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SPECIMEN PREPARATTION AND MECHANICAL PROPERTI.ES
OF DIRECTICNAILY SOLIDIFIED Al-Si EUTECTIC CQYPOSITE

Stefan Justi and Robert H. Bragg
Ma&rids and Molecular Research Division, Lawrence Berkeley Laboratory,
and Department of Materials Science and Minerals Engi_neering’
University of California, Berkeley, California 94720
ABSTRACT |

Al-Si eutectic alloys have been directicnally solidified in a
horizontal resistance heated furnace. The temperature gradient, G,
aheéd'of the solid/liquid interface was kept fairly constant at BOOC/cm,
while the growth réte, R, was varied between 0.1 and 47 cw/h. Micro-
structural studies show a definite alignment of the rod-like Si at low
growth rates. At growth rates higher than 5.0 cawh the microstruc;tures
aépear irregular, although same preferential orientation of the Si rods
éara.ilel to the growth direction can be cbserved. Tensile tests show
higher values in both yield and ultimate strengths than was found in
previous invest.igations, rost likely due to the careful sample prepara-
tion prior to testing in the present work. The yield strength increases
- with the growth rate up to about 5 aw/h, and only a slight increase is
cbserved at higher rates. The ultimate strength also increases with the
growth rate, but shows less tendency toward saturation. Superposition of
hardness and yield data show excellent cofrelation, while canparlsorn
between hardness _a.nd ultimate strength shows higher hardness than ultimate

values with decreasing growth rates.



TNTRODUCTTION :

Directional solidification of eutectic alloys has been widely
acknowledged as a way to improve the strength, thermodynamic stability,
cnfeep and corrosion resistance of materials at both roam and elevated
temperatures. Although there have been numerous publications on
vdi..w':ectional solidification of eutectics in recent years, not much has
been reported about their mechanical properties. Most investigators
discuss the méchanical properties of directicnally solidified (d.s.)
eutectics in .termé of camposite materials composed of an aligned streng-
thening phase embedded in a soft matrix. The properties are calculated
using the Riale of Mixtures (RaM) for a first approximation.

The mechanical properties of d. s. &1-Si eutectic which is an impor-—
tant cammercial material have been reported in several investigationsl—3,
‘but the results differ from each other. 1In this paper we are reporting
tensile properties of d. s. Al-Si eutectic grown at different rates.

Qur results will be campared with those of the previous investiga'torsl~3.

‘We will also campare them with Vickers hardness measurenents4.

EXPERTMENTAL:

As described elsewhere4, ingots with the dimensions 25.4 am x
2.54 an x 1.43 am were directionally solidified at nine different growth
rates, R, ranging fram 0.1 cw/h to 47 an/h in a horizontal, reéistance
heated furnace. The temperature gradient, G, ahead of the solid/liquid
: intérface was kept fairly constant at about BOOC/cm.

After solidification, the ingots were cut as shown in Fig. 1, based

upan adbservations using standard metallographic techniques, Typically
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: regibn A hadv a multigrain microstructure and was not used in further
iﬁ\}estigations. Cptical micrographs taken fram Regions B and D showed
. that e single‘grain eutectic‘ crystal was predcmi_n_ant. Region C vas
sllced as shown in Fig. 1 ,. and three subsize sheet type tensile specimens
were prepared for each 'growth rate. The specimens had an overall length
ef 40rm and a width of GI_xm, the gauge sectiOn was 22 nm in lenéth and _
4nm.»in width, and the thickness was 1.65mm. The stress axis was parallel
to the growth axis. After machn_m_ng the specimens were held at 450°C
for 30 minutes to eliminate possible cold working effects. They were
then carefully polished to reduce surface defects. The testing was
carried out on an INSTRON testing machine at roaom temperature at a cross-
head speed of 0.05 mm/min. Elongations were measured by a 13 mm INSTRON
extensameter. For the purpose of obtaining accurate data for the 0.2%
-offset yield strengths, load and elongation were recorded with the highest
possible sensitivities, up to appraximately 0.35% elongation. ’Ihefeafter

lesser sensitivities were used to record maximum load and elongation.

RESULTS

Optical micrographs taken fram region B are shown in Fig. 2 a-f.
It can be seen that at the slow growth rate there is an alignment of
the Si-phase with the growth direction. The flaky Si grows dendritically,
but due to- the high G/R ratio there is only little evidence of side
brandr.i‘.ng (Fig. .2a) . As the growth rate increases, the narticle size of
the Si-phase becames finer, the spacing between the Si flakes ‘decreases,
and more side branching occurs (Fig. 2c). At a growth rate of 4.6 awh

ard higher the Si phase forms non-aligned irregular dendrites in the
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Al Iﬁat:’j.:»:, which have been found to be in"'t:ercom'iectec'”..6 Fig. 2e shows, -
hwéver, that there is still a preferential orientation of the Si
dunc.ix:ite.:-_s wilth the groyth axis.

| 1ypical engineering stress-strain curves for sarples grown at three
différent rates are shown in Fig. 3 (the sections of the curves with
strains up to 0.35%, which wezfe recorded at a hlghe_r sensitivity, were
redrawn to fit into this plot). The teﬁsile data are smmariéed in
Téblé 1. _After calculating the means and standard deviations for .each
grov’rth rate, the stresses were plotted versus Rl/ 4 for the same reasons
as in Ref, 4.%

| The yield strength (¥S), which was taken fram the 0.2% elongation

1/4

offset points, versus R is shown in Fig. 4. Two different regions

can be seen. At growth rates lower than 5 an/h the yield strength
1/4

increases linearly with R while at growth rates higher than 5 an/h

no significant increase of the yield strength is cbserved.

