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Consumption of SiC whiskers by the Al-SiC reaction lll aluminium-matrix SiC

whisker composites

Shy-Wen Lai and D. D. L. Chung*

Composite Materials Research Laboratory, State University of New York at Buffalo, Buffalo, NY 142600-4400, USA

The Al-SiC reaction in aluminium-matrix SiC composites made by liquid metal infiltration resulted in the formation of silicon, the
amount of which increased with increasing SiC volume fraction, but the fraction of SiC consumed by the reaction increased with
decreasing SiC volume fraction. For SiC whisker composites made at an infiltration temperature of 800 °C, the fraction of SiC
consumed was 18, 26 and 55% at SiC volume fractions of 0.31, 0.23 and 0.10, respectively. The fraction of SiC whiskers consumed
‘was inversely proportional to the volume fraction of SiC whiskers in the composite. The product of these two fractions provides a
scale (called the reactivity index) that describes the Al-SiC reactivity. The index decreased with decreasing infiltration temperature
and was higher for SiC whiskers than SiC particles. Even at an infiltration temperature of 670 °C, the fraction of SiC whiskers
consumed was 26% at an SiC volume fraction of 0.10. In contrast, the fraction of SiC consumed was only 8.4% for a 55 vol.% SiC
particle composite made at an infiltration temperature of 800 °C. The fractional consumption values were obtained by determining

the silicon concentration in the aluminium matrix via calorimetric measurement of the liquid ic tempe:

difference.

Silicon carbide (SiC) is the most commonly used filler in
aluminium for obtaining composites of high strength, high
modulus and low density. Both particle and whisker forms of
SiC are used for this purpose. Aluminium is the most commonly
used metal matrix material because of its low density and low
melting temperature, which makes composite fabrication by
Siquid meral infiltration and stir casting economical.
. The reactivity between SiC and Al is well known:'~'°
I3 4Al+3SiC—Al1C,+3Si
This reaction is detrimental to the strength of the filler-matrix
iterface, as Al,C; is brittle.>* Moreover, it is detrimental to
the filler, as SiC is consumed by the reaction.* The reaction is
ouly significant at elevated temperatures, which are encoun-
tered during composite fabrication by liquid metal infiltration
Or stir casting, or during remelting after composite fabrication.
The reaction may be greatly diminished by using Al-Si with
more than 7 mass% Si as the matrix,® but the low ductility of
Si-containing Al matrices causes the composite to be low in
Srength compared with the corresponding composite with
e Al as the matrix'!
% Although there have been numerous studies on the Al-SiC
Wction, relatively little work has been reported on the fraction
.M SiC consumed by the reaction; the only such report was
-de by Lloyd and Jin,* whose study was limited to a
'llposne (with 6061 as the Al matrix) containing 20 vol.%
&C particies. They reported that the fraction of SiC consumed
W% 0% after composite fabrication by stir casting and sub-
guent extrusion, and >20% after subseqnent remelting at
“75 °C for 1 b. Open questions that remain pertaining to the
of $iC consumed include: (1) bow does the SiC volume
affect the fraction of SiC consumed?; (2) how does
ion of SiC consumed differ between SiC whiskers and
icles?, and (3) what is the fraction of SiC consumed
Case of composites fabricated by liquid metal infiltration
of stir casting?
objective of this paper was to answer these questions.

SiC particles and whiskers were used as the reinforcement.
SiC particles used were kindly provided by Electro
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Abrasives, Corp. (Buffalo, NY, USA) (no. 1200-W). The SiC
particle size ranged from 1 to 10 um, with a mean size of 3 ym.
The SiC whiskers used were obtained from Advanced
Refractory Technologies, Inc. (Buffalo, NY, USA). The proper-
ties of the SiC powder and whiskers are listed in Table 1. The

* composition of the SiC powder was found to be: 98.5% SiC,

0.5% SiO,, 0.3% Si, 0.08% Fe, 0.1% Al, 0.3% C; that of the
SiC whiskers was: 99% SiC, 0.4% SiO, and 0.6% trace metal
impurities.

The metal used was aluminium (170.1), the tensile strength
of which was 65 MPa. Its composition was Al (99.77%),
Fe (0.16%) and Si (0.07%) and its melting temperature was
660 °C.

