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Gradient distribution alumina short fibre reinforced 6061 aluminium alloy have been
fabricated by taking advantage of preform compressive deformation during squeeze
casting. Pressure was applied mechanically by a punch. Velocity of the punch, pre-heat
temperature of the preforms and pouring temperature were controlled during the
infiltration of molten 6061 alloy into alumina short fibre preforms. The distribution of
hardness along the infiltration direction in the composites was measured and the
distribution of volume fraction along the infiltration direction was calculated by the
hardness. Velocity of the inflow, pre-heat temperature of the preform, pouring temperature
of the molten metal, binder content of the preform and volume fraction of fibres, all have a
very great effect on the gradient distribution of alumina short fibres in the aluminium alloy
composites. © 1999 Kluwer Academic Publishers

1. Introduction form compressive deformation during squeeze casting,

The ceramic fibres reinforced aluminium alloys havewhich was controlled by pre-heat temperature of pre-

excellent mechanical properties, low thermal expanform, pouring temperature of molten metal and velocity

sion, and good wear resistance, especially at high tenmsf inflow. The measurement of alumina fibre distribu-

perature [1-4]. There are many fabrication processeton in the composites along the infiltrating direction

for metal matrix composites (MMC) [5-7]. Most of was carried out by optical micrography and measuring

MMC products which have been commercialized arehardness change of the composites.

produced by the liquid infiltration process which is

called squeeze casting [8—10]. In liquid infiltration pro- ]

cess, high pressure is applied directly to molten metaf- Experimental _

to infiltrate it into a fibrous preform. The characteristic 2:1- Fibre preform preparation -

of this process is such that this process enables one {g'€ chemical composition and mineral composition of

produce not only high quality and complex shaped comthe alumlng short fibre, proqlucet_j by Electrical Chemi-

ponents efficiently, but also partially reinforced prod- ¢l Industries (Japan) are given in Table |. The average

ucts [8, 11]. However, sometimes compressive defordlam_eter_of th_e fibres is @m. Tensile strength of the

mation of the preform occurs during the infiltration [12, @lumina fibre is 1760 MPa. , _

13]. The study of the infiltration mechanism has al- 1h€ preforms were fabricated using a filter appara-

ready been theoretically and experimentally performed“s-_ Silica series binder was used for th_e fal_arlcatlon

by Fukunagt al.[14—16], Mortenseret al. [17—19], of fibrous preforms. The preforms_used in this s_tudy

Clyne et al. [20], Nishidaet al. [21], and other re- Were 100mmx 70 mm by 40 mm thickness. The fibre

searchers. It shows that the infiltration and compressivBréforms used in this study are shown in Table 1.

deformation of preform are related to (a) fibre diame-

ter and volume fraction, (b) pre-heat temperature o2.2. Measurement of compressive strength

preform, (c) pouring temperature of molten metal, (d) of fibrous preform

velocity of inflow, (e) alignment of fibres in the preform Since the compressive deformation of the fibrous pre-

and (f) compressive strength of fibrous preform. form have something to do with the compressive
In this paper, a process is presented for the fabristrength of fibrous preform, the relationship between

cation of gradient distribution alumina short fibre re- applied pressure to preforms and volume fraction of

inforced aluminium alloy by taking advantage of pre- alumina fibres was measured, and shown in Fig. 1.
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TABLE | Chemical and mineral composition of the alumina fiber:

(Wt%) Oil pump
Chemical composition Mineral composition Pressure controller
Al,O3 Sio, Fe,03 Ig-loss  «-Alumina Mullite Speed controller
Cylinder
85.2 146 015 0.06 0 51 a3
TABLE |l Fibre preforms used in this study | |
Punch
Run number | I 1] \Y
Binder Vb (%) 0.5 1.0 2.0 1.0 — —- Molten metal
Fiber Vio (%) 15 15 15 9.5 Mould
Preform

S | ]
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§ O . B bt 8 A A 4 Figure 2 Experimental apparatus for squeeze infiltration.
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S 30 | g shown in Table IIl. 6061 aluminium alloy was used in
5 this study for matrix metal. The chemical composition
3 20 + Vb=0.5% of 6061 alloy is shown in Table IV. The infiltration
b o Vb=1.0% apparatus used for this experiment is shown in Fig. 2.
E oy o Vb72.0% A 80 tons hydraulic press and metal mould were used.
S, Aluminium alloy was heated to around 1033 K, and

0 5 10 15 20 25 the metal mould was pre-heated to around 533 K. The

Applied pressure/P(MPa) pre-heated preform was set in the mould, then molten

aluminium alloy was poured onto the preform, and the
Figure 1 Relationship between applied pressure to preforms and volumgoressure of 100 MPa was applied by moving the punch
fraction of alumina short fibres. at the set up velocity.