A Fig. 5 shows the ultimate tensile strength (UTS) versus Y 4. In

1/4

the lower growth rate region an increase of the UTS with R can be

cbserved similarly to the behavior of YS in Fig. 4, but at the higher
growth Irates there is less tendency toward saturation over the range of

growth rates examined.

DISCUSSION

The microstructures shown in this work confirm earlier reportsl—4

that with increasing growth rates there is a gradual structural change

*It has been found that a Hall-Petch type relationship exists in d.s.
eutectics with A, the interparticle spacing substitutizng for grain size d.
It has also been found that in the Al-Si eutectic a A"R = constant relation-
ship is maintained. Thus an, g propriate variable to test the yield stress.

for Hall-Petch behavior is R~ instead of d. A more detailed explanation
is given in Ref. 4.
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' c.nf.;cnhe eutectic Si~phase fram a rod—iike (Fig. 2a) to a branched
;iaz;ldritic (Fig. 2c) to aq irregular form (Fig. 2e). The grd@ rates

' 'énpl;jyed here were not high enough to show the transition t_o the fibrous'
..;Eorm of Si which has been of interest to many workers'’ . For purposes of
canparison the data of the previous investigatorsl_—3 were plotted on to

' Figs. 4 and 5. It can be seen that the tensile data cbtained in this
wérk are considerably higher than those reported earlier. Steen and
Heliéwelll report data for only two growth rates. The material for theJ.r
tensile test samples was grown under different conditions (larger diﬁen—
'.sions) than that for tﬁeir microstructural charactefization.'  Thus the
poss;b:.hty of growth defects ‘in their tensile spec_imens which ‘are
éondﬁcive to fracture at low stresses cannot be. exciuded..

-3 show that both yield and

The data reported by Szhoo and Smith
ultimate strengths increase with the growth rate, but it is difficult
to draw two smooth curves which have consistent trends owing to the
scattering Qf the data. As with the data of Steen and Hellawvell, the
data of these investigators indicate lower prop_erties than obtained in
thg present work. .

As early as 1921 it was found that cracks propagate through the
flaky form of Si8. Cracks spread easily because thé cleavage plane of
Si is {111}, which often is the plane of faceted flakes in which the
parallel twins are also { ll;_L}. . Steen and Hellawell1 make this way of
crack propagation responsible for the sensitivii:y of tensile specimens
to surface defects and scratches. This might account for the differences
.noted herein, because in this work the specimens were not only maduned

as in Refs. 1-3, but were carafully polished before testing, thus reducing
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surface defects, and the results. Obta ed show  indeed a noticeable
ir;c:éase in strength. Further proof that the tensile properties are very
sensitive to the surface treatment was found in preliminary tests.
Material taken fram the samne iﬁgots as in this investigation was machined
but not polished, and exhibited lower yield s;trengt;h.9

A similar behavior of the strength as m Figs. 4 and 5, i.e. n‘ono-
tonic increase at slow and no dramatic change at hlgu growth rates)has
recently been fourd for the d.s. Cd-Zn eutectic'? which is of the reqular
type but has the sare volure fraction of the reinforcing phase as the
Al-Si system.

A .It can be assumed that at low growth rates the alignment cf the
S‘i—;;hase does not contribute to higher strength. To support this,
Géhgulee and Gurla.ncl]‘l have found that the fracture probability increases
with the Si particle size. At high growth rates the reason for the
relatively small i.ncréase ‘in strength is most likely the same as in the
caée of the Cd-Zn eutectic, i.e. the misalignment of the reinforcing
phése .. Only if the Si changes into- the fibrous form can further increase
of strength be cbta.med |

The results found here. are supported by hardness data. Chadwick
states:L2 that "despite the reservation that can be placed on the hardness
test as providing a measure of the stress—strain behavior, hardness data
and the yield stress of = single crystal eutectics correlate quite well
where both techniques have been employed.” The HV1 hardness data
cbtained earlier4 were superimposed on the YS and the UTS. The super-
position was done througH miltiplication of the hardness numbers by

canstant factors 0.13 for the Y5 and 0.3 for the ULS, respectively. As
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can be seen in Fig. 4 the correlation betieen Y5 and hardness is excellent.
Figure 5 shows that in the lower growth rate region the hardness is higher
than the UIS. 1This is in agreement with higher campression than tensile

: dat:a-2 . It also supparts the finding that in case of tensicn the crack

propagation is made easier with an increasing size of Si particlesll.

C@@USIQQS

1. Increasing growth rates change the morphology in the directionally
solidifiedv Ai-Si eutectic fram rod-;like to branched dendritic to irregular
flakes. -

2. ¥S and UTS increase monotonically with increasing growth ratss, R,
but at rates R greater than appraximately 5 aw/h saturation is reached

in YS, while the UTS co‘ntinues to :i:isé with a monotonic decreas‘ing slope.
3. Hardness data correlate excellenﬂy with Y5, _thus ‘proving that in this
systelﬁ hardness is a valuable measure to cbtain mechanical property data

where dimensiaons of the test material limit tensile measurements.

-Work performed under the auspices of the U. S.
Energy Research and Development Administration.
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LUCUHRE CAMPTONS

Pogition of tensile specinen in d.s. Al-ALCu ingoi,

2

Optical micrographs of d.s. Al-al,Cu eutectic.

Typical engineering stress—strain curves (three different
growth rates). '

Yield strength YS vs. growth rate Rl/ 4.

Ultimate tensile strength UTS vs. growth rate Rl/ 4.
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