. The final pyrolysis took place at 1000 °C for
3 h, at which temperature no outward signs of melting
were observed.

2.5. Shrinkage experiment using cross-
linked PCS precursor and SiC filler
Blends of PCS crosslinked with 1.0 mol%
Co,(CO)g were prepared as depicted in Table V. The
powders were suspended in toluene and ultra-
sonicated overnight. After removal of volatiles, the
powders were pulverized in a mortar and pestle and
uniaxially compacted at 620.7 MPa for 1 h and iso-
statically pressed at 275.8 MPa for 10 min. Green bo-
dies were pyrolyzed at 5°C min~* to 250 °C witha 2 h
hold and subsequently at the same rate to 1500 °C
with a 3 h hold at that temperature. The volumes and
weights of the compacts before and after the pyrolysis
are given in Table V.

3. Results and Discussion

Two FGM systems; Cu/SiC and Al/SiC, were pre-
pared using polymeric ceramic precursors as binders.
The Al/SiC FGM is of interest for possible aerospace
application because of its light weight and high dura-
bility. The Cu/SiC FGM, on the other hand, may find
its use in dynamic seal applications, as in mechanical
face seals where corrosion resistance and good heat
transfer ability are required [31].

The P/M FGM preparation process using pre-
ceramic binders is much simpler than the conven-
tional P/M techniques (Fig. 3). A 100-ml round-bot-
tomed flask is charged with 2-3 cm® of the metal
powder (generally — 325 mesh; the same powder used
commercially in P/M) and various amounts of the
polymer (based on silicon when an organosilicon
polymer is used) and 30 ml of anhydrous solvent. The
resulting suspension of the metal powder in the solu-
tion of the polymer is placed in an ultrasonic bath for
20-24 h. The sonic activation is necessary to clean the

Mix No. PCS?*/SiC/Cu Nicalon® PCS SiC ( — 600 mesh) Cu (— 325 mesh)
molar ratio weight (g) weight (g) weight (g)

1 10:0:90 2.03 0 20.0
10:90:0 0.87 6.0 SiC; 0.12 B [32] 0

*Based on Si

TABLE IV Al/PMS/SiC powder mixes

Mix PMS?/SiC/Al PMS [34] SiC (<1 pum) Al (— 325 mesh)

No. molar ratio weight (g) weight (g) powder weight (g)

1 0:0:100 pure Al powder

2 10:0:90 1.10 0 6.07

3 10:10:80 0.92 0.84 4.52

4 10:20:70 0.71 1.30 3.05

5 10:50:40 0.50 2.28 1.23

6 10:90:0 0.87 (PCS) 6.0 0

? Based on Si
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TABLE V PCS/SiC mixes used for shrinkage experiment (Fig. 10).

Mix No. PCS/SiC PCS SiC (I) Green body (I) Ceramic body
wt ratio weight (g) weight (g) weight (g) weight (g)
(IT) volume® (cm?) (IT) volume® (cm?)
1 0 0 2.86 (I) 2.86 (I) 2.81
(I1) 1.00 (I1) 1.00
2 2:8 0.4 1.6 (I) 1.8415 (I) 1.7235
(I1) 0.83 (I1) 0.60
3 4:6 0.8 1.2 (I) 1.6590 (I) 1.4606
(IT1) 0.91 (IT) 0.60
4 6:4 12 0.8 (I) 1.4064 (I) 1.1785
(I1) 0.94 (I1) 0.50
5 10:0 11 0 (I) 1.1000 (I) 0.8565
(I1) 1.04 (I1) 0.35

* Volume measured with a calliper
® Archimedes volume, measured by displacement of isopropanol
% shrinkage = (green volume — final volume) /(green volume)

Top punch * -— Roller

/

l Powder bed punch

}

Figure 4 Schematic of a rectangular die used for FGM preparation.

surface of the metal particles and to ensure their ho-
mogeneous dispersion. Subsequently, the volatiles are
removed at reduced pressure on a high-vacuum line
with vigorous agitation. The solid residue is dried in
vacuo at 50 °C overnight and ground to a fine powder
using an agate mortar and pestle or a ball mill (for
larger quantities). The pulverized green powder then is
shifted through a 270 mesh sieve to remove large ag-
glomerates. In some cases, in addition to metal pow-
der and preceramic binder, a ceramic filler such as SiC
is used for ceramic-rich plies. Once the powder premix
has been prepared, the FGM preparation process in-
volves a sequential formation of two-dimensional
powder layers of varying metal/ceramic ratios con-
taining constant or varying amounts of preceramic
polymeric binder to yield a three dimensional FGM
structure as depicted in Fig. 3. Each layer begins with
a thin distribution of powder spread over the surface
of the power bed. A retractable punch that supports
the powder bed is then lowered so that the next
powder layer may be introduced (Fig. 4). This layer-
by-layer process is repeated until the final ce-
ramic/polymer layer is applied (Fig. 3). Uniaxial and
isostatic pressing then follow. Finally, the heat treat-
ment/sintering (not involving debinding) is admini-
stered.

Figure 5 Rectangular dies for FGM preparation; a) powder bed
punch supported with a magnet, b) powder bed punch supported
with a jack.

