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EFFECT OF GROWTH RATE ON THE HARDNESS OF 
UNIDIRECTIONALLY SOLIDIFIED Al-Si EUTECTIC ALLOYS 

Stefan Justi and Robert H. Bragg 

LBL-4560 

Materials and Molecular Research Division, Lawrence Berkeley Laboratory 
and Department of Materials Science and Engineering, 
University of California, Berkeley, California 94720 

ABSTRACT 

Al-Si eutectic alloys have been unidirectionally solidified in a 

horizontal resistance heated furnace. The temperature gradient, G, 

ahead of the solid/liquid interface was kept fairly constant at 78°C/cm, 

while the growth rate, R, was varied between 0.1 and 46 em/hr. Micro-

structural studies show a definite alignment of the Si fibers at low 

growth rates. At growth rates higher than 5.0 cm/hr the microstructures 

appear irregular, although some preferential orientation of the Si rods 

parallel to the growth direction can be observed. Vickers hardness 

tests show that no composite strengthening occurs at low growth rates, 

although the microstructure is aligned. As the growth rate is increased 

the hardness increases with roughly a Petch-type grain-size dependence 

up to about 5.0 em/hr. At higher growth rates no increase in hardness 

is observed, but the maximum hardness exceeds that obtained by chill 

casting. 
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INTRODUCTION 

Interest in directionally solidified eutectic alloys ("in situ" 

composite materials) for structural applications stems from the antici

pated superior strength, thermodynamic stability, and corrosion and 

creep resistance these materials retain at high temperatures. 

An important commercial material is the Al-Si piston alloy. It 

consists mainly of the Al-Si eutectic modified with small additions of 

Cu and Mg to improve the strength by metastable precipitation, and Ni 

to improve the high temperature strength. A disadvantage of these pre

cipitation hardening alloys is the significant decrease in strength in 

the 150 ••• 250°C temperature range due to dissolution of the precipitates. 

Other means to improve high temperature properties of aluminum alloys, 

such as addition of oxide dispersions in the Al matrix have been success

ful, but require expensive sintering processes. It is of interest to 

determine if directional solidification can improve the mechanical 

properties of the Al-Si eutectic alloy. 

In this work studies are reported of the microstructures and 

hardness of the unmodified Al-Si eutectic which has been directionally 

solidified at different rates. The Al-Si eutectic is of the faceted

nonfaceted type, according to the classification of Hunt and Jackson1 • 

In conventional casting at high freezing rates, it is found that the Si 

phase grows independently into the melt ahead of the Al phase with no 

noticeable coupling to it
2

• This results in a microstructure in which 

the eutectic Si occurs as more or less randomly oriented needles or 

irregular plates in the Al matrix. Directional solidification at low 
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rates produces "fiber" alignment, but the fibers have a complicated 

3 cross section first described by Day and Hellawell • The primary 

purpose of this work was to determine how the room temperature 

mechanical properties (hardness) of unmodified Al-Si eutectic are 

affected by directional solidification. 

UNIDIRECTIONALLY SOLIDIFIED Al-Si EUTECTICS 

In order to obtain the expected superior composite properties, it 

is necessary to establish a parallel alignment of both the Al and Si 

phases. To accomplish this a planar solid/liquid interface is mandatory 

during solidification. 
4 

The condition for this is 

me (1-k ) 
G/R > s o 

"' Dk 
0 

where G is t.he temperature gradient at the solid/liquid interface; R 

is the growth rate; m is the slope of the liquidus line; k is the 
0 

distribution coefficient defined by k = C /C
1

, where C and c
1 

are the 
0 s s 

compositions of the solid and liquid phases respectively; and D is the 

diffusion coefficient in the liquid ahead of the solid/liquid interface. 

Thus in order to maintain a planar solid/liquid interface, best results 

can be expected with high temperature gradients, low growth rates and 

high purity materials. 