The metal-matrix composites were fabricated by vacuum
infiltration of a liquid metal into a porous preform under an
argon pressure. The preform was a green body comprising SiC
powder or whiskers. During composite fabrication, the preform
was placed at the bottom of a graphite mould. Above the
preform was placed a ceramic cloth layer and then an alu-
minium ingot. The ceramic cloth was used to prevent contact
between the SiC preform and the aluminium. melt before the
infiltration pressure was applied. The fabrication parameters
were explained in detail in previous papers.'%!! In general, the
infiltration temperature was 800 °C, while the infiltration press-
ure was 2000 psi (13.8 MPa) for Al/SiC whisker composites
and 6000 psi (41.4 MPa) for Al/SiC particle composites. With
all other parameters unchanged, the minimum infiltration
pressure increased with increasing volume fraction of the
reinforcement. In the case of Al/SiC composites containing

Table 1 Propertics of SiC particies and whiskers

P

mean diameter/um 30 14

meéan length/um - 18.6

density/g cm~* 318 2

Young's modulus/GPa 400-440 400-440

thermal conductivity/ 90 —
Wm K"

coefficient of thermal 34 —
expansion/10° °C~!

crystal structure hexagonal (x) , cubic (1]

SiC (mass%) 98.5 9

SiO, (mass%) 0.5 04

protected
S. Code).




10 vol.% whiskers, the effect of the infiltration pressure on the
degree of infiltration was studied. As shown in Table 2, at an
infiltration pressurc of 45 psi (0.3 MPa), no liquid metal infil-
tration occurred. With the infiltration pressure increased to
200 psi (14 MPa), the infiltration occurred completely (with
Jess than 5% porosity in the resulting composites). A porosity
of less than 0.5% was achieved by further increasing the
pressure t0 800 psi (5.5 MPa).

The SiC preforms were by wet casting, which
involved compressing in a dic a slurry containing SiC powder
or whiskers, a liquid carrier (acetone) and a binder (an acid
phosphate formed from aluminium hydroxide and phosphoric
acid.\-14) For particulate preforms, the carrier: binder ratio
was from 40:1 to 45:1 by volume, as this amount of binder
was sufficient to maintain rigidity in the preform. Excessive
amounts of binder caused the particulate preform to be not
porous enough for subsequent liquid metal infiltration, even
at 6000 psi (414 MPa). For whisker preforms (which have
lower filler-volume fractions), the amount of binder in the
preform was greater, corresponding to 2 carrier : binder ratio
of 15:1. The dic allowed any excessive liquid to be squeezed
out. After removal from the die, the compact was dried in a
fume hood at room temperature for 3 h. After drying, which
removed most of the acetone, the preform was fired by
(i) placing the preform in a furnace at room temperature, (i)
heating to 510°C at 2 controlled rate of 1.4 °C min~?!, (i)
holding at 510°C for 3 b, and (iv) cooling in the closed furnace.
Ref. 10, 12-14 give the phases formed in the preform due to
the binder after heating the SiC particle and whisker preforms,
respectively, at different temperatures. The binder content was
ca. 0.1 mass% of the particle preform'® and ca. 5 mass% of
the whisker preform.!? Excessive heating and a non-uniform
temperature distribution in the furnace had to be avoided, as
they would cause quick cvolution of acetone and tbermal
stresses, thus resulting in cracking during the firing. The
preforms were cylinders, 4.00 cm in diameter, with a height-
to-diameter ratio of 0.5, for all the composites used in this
study. In this papet, ‘composite cylinder’ refers to the metal

Table 2 Effect of the infiltration pressure on the degree of infiltration
for the Al/SiC composite containing 10 vol.% whiskers

infiltration pressurc
— e ——

/psi /MPa degree of infiltration porosity (%)
45 0.3 none —
200 14 completc <S5
800 5.5 complete <2
2000 13.8 complete <0.5

