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Processing characteristics of AI /W composite 
under 1 g conditions 
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The segregation features and interface characteristics in an AI/W composite system processed 
through liquid metallurgy technique under 1 g conditions has been studied. The effect of 
various melting parameters on the AI/W system containing 60 wt% (about 20 at%) tungsten 
particles, was investigated and the consequent metallographic features of these composites 
were studied. Although most of the segregation of tungsten particles was observed at the 
bottom of the sample, segregation was also noticed towards the side walls and the top portion 
of the sample. The segregation pattern is explained in terms of force under Stoke's law and 
conventional convection. The formation of intermetallic compounds between aluminium and 
tungsten, and limited solubility between these two elements, is also reported. 

1. Introduction 
The microgravity environment of space offers very 
conducive terms for processing composite materials 
through the liquid metallurgy (LM) route, because the 
effects due to gravity-driven phenomena (e.g. 
buoyancy and density and temperature-based con- 
vection) are considerably minimized. Quite a few 
experiments [1-14] have been carried out under 
microgravity environment to process the metal 
matrix-based composites by the LM technique. These 
experiments were designed to study either the indi- 
vidual or the combined effect of buoyancy, convection 
and particle front interactions in the solidifying com- 
posite melts. The results of these experiments generally 
reveal that it is possible to achieve improved uni- 
formity of dispersion in the reduced gravity environ- 
ment. They also show that surface tension force, which 
remains masked under Earth-bound conditions, be- 
comes dominant in space, and it causes segregation in 
composite melts owing to surface-tension driven 
convection l-5, 14]. 

The microgravity environment of space is not com- 
pletely free from buoyancy effects. The various re- 
sidual external forces, e.g. atmospheric drag and solar 
radiation pressure, transient external forces (e.g. 
thruster firings for attitude control and other orbital 
manoeuvres) acting around the spacecraft and internal 
forces (called g-jitters, due to the motion of mechanical 
parts, crew activities, etc.), acting inside the spacecraft, 
result in accelerations ranging from 10-3-10-7g 
1-15, 16]. The buoyancy force, because of these 
accelerations, can cause segregation in the composite 
melt even if it is processed on board a spacecraft. The 
segregation will be more pronounced if the difference 
between the densities of matrix and dispersoid is 
significantly large. In most of the experiments conduc- 
ted so far, this difference has not been very large and, 
therefore, they do not reveal any such effect. The 
present work was undertaken mainly to study the 

influence of residual acceleration and g-jitter driven 
buoyancy force on the uniformity of the distribution 
of dispersoids in the matrix. The A1/W composite 
system was selected because the density difference 
between aluminium and tungsten represents a nearly 
extreme situation and, therefore, the influence can be 
studied more clearly. However, in the absence of any 
literature on the processing of A1/W composites, it is 
necessary to observe the processing characteristics of 
this system first on Earth (lg) itself. The scope of the 
present paper is confined to the results of experiments 
carried out to process A1/W composites via the 
LM route under 1 g conditions. Our studies mainly 
comprise observations with respect to (i) segregation 
features, and (ii)interface characteristics, in the 
above-processed A1/W system. 

2. Experimental procedure 
The samples were prepared by the powder metallurgy 
technique. The matrix metal and second-phase par- 
ticles of aluminium and tungsten, respectively, were of 
99.9% purity. About 60 wt % W powder (3-7 lain) was 
thoroughly mixed with the aluminium powder 
(8-40 ~tm) on a roller mixer. Being of very high dens- 
ity, 60 wt % tungsten powder in an A1/W system is 
equivalent to only about 20 at % tungsten powder. 
Tungsten powder was treated in a hydrogen atmo- 
sphere at 700~ for 2 h prior to its mixing with 
aluminium powder. Compacts of 13.5 mm x 11.0 mm 
• 6.0 mm size were made by cold pressing the mixed 
powder under a pressure of 35 kgmm -2. The com- 
pacts were heated in alumina crucibles for melting 
under an extensive flow of argon gas in a precision 
tubular furnace. The argon gas before entering the 
furnace, was passed through a purification apparatus 
consisting of pyrogallic acid and dried m-alumina to 
remove traces of oxygen and moisture. The details of 
the melting parameters and corresponding sample 
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TABLE I Summary of melting conditions 

Serial Melting parameters 
n o .  