EXPERIMENTAL 

Alloys of Al-Si eutectic (Al 12.7 wt. % Si) composition were 

prepared from 99.999% purity Al and Si. An alumdum boat with the 

dimensions 10 in. x 1.0 in. x 9/16 in. was filled with the alloy. A 
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chromel-alumel thermocouple was glued into a slot in the bottom of the 

boat so that the temperature gradient could be recorded during solidifi-

cation. The horizontal resistance heated furnace has been described 

5 elsewhere • Additionally, as shown in Fig. 1, a water cooled copper 

tube was inserted into the end of the furnace where solidification begins 

in order to increase the temperature gradient. By this chilling device 

0 
temperature gradients of 60 ••• 100 C/cm could be attained. Prior to a 

run, the filled boat was inserted into the quartz tube, and the system 

purged several times and filled with argon at atmospheric pressure. 

The furnace was then brought to a temperature of 850°C and stabilized 

for 8 ••• 10 hours, after which directional freezing was done at a fixed 

rate assumed to be the speed of furnace travel, R. After solidification 

the ingot was cut as shown in Fig. 2. The first 5 em (Section A) 

usually had irregular microstructures and was not used. Section B was 

investigated metallographically, while Section C was saved for investi-

gations of mechanical properties. Specimens from Section D were used 

for microstructural characterization using a Leitz Metallograph and a 

Cambridge Scanning Electron Microscope. Vickers hardness tests 

(HV with 1 kg load) were made on samples from Section C in the vertical, 

lateral, and transverse directions as shown in Fig. 3. For each data 

point the mean and standard deviation of 18 measurements were determined. 

In addition, hardness measurements were made on both chill cast and 

furnace cooled Al-Si eutectic alloy. 

RESULTS 

Data of temperature gradient, G, versus growth rate, R, for the 

specimens are shown in Fig. 4. It can be seen that G was kept fairly 
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constant at about 78°C/cm, whereas R was varied between 0.1 and 46 em/hr. 

The lines are drawn according to the classification of Day and Hellawe113 

According to these authors, at growth rates to the right of the vertical 

line, coupled growth cannot be obtained because of constitutional super-

cooling. 

Representative scanning electron micrographs obtained in this work 

are shown in Figs. 5, 6, and 7. It can be seen that at low freezing 

rates there is a definite alignment of the Si phase (bright) and at the 

highest rates the microstructure is irregular. However, comparison of 

the longitudinal micrographs for different R shows that even at R = 5.0 

cm/hr there is some preferential orientation of the Si rods parallel to 

the growth direction, although the overall structure appears irregular. 

At the lower growth rate (see Fig. 7, transverse section), the Si phase 

appears to have a complicated geometrical structure which is aligned, 

but very different from the usual rod, plate-like, or lamellar structures 

obtained in "normal" eutectics. For the alloy frozen at 0.25 cm/hr a 

banded microstructure was observed. Since close investigation did not 

reveal banding in alloys frozen at higher or lower rates, this phenome-

non was taken as accidental and was not studied in detail. 

It has been shown that a mean "interparticle" spacing. >.. for these 

irregular microstructures can be defined, and it has the >..
2R = constant 

6 7 8 dependence found in normal eutectics ' • Thompson and Lemkey 

demonstrated that in aligned normal eutectics the interparticle spacing 

plays the role of grain size, d, in the interpretation of mechanical 

properties. Thus to test for a Petch type relationship in which 



a ys 

-6-

= a 
0 

+ Kd-1/2 

the yield stress, or in this case hardness, should be plotted versus 

Rl/4. 

The Vickers hardness data are shown in Fig. 8. The vertical length 

of the squares, circles and triangles represents the observed standard 

deviation of the data. It can be seen that in all orientations there is 

a roughly linear relationship between hardness and R114 up to R ~ 5 cm/hr 

and thereafter faster freezing produces no appreciable increase in hard-

ness. The dashed lines indicate the range of hardness values obtained 

from the as-cast eutectic alloy, both chill cast and furnace cooled. It 

should be noted that the alloys directionally solidified at rates greater 

than 5 cm/hr have hardnesses greater than that of as-cast materials. 

The precision of the data is not high enough to reveal an orientation de

pendence of the hardness for growth.rates above 5.0 em/hr. However, at 

freezing rates lower than 5.0 cm/hr the hardnesses of the transverse 

direction (triangles) were slightly higher than that of both the 

vertical and lateral directions (squares and circles). The data point 

for the lateral direction at R = 0.25 cm/hr appears to be too high, but 

this is associated with the anomalous banded microstructure mentioned 

earlier. For purposes of comparison, the range of hardness data 

reported for 1100 Al (essentially 99% Al) is plotted at R = 0 in Fig. 8. 