Lched

Fig. 1 SEM photog hs of
infiltration pressurc

2000 psi (13.8 MPa). Porosity ca. 3%.
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PO of various Al/SiC composites. (a) A)/SiC containing 10 vol.% SiC whiskers and fabricated i
] 200 psi (1.4 MPa). Porosity ca- 5%. (b} Al/SiC containing 10 vol.% SiC whiskers and fabricated with an i
pressure of 2000 psi (13.8 MPa). Porosity <0.5 %. (c) Al/SiC containing 31 vol.% SiC whiskers and fabricated with an infiltration

]
infiltrated cylindrical preform and ‘excess aluminium’ refers uy
the metal cast around the preform during infiltration. The
pressure used during compression of the slurry was adjuste}
to vary the SiC volume fraction in the resulting preform.

o a2

Composite characterization &

Metallography. Fig. 1(a) and (b) show SEM images of thh
AY/SiC composite cylinders containing 10 vol.% whiskers,
which were fabricated with an infiltration pressure of 200 pe
(1.4 MPa) and 2000 psi (13.8 MPa), respectively. The porosity
(ca. 5%) was clearly observed for the AY/SiC fabricated
200 psi (1.4 MPa). The porosity was diminished by increasing
the infiltration pressure to 2000 psi (13.8 MPa). Fig. 1(c) shows -
that, at an infiltration of 2000 psi (13.8 MPa), the
AJ/SiC composite containing 31 volL.% SiC whiskers exhibited
ca. 3% porosity. This indicates that the infiltration pressure
should be increased with increasing volume fraction of SiC
whiskers in order for compiete infiltration to occur. Fig2
shows SEM photographs of both the excess aluminium and
the edge regions of Al/SiC composite cylinders coutaining 10
and 23 vol.% whisker reinforcement. The presence of needie-
shaped Si precipitates in the excess Al regions [Fig. 2(b) and
(d)) indicated that the Al-SiC reaction occurred in both
composites. The higher concentration of the Si precipitates for
the 23 vol.% SiC whisker composite than the 10 volL.% SiC
whisker composite indicates that the extent of Al-SiC reactios
was larger at the higher SiC whisker volume fraction. Both
composites contained uniformly distributed SiC whiskers and
are expected to have isotropic properties. Note that the AY/SiC
composite containing 23 vol.% SiC whiskers shows a slighty
higher porosity compared to the AY/SiC composite containing
10 vol.% SiC. A similar morphology of Si precipitates in the
form of eutectic Al-Si was observed (not shown) between the
primary Al dendrites in the excess aluminium around AYSIC.
containing 55 voL.% SiC particles. This indicates that Si, 8]
product of the Al-SiC reaction, diffused outward to-the exeﬁg
aluminium and formed a hypocutectic Al-Si alloy. The *
of Si in the excess aluminium increased with increasing volums'
fraction of reinforcement in the Al/SiC. This also indicates that:
the SiC whiskers, though in a single crystal form, reacted with
aluminium at high temperatures (during infiltration), just -
the SiC particles (not single crystals) did. .

No Al-Si cutectic or dendritic morphology was mi :
cally observed within the Al/SiC composite cylinders coptais-
ing cither SIiC particles of SiC whiskers. This negatiy
observation may be due to the very small SiC filler spaciog B
the Al/SiC composite. In order to study the location of L]
(reaction product) in Al/SiC, the AY/SiC particulate compoilll

e



A H oo

ﬁ.z SEM phs of polished of Al/SiC whisker composites. (a) 10 vol.% SiC whisker composite. (b) The excess aluminium
mrrounding the 10 vol.% SiC whish p ylinder. (c) 23 vol.% SiC whisker composite. (d) The excess aluminium surrounding the

Bvol.% SiC whisker composite cylinder.

]55 vol.% particles) was etched with acids to completely remove
‘e aluminium. Unlike the preform which showed clean isolated
t particles (not shown), Fig. 3(a) shows that the SiC particles
connected to form a network. Fig. 3(b) shows an SEM

at a higher magnification, which shows that Si precipi-
between adjacent SiC particles, thereby forming a net-
Mork. Similarly, Fig. 4 shows the SEM morpbology of plain
whiskers and a fully etched Al/SiC whisker composite
taining 23 vol.% whiskers. Unlike the clear morphology in

in SiC whiskers { Fig. 4(a) and (c)}, the SiC whiskers in the
composite were connected by the Si precipitates

[Fig. 4(b) and (d)]. Although not confirmed statistically, the
SiC whiskers in the Al/SiC composites tended to have a
smoother and rounder surface morphology compared with
plain SiC whiskers. This may be due to the Al-SiC reaction
at the ends and surface of the SiC whiskers during composite
fabrication.