Temperature Duration of 
( ~ C) soaking (min) 

Sample 
designation 

1 670 50 I 
2 750 40 II 
3 950 30 III 

designations are given in Table I. All samples after 
melting were cooled in air. 

The samples were subjected to conventional pol- 
ishing and etched with Keller's Reagent to enable 
various metallographic examinations to be made. The 
microstructures were observed using a Reichert 
MEF2 optical microscope (OM), and a Leitz miniload 
microhardness tester was used for microhardness 
measurements on various phases. The samples were 
further studied under higher resolution in a scanning 
electron microscope (SEM, Cambridge Stereoscan 
250 Mk III), with 20 kV, 3 A as operating parameters. 
The identification of various phases was done by the 
X-ray diffraction (XRD) method, using a Phillips sys- 
tem with 35 kV and 20 mA as operating parameters. 
The elemental composition of various phases was 
determined using energy dispersion analysis of X-rays 
(EDAX, Tracor Northern Inc., USA). 

3. Results and discussion 
The macroscopic polished and etched surface of the 
green compact and a similar surface of the cross- 
section of Sample III are given in Fig. 1. Figs 2-4 
represent optical and scanning electron micrographs 
at various locations in the green compact and Sam- 
ples I and III. Table II contains the microhardness 
data. The results of the semi-quantitative analysis 
carried out through EDAX at various locations in the 
samples, are given in Table III, while Fig. 5 shows the 
EDAX profiles at the areas depleted and segregated 
with tungsten particles in Sample III. Fig. 6 exhibits 
X-ray diffraction profiles for Samples I and III. 

As is evident from the SEM observations in Fig. 2, 
tungsten particles (bright phase) are uniformly dis- 
tributed in the aluminium powder matrix in the green 
compact. However, tungsten particles, being much 
smaller than aluminium particles, are preferentially 
located in the inter-particle region of aluminium par- 
ticles and form a well-connected network all over the 
matrix. Porosity is also present all along the network 
of tungsten particles. 

The interesting visual observation about Sam- 
ple I was that although it contracted noticeably after 
heating at 670 ~ for 50 min, its rectangular shape was 
not disturbed. Microstructures of Sample I (Fig. 3) 
denote a situation wherein the melting of aluminium 
powder matrix has just begun. The distinct well- 
connected network of tungsten powder which was 
present in the green compact is broken and these 
powder particles are now comparatively more in- 
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Figure 1 Macroscopic polished and etched surface of (a) green 
compact, and (b) a cross-section of Sample III. 

timately mixed with the aluminium matrix (Fig. 3a 
and b). The distribution of tungsten particles in the 
aluminium matrix is still intact. EDAX analysis 
(Table III) reveals that some tungsten particles which 
were earlier located in the inter-particle region of 
aluminium particles in the green compact, have now 
migrated to the melted aluminium areas, but alumi- 



Figure 2 Scanning electron micrograph of the green compact. 

nium-rich and tungsten-rich areas still mark the dis- 
tribution pattern all over the matrix. There is no 
indication of any gravity-driven segregation. This can 
be attributed to the existence of only partial remelting 
conditions in Sample I. In a similar partial remelting 
experiment on the A1/SiC composite system, Bayoumi 
and Suery did not note any segregation owing to 
gravity [17]. 

A scanning electron micrograph of Sample I at 
larger magnification (Fig. 3c) shows that porosity is 
still present. The XRD profile (Fig. 6a) on Sample I, in 
addition to indicating aluminium and tungsten in 
elemental form, shows the presence of intermetallic 
phase WAll2. The WA112 phase, with 36.23 wt% 
(7.69 at %) W and b c c crystal structure, is reported to, 
form by the peritectic reaction, liquid + W A t s ~  
WAI~2 at 697 ~ [18]. 

Therefore, WAltz must have formed in the tung- 
sten-rich areas in the sample. The microhardness val- 
ues (Table II) in Sample I are higher than those in the 
green compact. This is an indication of the improved 
interface characteristics between the aluminium ma- 
trix and tungsten particles. The observations in Sam- 
ple II were not much different from Sample I. Hence, 
further discussion is based on the observations made 
from Samples I and III only. 