The applied pressure corresponds to the compressi@& Experimental results
strength of preforms. The volume fraction of fibres or3.1. Structure
binder content in a preform is higher, the applied pres¥ig. 3, the optical micrographs, shows the alumina fibre
sure (strength) becomes higher. However, the effect ofjistribution along the infiltration direction in the com-
binder content in a preform on the change of fibre vol-posite which had 9.5% original fibre volume fraction
ume fraction is small, when the applied pressure is lowand was infiltrated at 40 mm/s velocity of the punch.
It shows that, the volume fraction of fibres at the place
2.3. Squeeze infiltration of 5 or 15 mm from the surface of composite is higher
The compressive deformation of preform is related tathan that of the surface. The volume fraction is higher
pre-heat temperature of preforms, pouring temperaturat 15 mm place than at 5 mm place. The pre-heat tem-
of molten metal and velocity of inflow. So, these factorsperature of preform and the pouring temperature have
were controlled according to the conditions which aresome influence on the compressive deformation of the

TABLE Ill Technical conditions of squeeze infiltration

| I i \Y

Run number 1 2 3 1 2 3 1 2 3 1 2 3

Pre-heat temperature 750 750 750 300 400 550 750 750 750 750 750 750
of preformT;(°C)

Pouring temperature 750 750 750 660 660 660 750 750 750 750 750 750
of 6061 alloyTm(°C)

Velocity of the 10 20 40 20 20 20 10 20 40 10 20 40
punchu (mm/s)

Applied pressure 100 100 100 100 100 100 100 100 100 100 100 100
P (MPa)

TABLE IV Chemical composition of 6061 alloy (wt %)

Si Fe Cu Mn Mg Cr Zn Ti Al

0.40-0.80 0.70 max. 0.15-0.40 0.15 max. 0.80-1.20 0.25 max. 0.25 max. 0.15 max. bal.
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Figure 3 Optical micrographs of composites along the infiltration directdg & 9.5%), (a) surface, (b) 5 mm from surface, (c) 15 mm from surface,
(d) bottom.

preform. Fig. 4 shows the optical micrographs of theand 20 mm/s increases up to the place of 10 mm from
composite, which was fabricated under the conditionghe surface of composites, then it does not change,
of pre-heat temperature 573 K and pouring temperawhen the preform pre-heat temperature and the pour-
ture 933 K, along infiltration direction. It is clear that, ing temperature are 1023 K. However, the hardness of
the volume fraction of fibres increases along with theu =40 mm/s increases up to 20 mm. Fig. 6 shows the
infiltration distance up to the bottom of the composite.effect of preform pre-heat temperature on the hardness
of composites along infiltration direction. The hardness

3.2. Hardness and volume fraction of of the composites increases gradually with increasing
composites along the infiltration infiltration distance and steeply near the bottom of the
direction composites, when the preform pre-heat temperature is

Vickers hardness distribution of the composites along73 K. However, when the preform pre-heat tempera-
the infiltration distance is illustrated in Figs 5 and 6. ture is 673 or 823 K, the tendency of the hardness along
Fig. 5 shows that the hardness of the casesefl0 infiltration distance is similar to the case of 573 K and
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Figure 4 Optical micrographs of the composite fabricated under the condition of pre-heat temperature 573 K and pouring temperature 933 K
(Vio = 15%). (a) surface, (b) 5 mm from surface, (c) 15 mm from surface, (d) 25 mm from surface (near bottom).