X-Ray difiraction. X-Ray diffraction (XRD) was performed
with Cu-Ka radiation in different regions of the Al/SiC particle
composite cylinder in order to investigate the phase distri-
bution. We had previously studied the non-uniform phase (Si,

SEM photograpbs of a fully etched Al/SiC composite containing 55 vol.% SiC particles. Si precipitated and bridged adjacent SiC particles.
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Fig. 4 SEM photographs of plain SiC whiskers [(s) and (b)] and a fully
(b) show clear whisker surface morphology; (c) and (d) show that Si preci

SiC and Al,C,) distributions throughout the Al/SiC particle
composite cylinder.’® For details of the experimental pro-
cedures and notations of the locations within the composite
cylinder, see ref. 10. Fig. 5 shows the XRD patterns of the
excess aluminium and the edge region of the Al/SiC particle
composite cylinder. Only Al and Si peaks were present in the
excess aluminium surrounding the composite cylinder. No
Al,C, peak was found in the excess aluminium, even though
this region was next to the graphite mould. However, in the
edge region of the composite cylinder, A1 C; peaks were weakly
present, due to the reaction between SiC and Al In order to
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Fig, 5 Powder XRD paiterns of (a) the xocss alusinium and (b) the
edge region of Al/SiC containing 55 vol.% SiC particles. @, SiC; O,
Si; A, AL A, ALGC,.
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[

etched AYSiC containing 23 vol.% SiC whiskers [(c) and (d)]. (8) and
piutedandbﬁdpdadjnam SiC whiskers. % .

¥

iavestigate the silicon distribution, all AY/SIC particulate and

whisker composites were fully etched using an acid solutiondf

leached away Al,C, and Al, but not SiC and Si. Fig 6 shows
the XRD patterns of the AY/SiC whisker composites con in

10 and 31 vol.% SiC whiskers and 55 vol.% SiC particles. The
Al/SiC composite containing 10 vol.% SiC whiskers exhibited
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Fig 6 Powder XRD patterns of various AUSIC composites contain®é ’
(8) 10 voL% SiC whiskers, (b) 31 vol.% SiC whiskers, {c) 55 voL% ﬁ.
particies; and (d) 10 vol.% SiC whiskers. The composite of d) -

1

P e ot an infitration temperature of 670°C. The composicy ok’

(b) and (c) were made at an infiltration temperature of 800°C.
patierns were taken from the centre of the bottom face 0.
composite cylinder. @, SiC; O, Si. -
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temperatures and Lne assuLiswd ClLIAIP) Ladiged Vi wit prHAS
or microconstituents in the matrix of the AY/SiC composite
and in the excess aluminium around the composite cylinder.

Fig. 9(a) shows DSC thermograms of the AJ/SiC composite
which contained 10 vol.% SiC whiskers and was fabricated at
the infiltration temperature of 670°C. The thermograms were
obtained on cooling from 700 to 500°C at a cooling rate of
10°C min ™" for three local regions in the bottom slice (1 mm
thick) of the composite cylinder. The three local regions were
A (the excess aluminium adjacent to the edge of the composite,
within 1 mm from the cdge), B (the edge of the slice, within
1 mm from the cylindrical edge, such that the region was
within the composite) and C (the centre of the slice, within
0.5 mm from the centre). Region A gave an exothermic peak
(the liquidus) with its onset at 655°C and 2 small solidus peak
at about 630°C. Regions B and C exhibited exothermic peaks
{liquidus) with similar onsets at about 637 °C and exothermic
peaks (eutectic) with onsets at about 570°C. This indicates
that, even at the infiltration temperature of 670°C, the silicon
content (due to the Al-SiC reaction) in the aluminjum matrix
of the composite is greater than the silicon solubility (1.6
mass%) in the aluminium. Both the edge and centre regions
exhibited similar temperat diffe (AT) between the
liquidus and the eutectic, indicating that both regions had
similar silicon contents in the aluminium matrix. This also
indicates the absence of a pon-uniform Si phase distribution
in AY/SiC containing 10 vol.% whiskers and fabricated at the
infiltration temperature of 670 °C.