Although considerable contraction was observed in 
Sample III when it was taken out of the furnace after 
heating at 950 ~ for 30 rain, the rectangular shape of 
the sample was also not disturbed in this case. How- 
ever, when the sample was mildly pressed with the 
tongs immediately after its being taken out of the 
furnace, the liquid metal squeezed out (Fig. lb). The 
possible formation of a very thin aluminium oxide 
layer or skin all around the sample during heating at 
elevated temperature, must have prevented the flow 
of liquid metal which was very small in volume 
(0.891 cm3). Froyen and Deruyttere, who performed a 
series of experiments on the LM processing of the 
small samples of A1/SiC composites under 1 g and 
microgravity conditions, have also reported the con- 
tainment of melt by the A120 3 skin [19]. 

As shown in Figs lb and 4, there is large segre- 
gation of tungsten particles at the bottom of Sample 
III. Some segregation, though remarkably less com- 
pared to the bottom, can also be observed towards the 

Figure 3 Metallographic observations on Sample I through 
(a) OM, (b) SEM, and (c) at higher resolution in SEM. 

vertical sides and the upper portion of the sample. The 
large-scale depletion of tungsten particles from the 
core of the sample and their segregation at the bottom, 
sides and top, are supported by the EDAX spectra in 
Fig. 5. The large segregation at the bottom has occur- 
red mainly due to gravity-driven sedimentation. The 
effectiveness of the sedimentation force can be estim- 
ated by Stoke's law, in terms of terminal velocity, Vt, of 
the settling tungsten particles (assumed spherical). 
According to this law 

d 2 g Ap 
V~ - (1) 

18q 

where d is the diameter of a particle, g the acceleration 
due to gravity, A9 the difference between the density of 
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Figure 4 Metallographic observations on the area segregated with 
tungsten particles in Sample III, through (a) OM, and (b) SEM. 

the particle and the density of the liquid, and q the 
viscocity of the liquid. 

For the calculation of terminal velocities in the 
present A1/W system, the following data are used: 
d = 5 gm (average diameter of tungsten particles), 
g = 9.8 m s -2, Ap = 16886 k g m  -3 (density of tung- 
sten = 1 9 2 5 4 k g m  -3 and density of liquid alumi- 
nium at 950~ = 2368kgm -3 1-20]), and rl = 2.1 
x 10- 3 Pas (liquid viscocity of aluminium [21]). With 

tungsten particles of 5 gm, Vtt is in the proximity of 
6.9 mm rain -1 under terrestrial conditions. Under 
residual accelerations of the order of 10-3g,  this 
velocity is as low as 0.69 x 10 -2 mm min -1. For a 
tungsten particle of 100 Ixm, Vt = 2.74 x 102 mm 
rain -1 and 0 . 2 7 m m m i n  -1 on Earth and under 
10 -  3 g, respectively. 

As regards the segregation of tungsten particles 
along the vertical sides and towards the top of the 
sample, similar observations were reported by Froyen 
and Deruyttere in their experiment on LM processing 
of A1/SiC composite systems under 1 g conditions [19]. 
They attributed this to the conventional convection 
caused by a temperature gradient. The fluid flow 
under the influence of convection is characterized by a 
flow velocity that is determined by the Grashof  num- 
ber (Gr). Froyen and Deruyttere show that even a 
small radial temperature difference (0.1 K) can cause 
considerable flow (0.6 mm s-  1) at the normal gravity 
level in A1/SiC systems. A temperature gradient in the 
longitudinal direction can cause thermally unstable 
convection if the Rayleigh number, Ra (Ra = PrGr,  
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Figure 5 Energy dispersive spectra of Sample III: (a) area depleted 
of tungsten particles, and (b) area segregated with tungsten par- 
ticles. Elemental analysis: (a)A1, 99.31wt%, 99.88 at%; W, 
0.35 wt %, 0.05 at %; (b) A1, 45.82 wt %, 84.86 at %; W, 53.51 wt %, 
14.54 at %. 