The thickness of the FGM plies is controlled by the
position of the powder bed punch. Two kinds of sup-
ports were used for the powder bed punch (Fig. 4).
One support was made of a magnet permanently
welded to the die which kept the ferromagnetic punch
from sliding out of the die cavity (Fig. 5a). This setting
is especially useful for overlaying nonmagnetic pow-
ders. The other support consisted of an adjustable jack
placed under the powder bed punch (Fig. 5b).
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Two types of Cu/SiC FGM have been prepared,
one having a Cu powder substrate and the other
having a solid 1/8” oxygen free copper (OFC) grade
Cu piece. In both cases, a commercially available
polycarbosilane (PCS) (the precursor to Nicalon®
fibres) was used as binder, a source of ceramic, and as
sintering agent for the SiC filler [32] (due to presence
of excess carbon after the pyrolysis). Some of the
crystalline phases generated in the Cu-FGM pyrolysis
were SiC and Cuy 351, 1~ 1s identified by X-ray pow-
der diffraction [29].

When the Cu/SiC FGM is built up from a solid Cu
metal base, the first powder layer comprises -325 mesh
Cu metal powder and PCS while the last one contains
the SiC powder and the PCS binder. The layers are
compacted as shown in Fig. 3. Uniaxial pressing, isos-
tatic pressing and heat treatment then follow.
The solid Cu base requires a mild surface oxidation
of the Cu surface to promote sintering of the Cu/PCS
powder premix [33]. The surface oxidation was
accomplished by extensive polishing of the substrate
on 4000 grit SiC paper in air using water as a coolant.
In both cases the pyrolysis at 900°C with a 3 h
hold at that temperature in Ar was conducted
under a constant uniaxial 200 g load to prevent any
deformation.

Fig. 6(a,b) depicts the cross-sectional area of the
Cu/Si FGM made from the Cu powder substrate and
6 other layers gradually changing in composition from
Cu-rich to SiC-rich (Table VI). It appears that good
adhesion was achieved between all of the layers
(Fig. 6b). The first two plies after the pure Cu layer
were composed of Cu powder mixed with a PCS
binder in the absence SiC filler in 95:5 and 9:1 mol
ratio, respectively. All subsequent plies contained SiC
filler.

Fig. 7a shows a cross-section of solid Cu coated
with SiC having an intermediate layer (single step
gradient) of Cu and PCS in a 9:1 molar ratio. The
intermediate layer appears to be well sintered to the
solid Cu plate. Fig. 7b depicts a bird’s eye view of the
Cu plate which has a very well bonded SiC patch
(withstands attempted removal with a sharp object
and a scotch tape test). Direct deposition of SiC/PCS
in a 9:1 molar ratio powder on solid Cu also was
accomplished (Fig. 7c). However, gradientless depo-
sition of SiC yields a much weaker coat than the one
with even a single step gradient. It appears that Cu
from the solid substrate partly infiltrates the SiC face
creating a self-generated gradient (Fig. 7c).

TABLE VI Cu/PCS/SiC powder mixes with constant PCS content

Figure 6a SEM micrograph of a cross-sectional area of Cu/SiC
FGM prepared using powder substrates and SiC particle size of
< 1 pm. The mix numbers correspond to Table VI.

Figure 6b (2 parts) SEM micrographs of a two ply interface from
the FGM in Fig. 6a). The mix numbers correspond to Table VI.

An Al/SiC FGM was prepared using Al powder, poly
(methylsilane) (PMS) crosslinked with (Cp,ZrH,),,
[34] and SiC as filler (Table VIII). Its pyrolysis in Ar
at 550 °C with a 2 h hold at that temperature followed

Mix No. PCS?/SiC( < um) /Cu Nicalon® PCS SiC ( < pm) Cu ( — 325 mesh)
molar ratio Precursor wt % wt % wt %

1 0:0:100 pure Cu powder

2 5:0:95 4.6 0 95.4

3 10:0:90 9.2 0 90.8

4 10:10:80 9.6 6.6 83.8

5 10:20:70 10.0 13.7 76.3

6 10:50:40 11.3 39.1 49.6

7 10:90:0 12.7 87.3 0

? Based on Si
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. Solid Cu

Figure 7 SEM micrograph of a cross-sectional area of Cu/SiC
FGM prepared from the solid substrate and — 600 mesh SiC: a)
having a single step gradient; b) bird’s eye view of a bulk composite
in a). The mix numbers correspond to Table VII.

Solid Cu

(c) _soam

Figure 7c SEM micrograph of a cross-sectional area of Cu/SiC
FGM prepared from the solid substrate and — 600 mesh SiC: c)
directly deposited SiC/PCS powder onto Cu solid substrate. The
mix numbers correspond to Table VII.

(Fig. 8a) by pyrolysis at 1000 °C with a 3 h hold yiel-
ded a composite with retained bulk structural integ-
rity. Fig. 8b depicts the cross-sectional area of the
four laminate composite material pyrolyzed in Ar at

TABLE VII Cu/PCS/SiC powder mixes for the solid substrate

Figure 8 Optical micrograph of a cross-sectional area of a Al/SiC
FGM; a) pyrolyzed at 550 °C and b) 1000 °C. Mix numbers corres-
pond to Table VIIIL.