Fig 9(b) shows DSC thermograms of the Al/SiC composite
which contained 23 vol.% SiC whiskers and was fabricated at
the infiltration temperature of 800 °C. The thermograms were
obtained on cooling from 700 to 500°C at a cooling rate of

- exothermic

350 5% 590 610 60 650
T~C

Fig. 9 (a) DSC scans showing exothermic peaks upon cooling for the
AY/SiC composite containing 10 vol.% $iC whiskers and made at an
infiltration temperature of 670 °C. A, excess aluminium adjacent to
the edge of the composite cylinder; B, edge of bottom slice within
composite; C, centre of bottom slice of composite cylinder; L=
iquidus; E =cutectic. (b) DSC scans showing exothermic peaks upon
cooling for the AY/SIC composite containing 23 vol.% SiC whiskers
and made at an infiltration temperature of 800°C. A, excess aluminium
adjacent to edge of posite cylind B, edge of bottom slice within
composite; C, mid-radius region of bott slice of composite cylind

D, ceatre of bottom slice of p ylinder; L=liquidus;
E = cutectic.
474 J. Mater. Chem., 1996, 6(3), 469-477
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thick) of the composite cylinder. The four local regions were
A (the excess aluminium adjacent to the edge of the composite,
within | mm from the edge), B (the edge of the slice, withig
{ mm from the cylindrical edge, such that the region wag
within the composite), C (the balf radius of the slice, withig
0.5 mm from the centre) and D (the ceatre of the slice, withig
0.5 mm from the centre). Region A exhibited exothermic peaky
with onsets at 570.5 and 625.8°C; region B exhibited exother.
mic peaks with onsets at 570.1 and 615.0°C; region C exhibited
exothermic peaks with onsets at 570.6 and 609.2°C; and region
D exhibited exothermic peaks with onsets at 570.1 and 607.6°C,
The first peak for cach region i.e., the one at §70-571°C, iy
attributed to the Al-Si cutectic invariant reaction at 577°C,
The second peak for each region is attributed to the liquidus
of the Al-Si alloy matrix. No other peak was obscrved in all
regions, indicating no contamination associated with the
matrix-mould reaction. 2

The temperature difference (AT) between the first DSC pesk
(corresponding to the solidus or the cti perature) and
the second DSC peak {comresponding to the liquidus) was used
10 evaluate the Si content in each region of the composite. The
AT values were 55.3, 44.8, 183 and 36.4°C for regions A, B,C
and D, respectively, of the Al/SiC whisker (23 vol.% whisken)
composite [Fig. 9(b)]. The Al/SiC composite which contained
10 vol.% whiskers and was fabricated at 800°C exhibited &

from the edge to the centre of the composite. As shown ia
Table 4, AT d d with i sing di from the edge
to the centre of the composite cylinder for all composites except
for the Al/SiC whisker composite fabricated at the infiltration
temperature of 670°C. This means that the Si content in the
aluminium matrix (obtained from AT based on the Al-Si phase
diagram) increased from the edge to the centre, as shown ia
Table 3, which also shows good agreement between the Si
content based on DSC and that based on XRD. The Si amovnt
(based on AT) at each corresponding position in the aluminium
matrix inc d with i ing volume fraction of the
reinforcement (Fig. 10). The severity of the pon-upiform &
phase distribution (ie., the average slope of Si variation aloog
the line from the edge to the centre) also increased with
increasing volume fraction of the reinforcement. A