the hardness of the case of 673 K increases slightljrom the surface of composite up to the center of the
near the bottom. In order to understand the change afomposites, but it decreases from the center to the bot-
fibre volume fraction in the composites clearly, datatom, when the volume fraction of fibres was 9.5% and
of hardness has been transformed into volume fractiothe velocity of the punch was 20 or 10 mm/s. In the
of fibres in the composites. Fig. 7 shows the relationcase of 40 mm/s both in Figs 8 and 9, volume frac-
ship between hardness of the composites and volumigon increases more steeply from the preform surface to
fraction of alumina fibres in the composites. By this 20 mm depth.

relationship, the distribution of fibre volume fraction

(Vt) was calculated from the values of hardness, an®.3. Influence of binder on volume fraction

the results are shown in Figs 8 and 9. Itis clear that thén this work, the binder contents of the preforms were
volume fraction of alumina fibres in these composites0.5, 1.0 and 2.0%. Because of that, the compressive
increases gradually along with the infiltration distancestrength of fibrous preforms is different, as shown in
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Figure 7 Relationship between hardness of the composites and volum&igure 10 Relationship between volume fraction of alumina fibres and
fraction of alumina short fibres. infiltration distance o = 15%, V,, = 2.0%, T = 1023 K, T, = 1023
K).

Fig. 1. The compressive strength is high, when the

binder content of the preform is high. Fig. 10 shows4. Discussion

the relationship between volume fraction of alumina4.1. Calculation of the pressure applied to

fibres and infiltration distance. In this case, binder con- preform

tent of the preforms was 2%, while itis 0.5% in the caseWhen composites are produced by squeeze casting, the
of Fig. 8. The two figures show that the volume fractionvelocity of the punch is controlled. Then, the inflow
of alumina fibres ofi =40 mm/s increases initially in velocity of molten metal into a preform is determined
both Figs 8 and 10, and it stops and decreases at the cdny the punch velocity. The pressuPewhich is applied

ter of composites. The increase of volume fraction ofto a preform starts to rise from zero when the punch
u=20 and 10 mm/s is little in both cases of the bindercomes down and contacts with molten metal, and is
content. given before the start of preform deformation by [21]
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t 6
P, — uu(l—F) / udt — 4Vioy coso (1)
Ko(1 = Vi) Jo di(1 — Vio)

wheret is time, u is viscosity,u is volume of fluid
flowing per unit time and unit cross-sectional area of
porous media and defined by Darcy'’s ldwis the vol-
ume fraction of the solid meta¥ is the original vol-
ume fraction of fibresyy; is Vio + (1 — Vi) F, y is the

——Vf=15%

Applied pressure/Ps(MPa)

surface energyj, is the contact angle between fibre and < ! —=- V-9, 5%
molten metalgd; is the diameter of the fibre arid is o ‘ ‘ ‘ ‘ ‘
the permeability, which can be calculated by 0 ( 2 3 4 s 6

Infiltration time/t(s)

Ky 1 , L2
fO
D2 _lnvfo - E + 2Vf0 - 2 (2) Figure 12 Relationship between applied pressure and infiltration time

2~ v/
R Vo (u = 20 mm/s).
K2 1 ’ f/O2 -1 . . .
VA —InVjg + VZir1 (3)  volume fraction of alumina fibres on the pressiite
fo fo The volume fraction is higheRs is higher, too.

K = 3(Ki + Kp) (4)

4.2. Effect of pouring temperature and

wher:eR is th%radius ?f fibre. . q h pre-heat temperature of preform
The second term of Equation 1 corresponds to t % Equation 1, if there is no solid; will be zero, and

:gﬁ%?%%ﬁ;iss:g&w hich is needed to start the 'nf'ltravf() will be Vjo. However, if the pouring temperature of

) . . molten metal and pre-heat temperature of preform are
If there is no solid when the molten metal in- b P P

i . . lower than the melting point, a part of molten metal will
filrates the preformF will be zero._GSupposmg/ =  freeze in the preform during infiltration. In this work,
0'823 Pam, 0 =160 deg,df|= 3x 1f0 h m, u =h1._0 % one kind of pouring temperatures of molten metal is
107" Pa-s, and set up velocity of the punch is con- 933 i« and pre-heat temperatures of the preforms are
stant, the relationship between the pressi@nd time 573 573 and 823 K. The solidification temperature of

this showln in Figs 11 F?nﬂ 12 from Equart]ion E&-,fis 061 aluminium alloy is 925-955 K. In this condition,
the actual pressure which compresses the preform. part of molten aluminium alloy will freeze when the

the pressuré? is higher than the threshold PreéSSUre ysiten metal is infiltrating the preform of alumina fi-

ag af_(t:)ertaln tlrr;e, the mﬂltrat(ljon of_molter:frrrl]etal |n|t_o c;ares. Heat exchange between molten metal and fibres
the fibrous preform starts and continues. If the appliedg expressed by following equation.