1000 °C. The composite appears to be strong, well-
bonded between layers, and nearly fully dense at the
SiC side. Several different Al/SiC symmetrical FGM
composite configurations were also explored. Two
sandwich geometries were made, one having pure
Al on both outer faces and gradually changing in
composition to SiC rich in the middle of the composite
after its pyrolysis at 250 °C for 1 h and 550 °C for 5 h
(Fig. 9a). The other sandwich was made with the SiC
faces on the outside and a gradual change to Al rich

Mix No PCS*/SiC/Cu Nicalon® SiC ( — 600 mesh) Cu ( — 325 mesh)
molar ratio PCS wt% wt % powder wt %

1 10:0:90 9.2 0 90.8
10:90:0 12.5 85.8% SiC; 0

1.7% B [32]

? Based on Si
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TABLE VIII Al/PMS/SiC powder mixes

Mix PMS?/SiC/Al PMS [34] SiC (< 1 um) Al (— 325 mesh
molar ratio wt % wt % powder wt %
1 0:0:100 pure Al powder
2 10:0:90 153 0 84.7
3 10:10:80 14.6 134 72.0
4 10:20:70 14.0 25.7 60.3
5 10:50:40 12.5 56.8 30.7
6 10:90:0 12.7 (PCS) 87.3 0
? Based on Si
70 A
|
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Figure 9 Optical micrograph of a cross-sectional area of a sand-
wich A/SiC FGM: a) pyrolyzed at 550 °C with Al outer skins and b)
pyrolyzed at 1000 °C with SiC outer skins. The mix numbers corres-
pond to Table VIII.

domains towards the middle after its pyrolysis
at 1000°C for 3 h (Fig.9b). Some of the new cry-
stalline phases obtained in the AI-FGM from the
reaction between the polymer and Al metal were Si
and Al,Cj; as recognized by X-ray powder diffraction
[29].

It was observed that the per cent shrinkage of
ceramic/preceramic polymer parts is nearly linearly
related to the weight per cent of preceramic polymer
(Fig. 10). The density, on the other hand, is about
constant. This relationship was demonstrated by em-
ploying submicron SiC powder and Co,(CO)g-cross-
linked [35] polycarbosilane (Nicalon® precursor) in
various amounts (Fig. 10). An average density of
2.58 gem ™2 was obtained.
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Content of polycarbosilane (wt %)

Figure 10 Shrinkage control by ceramic precursors; percentage vol-
ume shrinkage versus PCS content.

Figure 11 Optical micrographs of cross-sectional area of Cu/SiC
sandwich FGM composites. The following layers (mix numbers)
were overlayed: a) 7,6,5,4,3,1,3,4,5,6,7 (Table VI); b) 6,5,4,3,2,
1,2,3,4,5,6 (Table IX).



TABLE IX Cu/PCS/SiC powder mixes with varying PCS content

Mix PCS*/SiC Nicalon® SiC (< 1 um) Cu (— 325 mesh)

No. (1 < um)/Cu PCS® wt % wt % powder wt %
molar ratio

1 0:0:100 pure Cu powder

2 8:20:72 7.8 13.7 78.5

3 14:36:50 154 26.9 577

4 19:52:29 22.7 39.6 37.7

5 24:62:14 29.6 519 18.5

6 31:69:0 40.0 60.0 0

* Based on Si
® Crosslinked with Co, (CO)3° [35]

Shrinkage control in FGM composites is an essen-
tial feature in their preparation process, especially
when powders of different particle size are joined by
a gradient as in the case of Cu (~10 pm) and SiC
(<1 um). It has been observed that with a constant
amount of binder the highest shrinkage takes place on
the Cu side and lowest on the SiC side. This shrinkage
is well visible on a cross-sectional view of a sandwich
composite (Fig. 11a). It appears that if the amount of
polymeric ceramic precursor is continuously increas-
ing from the higher shrinkage domain (Cu) to the
lower shrinkage domain (SiC), the deformation due to
shrinkage would be reversed. An example of such
shrinkage control is portrayed by a symmetrical sand-
wich composite of SiC and Cu, a cross-sectional view
of which is depicted in Fig. 11b. The current shrinkage
control mechanism does not require incorporating
various sizes of ceramic particles as is conventionally
practiced [5,6].

4. Conclusion

Polymeric ceramic precursors prove to be very effec-
tive substitutes for organic binders in the preparation
of FGMs. This novel process of FGM preparation
avoids the debinding step (removal of organic binder)
used in conventional wet P/M. It also introduces
a means for shrinkage control by blending various
amounts of a polymeric ceramic precursor into
individual FGM layers. Shrinkage may also be
controlled through the incorporation of precursors
which give various ceramic residue yields on pyrolysis
(i.e., shrinkage is inversely proportional to ceramic
residue yield), or gradually changing the nature of
the polymeric binder used (ie., a liquid binder
results in less shrinkage than a solid binder). The
current FGM process may further be extended to
rapid prototyping applications such as 3-d printing
[36-38].
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