Based on the approach outlined in ref. 4, the relative amowsf
of SiC which was consumed by the Al-SiC reaction waf 1
obtained. Table S shows the percentage of SiC consumed (based
on DSC results) for Al/SiC particulate and whisker composites
fabricated at the infiltration temperature of 800 °C (with varioss ;
SiC volume fractions) at the centre region of the bottom shios .
of cach composite. The lower the volume fraction of the SiC_:
reinforcement, the higher the fraction of SiC consumed for 8"
given infiltration temperature. The Al-SiC reaction is detrimed-
tal 1o the tensile properties of AY/SiC because of the decresse
of the strength of the SiC reinforcement due to the Al-SIiC .
reaction and the brittle interfacial reaction products. The most
severe SiC consumption occurred for the AYSiC containisg
10 vol.% SiC whiskers, as 55 vol.% of the SiC reacted with
aluminium. Upon decreasing the infiltration temperature L2
670°C, the SiC consumption was reduced to 26%. *

Seratch/shear testing. For interfacial shear strength testiod
the sheat/scratch test was performed with a Teledyne TabsF
Model 139 shear/scratch tester, which was equipped with 8,
Taber S-20 contour tungsten carbide shear tool. The .
Joad on the tool was 1000 g. One or two scratches were mads
on the specimen surface for cach increment of 5 mm from %%
cylindrical edge of the composite; the more uniform scA%S,
(groove) was used for the determination of the scratch W
with the help of a 10 x magnifier. The larger the scratch
the lower was the shear strength.

Table 6 shows the scratch width of Al/SiC composites.




Table 4 Liquid lid difference (AT, from DSC) and Si content (mass%, from XRD) in the Al matrix of Al/SiC (bottom section)
fabricated with a graphite mould at the infiltration temperature of 780 °C

distance from the edge of the
compotite cylinder/mm
SiC volume infiltration
fraction temperature/°C o s 10 15 20
010° 670 Si (mass%) 223 - - - 239
AT 66.9 - - — 65.7
o.10° 800 Si (mass%} 4.62 4.90 483 5.04 5.06
AT 498 478 483 46.8 46.7
023 800 Si (mass%) 5.32 615 623 625 650
AT 4438 389 383 382 364
0.31° 800 Si (mass%) 5.78 6.10 642 6.67 6.85
AT 415 39.3 170 352 339
0.55* 670 Si (mass%) 326 386 392 ‘ ¢
. AT 59.5 55.2 548 ¢ ¢
0.55* 800 Si (mass%) 6.32 6.72 723 8.18 8.60
AT 377 48 312 244 214
*SiC whiskers. * SiC particies. * Incomplete infiltration region.
[ various reinforcement volume fractions. The scratch width
9 v v T decreased with increasing volume fraction of the reinforcement,
1$ indicating that the shear strength of Al/SiC increased due to
(a) the addition of SiC particles or whiskers. Negligible shear
2 strength variation was observed within each composite, in
spite of the observed variation in Si content (Table 3). This
§ 15 indicates that a non-uniform Si distribution did not cause a
- 7 non-uniform shear strength distribution, as reported in ref. 10.
§ 90/
£ 65 /_7,4-/ Teasile testing. Tensile testing was performed using a
o (e) hydraulic Mechanical Testing System (MTS) with a loading
6t rate of 1201b min~' (534 N min~") at room temperature.
% 55 Samples in the shape of a dogbone were machined from the
! composite cylinder, with the dogbone axis perpendicular to
[ (d) 4 the axis of the composite cylinder, so the mechanical properties
measured were those near the centre of the composite cylinder.
45 L A 4 Young's modulus was measured using a strain gauge at low
[ 5 1, 15 .} loads. The ductility was determined by drawing two paraliel
distance from edge dcompoﬂbhmn lines marking the gauge length on the sample and measuring

the distance between the lines before and after tensile testing

i_h, 10 Sllu:og content (mass%, obumed from DSC) in tbe aluminium using calipers.
Watrix °'fm o AISiC g A:,/S:C p olo‘; pi M/sf:co? Table 7 lists the tensile properties of Al/SiC whisker com-
cylindrical edge. pr 20 VOLTS > posites. The yield strength, ultimate strength and modulus
"-'3‘;.’.}2 Al/SAC,, 23 vol.%; (d) Al/SiC,, 10 vol% p=particles; H j while the ductility d i with i sing SiC
whisker volume fraction at the same infiltration temperature

S Silicon content (mass%) in the aluminium matrix (in the b centre region) and the p _oftheéiC d due to the

SiC mass Si content in Si content in fraction of SiC reactivity

fraction composite (mass%) Al matrix (mass%) consumed (%) index*
0.117 8.17 239 258 0.0258
0.117 8.17 5.06 54.7 0.0547
0.262 1835 6.50 259 0.0596
0.348 2437 6.85 183 0.0567
0.592 4144 8.60 84 0.0462

whiskers. * Infiltration temperature =670 °C for this composite and 800 °C for the other four composites in this table. *SiC particles. 4 This
% to Si in SiC. * Product of the fraction SiC consumed and the original SiC volume fraction.