pressure is higher than the compressive strength of the
preform (shown in Fig. 1) at a certain time, the com- _
pressive deformation will start. ViprCr(Tm = Tr) = (1 = Vi)omFH

Fig. 11 shows that when the velocity)(of the punch + Q- VD)pmCi(Tm — Tm)  (5)
is low, the pressur®; is much lower than that of the
high punch velocity. If the velocity of the punch is high, whereTs, Ty, are the initial temperatures of the preform
the pressuré®; increases steeply and compresses thend molten metal]y is the solidification temperature
preform rapidly. The compressive deformation of a pre-of the molten metalp; andp, are the densities of fibre
form is much easier at the high velocity of a punch asand molten metalC; and C, are the specific heat of
shown in Figs 8 and 9. Fig. 12 shows the effect of thefibre and molten metaH is the latent heat of molten
metal. When the pouring temperature is 933 K, The
is almost equal tdy (925 K), the volume fraction of
the solid can be given by Equation 6

_ VipiCi(Tm — Ti)

?.2‘?

?/1/ 6

Z (L= V)omH ©)

5

8 Supposinges = 3.4 g/cm?, C; = 0.19 callkg K, pm=

oy ——u=40mn/s 2.7 glen?, H =39356 J/kg, Vio=15% and Ty =

% —m u=20mn/s 925 K in Equation 6,F can be calculated, when the
& e u=10m0/s pre-heat temperatures of fibrous preforms are 573, 673

and 823 K. Because the latent heldf) (of molten metal

is much larger than the specific he@t) of fibres, solid
metal is little in the infiltration of molten metal into the
fibrous preform. When the initial fibre preform temper-

Figure 11 Relationship between applied pressure and infiltration time ature, T, and the pouring temperature of molten metal
(Vi = 15%). are sufficiently low, solid metal forms at the infiltration

Infiltration time/t(s)
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s . 3. The binder content of a preform influences the
& + TE=573K compressive deformation of the preform. If the binder
ERL o T1=673K content is lower, the compressive deformation is larger.
E o 828K . 4. The effect of pre-heat temperatufie)(of the pre-
s 07 o form on the distribution of fibres is great, whanis
S o f‘ 9 & 8 & g a lower than 673 K and pouring temperature of molten
§ R SN PN . metal is close to the solidification temperature of the
E g4 b @ metal.
g oy 5. The fabrication of the gradient distribution short
= fibre reinforced 6061 aluminium alloy is difficult when
>0 the volume fraction of fibres is low.

0 5 10 15 20 25 30

Infiltration distance/D(mm)

Figure 13 Effect of the pre-heat temperature of preform on the alumina
volume fraction in the composite¥i = 15%,Vp = 1.0%, Ty, =933 K,
u = 20 mm/s).
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front and remains at the point where it has formed ingeferences

the form of a coating surrounding the fibres. The effect 1,

of pre-heat temperature of preform on the compressive

deformation of the preform is shown in Fig. 13. The 2.

volume fraction of fibres in this composite increases
gradually along with the infiltrating distance from the

surface to the bottom of the composite when the pre-4.

heat temperature of the preform is 573 K. Because the

velocity of punch is 20 mm/s, only half of 40 mm/s, the 5.

volume fraction of fibres in the middle of the infiltra-

tion distance is lower than that of the velocity 40 mm/s g
of the punch (shown in Fig. 8), but it is much higher o

at the end of the infiltration distance of the composite

than that of the 40 mm/s. When the pre-heat temperalo-

ture of preform is higher than 673 K, the effect on the
volume fraction of fibres is similar to that of 923 K fibre
pre-heat temperature.

13.
14.

5. Conclusion
Gradient distribution alumina short fibre reinforced ;5

the squeeze infiltration. The following points have been
clarified by experiments and theoretical analysis.
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