An optical micrograph obtained from chill cast eutectic is shown in 

Fig. 9. It differs from that of furnace cooled material in that the 

Al dendrites and the Si rods of the latter were coarser. 
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DISCUSSION 

As stated earlier, the vertical line in Fig. 4 represents the onset 

of uncoupled growth according to the classification of Day and Hellawe113 . 

However, the present work shows that the classification is only approx-

mate because some coupled growth is evident in the microstructure of 

Fig. 5 for R = 5.0 em/hr. 

If the hardness data are extrapolated to R = 0, they appear to fall 

in the region of hardness characteristic of 1100 AI. The linear portion 

does suggest a Petch-type relationship for R less than about 5.0 em/hr. 

However, the data are inconsistent with the hardness expected for an 

in-situ composite. The rule of mixtures should be at least approximated 

for the low growth rates, because the microstructure is aligned and the 

volume fraction of the reinforcing Si phase is large enough (about 15%) 

to exceed the critical volume fraction9 • Since the yield strength of 

Si is more than an order of magnitude greater than that of the matrix, 

which is essentially llOOAl, the aligned composite should have a hard-

ness far greater than that observed, even if the aspect ratio might not 

be large enough to transfer the full stress to the fibre. Thus there 

is no indication of composite strengthening at any growth rate. 

The explanation for the absence of composite strengthening probably 

lies in the unusual morphology of the Si fibers. Although the growth 

direction is <100> the "fibers" are profusely branched into (111) 

6 twinning configurations , so that in the direction normal to the growth 

axis the "fibers" appear to have corrugations along their lengtlB. Some 

evidence of this can be seen in Fig. 7, longitudinal section. These 
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corrugations are twin intersections which may fracture at low stresses 

and contribute little to the composite strength. 

The absence of composite strengthening was unexpected, but what is 

most surprising is the finding that rapid directi~mal solidification 

produces a material whose hardness exceeds that of the chill cast alloy. 

An explanation for such behavior could possibly be obtained by comparing 

the microstructures of chill cast (Fig. 9) and directionally solidified 

(Fig. 5) rna terial. Figure 9 shows large amounts of Al dendrites due 

to constitutional supercooling and randomly oriented Si particles, 

while in Fig. 5 there are no AI dendrites and the Si phase, although it 

appears irregular, still shows a preferential orientation of the rods. 

The Al dendrites, however, will contribute little to the hardness since 

their hardness is essentially that of 1100 Al (see Fig. 8). 

CONCLUSIONS 

Directional solidification of the Al-Si eutectic through a tempera-

0 
ture gradient of about 78 C/cm produces an aligned microstructure at low 

growth rates, but no composite strengthening occurs. As the growth rate 

is increased the strength increases with roughly a Petch-type grain size 

dependence, up to about 5.0 em/hr. At higher growth rates no increase 

in strength is observed, but this maximum strength exceeds that obtained 

by chill casting. 
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FIGURE CAPTIONS 

Fig. 1. Solidification apparatus (detail of the cooling end). 

Fig. 2. Directionally solidified ingot. 

Fig. 3.· Orientation directions for hardness measurements. 

Fig. 4. Diagram of Al-Si unidirectional solidification experiments. 

Fig. 5. Scanning electron micrograph of unidirectionally solidified 

Al-Si eutectic (Si-light phase), growth direction from bottom 

o· 
to top, G = 78 C/cm, R = 5.0 em/hr. 

Fig. 6. Scanning electron micrograph of unidirectionally solidified 

Al-Si eutectic (Si-light phase), growth direction from bottom · 

to top, G = 75°C/cm, R = 1.0 em/hr. 

Fig. 7. Scanning electron micrograph of unidirectionally solidified 

Fig. 8. 

Fig. 9. 

Al-Si eutectic (Si-light phase), growth direction from bottom 

to top, G = 81°C/cm, R = 0.1 em/hr. 

1/4 Vickers hardness HV 1 versus growth rate R • 

Optical micrograph of chill cast Al-Si eutectic (Si-dark phase). 
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