Table 6 Scratch width (mm) of Al/SiC particulate and whisl posites (standard deviation in p b

Distance from the edge of the composite cylinder/mm

0 5 10 15 2
0. 99(0 02) 1.01 097 097 097
0.80 0.75 0.80 0.80 0.30
0.59(0.02) 0.59(0.01) 0.58(0.02) 0.56(0.04) 0.56




Table 7 Tensile propertes of A/SIC whisker composites {aDricated at dn

samples of cach type in parenthescs)

SiC volume infiltration yield
fraction temperature/°C strength/MPa
0.0 670 108.7(8.6)
0.10 800 105.7(3.6)
023 800 156.6(7.6)
031 800 204.4(39.2)

the infiltration temperature from 800
to 670°C increased the ultimate strength and ductility (as
expected from the decreased fraction of SiC consumed), whilst
having little effect on yield strength or modulus.

The composite yield strength (0,,) was calculated by using
eqo (1):*

of 800°C. A decrease in

Oy =Omy [Va(S+2)/2+ Val (1)

is the matrix yield strength (65 MPa), § is the
(13.3 before composite fabrication) and
i SiC consumption

where 0y,
whisker aspect ratio

whisker aspect ratio were both quite close to the corresponding
measured yield strength (Table 8). The increase of the SiC
whisker aspect ratio and the decrease of the whisker volume
fraction, both caused by the Al-SiC reaction, affected the yield
strength in opposite directions, so that the yield strength
appeared by the Al-SiC reaction. As a result, eqo.
(1) gave good theoretical fits to the measured yield strength,
whether or not the effects of the Al-SiC reaction oD the
whisker aspect ratio and volume fraction were considered. On
ultimate strength is expected to be more
affected by the interfacial reaction than the yield strength, but
theoretical models for the ultimate strength are not available
for the case of discontinuous fibres or whiskers that are
not oriented.

D .

For the same filler (i.e., SiC whiskers) and the same infiltration
temperature, the fraction of SiC consumed increases with
decreasing value of the original SiC volume fraction in the
composite, as shown in Table 5. These two fractions are in fact
inversely proportional to one another, as shown in Table 5by
the tancy of the prod “oflhelwol'ractions.Thisproduct.
called the reactivity index, provides a scale that describes the
Al-SiC reactivity. This means that the variation of the fraction
of SiC consumed with the original SiC volume fraction was
governed by geometry (probably the surface area of tbe

wncauon pl¢>>0h.' Ui ST P DDtabibdid O Y

ultimate
strength/MPa

224.1(54)

181.3(8.6)

282.1(59)
309.7(16.3)

whiskers per unit
is more severe at

shown in Table 5
0.10 vol.%
particles than SiC

factor of 6) surface

the SiC whiskers compared

volume fraction.
Although the Si
region of

Al-Si state to the

during composite fabrication (Fig- 2 and 3). The fraction of
SiC consumed (Table 5) obtained by using the Si content in.
the bottom centre region of the composite cylinder thus reflects
the true Al/SiC reactivity. .

Even though the SiC whiskers or particles were partially
coated by the binder used
binder concentration
than the SiC particle
whiskers and the Al
SiC particles and the
of the binder did not attenuate the

This paper provides
composites made by liquid
carlicr work®* on AY/SiC composites
non-upiform Si distribution reported here
posites made by liquid metal infiltration,
made by stir casting.