TABLE II Microhardness data 

Serial Sample Location Vickers 
Hardness 

no. (Hv) Load 50 g 

1 Green 
compact 

2 Sample l 

3 Sample III 

Bright phase 32-34 
Dark phase 51-54 

Matrix + 55-68 
dispersoid 

Area depleted with 35-49 
tungsten particles 

Area segregated 90-101 
with tungsten particles 

where Pr is the Prandtl number) exceeds a critical 
value. Corresponding to the critical Ra value of 106 
for their sample, they computed a critical temperature 
gradient (dT /d l )  of 12 x 103 K m  -1 under 1 g. 

Our experiment differs from that of Froyen and 
Deruyttere in the choice of dispersoid. Froyen and 
Deruyttere chose SiC particles of 125-160 gm dia- 
meter. The temperature gradient in the aluminium 
melt in Sample II  in our experiment can be set by the 
settling tungsten particles under Stoke's law, because 
the thermal properties of aluminium and tungsten 
differ significantly. However, under no probability, the 
temperature gradient can reach the critical value of 12 



TABLE III  EDAX Analysis of various samples 

Serial no, Sample Region Element (at %) (wt %) 

1 Green Bright phase AI 98.56 91.73 
compact (Al-rich area) W 1.24 7.88 

Dark phase AI 23.88 4.40 
(W-rich area) W 76.12 95,60 

2 Sample I Al-rich area AI 97.73 86,65 
W 2.18 13.18 

W-rich area A1 80.02 37.07 
W 19.91 62.85 

3 Sample III Area depleted A1 99.88 99.51 
with tungsten particles W 0.05 0.35 
Area segregated with A1 84.86 45.82 
tungsten particles W 14.54 53.51 
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Figure 6 XRD profiles on (a) Sample I, and (b) Sample III. 

x 103K m-1 and, therefore, conditions for unstable 
or turbulent convection are ruled out. The convection 
flow at the dT/dl levels below a critical limit is laminar 
[22] and transportation of the particles from the 
central part to the side walls too can be assigned to 
this laminar flow, However, the presence of convec- 
tion currents in the melt will affect, though not very 
greatly, the terminal velocity of the settling particles. 

Fig. 4 suggests that Sample III is free from porosity. 
The microhardness of the tungsten-segregated areas in 
Sample III (Table II) is significantly higher than that 
in tungsten-rich areas in the green compact. This can 
be attributed to the stronger interfaces between tung- 
sten particles and the aluminium matrix in the segre- 

gated areas consequent to the melting of the matrix. 
The molten state of the matrix encourages chemical 
interaction between the particles and the matrix. In 
addition to the presence of aluminium and tungsten in 
elemental form and intermetallic compounds (Fig. 6b) 
in the segregated areas, the XRD data also indicate the 
formation of a solid solution between aluminium and 
tungsten. This was determined by calculating the vari- 
ation in the lattice parameter of the aluminium lattice 
which forms the matrix. This is achieved by fitting a 
curve for cos 20 versus ao based on the regression 
analysis of the XRD data. As calculated using this 
method, the lattice parameters for the aluminium 
matrix in Samples I and III are 0.405379 and 
0.405 347 nm, respectively, while the standard lattice 
parameter of aluminium is 0.404910nm [18]. The 
change in the lattice parameter of aluminium with the 
addition of tungsten is an indication of solid solubility 
between aluminium and tungsten which is also re- 
ported elsewhere [18, 23]. 

4. Conclusions 
1. The segregation in the A1/W composite pro- 

cessed through the LM technique is mainly caused by 
sedimentation (buoyancy) force and conventional 
convection. 

2. The interface characteristics are improved, 
subsequent to the melting of the aluminium matrix 
because of the chemical interactions between the 
tungsten particles and the matrix. 

3. Very limited solid solubility between aluminium 
and tungsten and the formation of intermetallic com- 
pounds between tungsten and aluminium are ob- 
served. 

4. The sedimentation (buoyancy) effects due to re- 
sidual accelerations in the microgravity environment 
of space will be better revealed by a tungsten particle 
of 100 lam diameter in the aluminium matrix. 
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