The method used in this work for determining the fraction
of SiC consumed is
However, there are two
measured the liquidus-eutectic temperature difference,
whereas the liquidus
The advantage of measuring AT is that
ture scanning rate. Another

the temperal

the calculation of the fraction
silicon content in the aluminium matrix. The calculation
the fraction of SiC consumed as the expression used in
multiplied by the factor [1—(SiC volume

volume of the composite, since the reaction
the onset and
is formed and enters
infiltration temperature

of SiC whiskers.
whiskers for the
ture, in spite of the single-crystal pature of
reactivity difference is attributed to the much larger (by a

the composite cylinder (Tables 3 and 4), the SiC
consumption was most severe at the very edge of the composite
cylinder.!® The non-uniform Si distribution was merely a
consequence of the out

modulus/GPa ductility (%)
93.0(102) 78(05)
97.6(19.1) 26(15) -
106.7(10.5) 24(12)
150.4 10

decreases in severity as silicog
matrix). A decrease of the
the reactivity index, as
for the case of composites containing
The reactivity was lower for SiC
same infiltration tempera-
the whiskers. This

the aluminium

area per unit volume of the composite for
to the SiC particles at the same

content was highest in the bottom centre

iffusion of the silicon in the liquid

aluminium melt surrounding the preform

in preform preparation and the
was higher in the SiC whisker preforms
preforms, the reactivity between the SiC
matrix was higher thao that between the
Almtrix.ThismunSthmtheptum

reactivity much, if any.
the fraction of SiC consumed in Al/SiC
metal infiltration, in contrast [
made by stir casting. The
applies to com-
but not to thos®
=9

used in reL &

essentially the same as that
. is that W

differences. One difference

was measured ip ref. 4
it avoids the efiect of
difference is related t0
based on-the
el 4
fraction)). In othef

temperature alone

of SiC consumed

Table 8 Comparison of the d and calcul 4 values of the yicld strength of AYSiC whisk <15 Tcalculated values based on cithel
the original SiC 1 fracti gether with the original whisker aspect ratio (13.3), or the modified SiC volume fraction together e
modified whisker aspect ratio] .
yield strength/MPa p
original calculated .
SiC volume infiltration fraction of SiC modified SiC modified
fracti p fC d (%) lume fracti ratio original modified ]
010 670 258 0.074 154 1082 1024 ]
0.10 800 54.7 0.045 198 108.2 942
023 800 259 017 154 164.3 150.1
0.31 800 183 0.25 147 198.9 1859
476 J. Mater. Chem., 1996, 6(3), 469477
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words,afactorismisﬁnginrd.4,sothntthcva]uesp'venin
ref. 4 must be corrected in order to obtain the correct value.
Ref. 4 reported that the fraction of SiC consumed is 37%
(ie, 29% after the correction) for an SiC particle 6061 Al-
matrix composite containing 20 vol.% SiC after remelting at
800°C for 1 h. In this work, the fraction of SiC consumed was
26% for a SiC whisker composite containing 23 vol.% SiC.
Thus, the results of ref. 4 and this work are comparable.

Couclusion

The Al-SiC reaction in Al/SiC composites made by liquid
metal infiltration caused the reaction product Si to have a
pon-uniform distribution in the resulting composite, such that
the Si concentration decreased from the centre to the edge of
the composite (the edge is the interface between the composite
and the excess aluminium cast around the composite). The
pon-uniformity increased in severity as the SiC whisker volume
fraction increased and as the infiltration temperature increased;
it was present at a SiC volume fraction of 10% when the
infiltration temperature was 800°C, but was absent when the
infiltration temperature was 670 °C. However, the non-uniform
Si distribution, if any, did not result in a non-uniform mechan-
ical property distribution.

The amount of reaction product Si increased with increasing
SiC volume fraction, but the fraction of SiC consumed by the
reaction increased with decreasing original SiC volume frac-
tion, such that the two fractions were inversely proportional
to one another. The product of the two fractions provides a
“scale (called the reactivity index) for describing the Al-SiC

reactivity. The reactivity decreased with decreasing infiltration
temperature, and was higher for SiC whiskers than SiC
particles.

This work was supported by the Advanced Research Projects
AgencyoftheUSDeputmenlofDd’enseandtheCenterfor
Electronic and Electro-Optic Materials of the State University
of New York at Buffalo.
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