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SPECIMEN PP.EPARJITION AND MECHAl\JICAL POOPERI'IES 
OF DIRECTIONALLY SOLIDIFIED Al-Si EUTECTIC COMPOSITE 

· Stefan Justi and Rol::ert H. Bragg 

Materials and Ivlolecular Research Division, Lawrence Berkeley Laboratory, 
and Depart::nEnt of Materials Science and Minerals Engineering 

University of California, Berkeley, California 94720 
1 

ABSTRA.Cr 

Al-Si eutectic alloys have been directionally solidified in a 

horizontal resistance heated furnace. The t:.errperature gradient, G, 

ahead of the solid/liquid interface was kept fairly constant at 80°C/an, 

while the grcwt:h rate, R, was varied between 0.1 and 47 em/h. Micro­

structural studies show a definite alignroent of the rod-like Si at low 

grcwt:h rates. At growth rates higher than 5. 0 crn/h the microstructures 

app:ar irregular, although scm= preferential orientation of the Si reds 

parallel to the growth direction can be observed. Tensile tests show 

higher values in both yield and ultimate strengths than was found in 

previous investigations, rrost likely due to the careful sarrple prepara-

tian prior to testing in the present w-ork. 'Ihe yield strength increases 

· with the growth rate up to about 5 cm/h, and only a slight increase is 

observed at higher rates. The ultimate strength also increases with the 

gravth rate, but shows less tendency tavard saturation. Superposition of 

hardness and yield data show excellent correlation, while c:arcparisan 

between hardness and ultirnate strength shows higher hardness than ultimate 

values with decreasing gra.vth rates. 
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Il',;"riDDUCI'If..N : 

Directional solidification of eutectic alloys has been widely 

acknavledged as a way to .Lrnprove the stre..1gth, thenrodyna..mc stability, 

creep and con:osion resistance of materials at both roam &"1d elevated 

ternperatures. Although there have been nl.li'lErous publications on 

directional solidification of eutectics in recent years, not TIU.lch has 

been repor;..ed about their nechanical proP=Ities. Most investigators 

discuss the mechanical properties of directionally solidified (d.s.) 

eutectics in tenns of canposite materials composed of an aligned streng­

thening phase embedded i."1 a soft matrix. The properties are calculated 

using the RUle of Mixtures (Rdvl) for a first approximation. 

The necha."lical properties of d. s. 2~-Si eutectic which is an impor­

tant camercial material have been reported in several investigations1- 3 , 

but the results differ from each other. In this paper we are reporting 

tensile properties of d. s. Al-Si eutectic g-.cc:w.n at different rates. 

Our results will be corrpared with those of the previous investigators l-3 • 

· W: will also canpare them with Vickers hardness rreasurements 4 • 

EXPERTI1ENTAL: 

As described elsewhere 4 , ingots with the dirrensions 25.4 an x 

2. 54 an x l. 43 an were directionally solidified at nine different grcwth 

rates, R, ranging from 0.1 crn/h to 47 arvh in a horizontal, resistance 

heated furnace. The ternperature gradient, G, ahead of t.~e solid/liquid 

interface was kept fairly constant at about 80°C/an. 

After solidification, the ingots were cut as shCNm in Fig. l, based 

upon observations using st.cmdard metallographic techniques. Typically 
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r8gi.on. !\. had a multigra..ip. microstructure and was not used in further 

ic"lvestigati.ons. Optical micrographs taken from Regions B and 0 sha..;ed 

t.~at a single grai..'l. eutectic crystal was predominant. Region C ~1as 

sliced as sho.vn in Fig. 1 1 and three subsize sheet type te..'1Sile specinens 

were prepared for each grc:wth rate. 'lbe spec:i.rrens had an overall length 

of 40rrrn and a width of 6nm, the gauge section was 22 mn in length and 

4n1n in -wi.dth, and the thickness was l. 65rrm. The stress axis was parallel 

to the growth atis. After machining the spec.irrens were held at 450°C 

for 30 ininutes to el..iminate possible cold working effects. 'Ihey were 

the."-! carefully :pJlished to reduce surface defects. The testing was 

carried out on an INSTRCN testing machine at rcx:rn te.rrrperature at a cross­

head sp2ed of 0.05 mn/min. Elongations were rreasured by a 13 mn INSTRJN 

extensometer. For the purpose of obtaining accurate data for the 0. 2% 

offset yield strength 
5

1 load .and elongation were recorded with the highest 

p:>ssi.ble sensitivities, up to approximately 0.35% elongation. 'Iherea£ter 

lesser sensitivities were used to record :maY.imum load and elongation. 

RF..SliLTS 

Optical micrographs taJr..en from region B are shewn in Fig. 2 a-f. 

It can be seen t.l-}at at the slo.v gro.vth rate there is an alignrrent of 

the Si-phase .with tlie grCMth direction. The flaky Si gravs dendritically, 

but due to the high G/R ratio there is only little evidence of side 

brana.'Ung (Fig. 2a) • As the growth rate increases , the ;::>article size of 

the Si -phase becorres finer, the spacing between the Si flakes decreases, 

and rrore side branching occurs (Fig. 2c) . At a gro.vth rate of 4. 6 an,!h 

and higher the Si phase fonns non-aligned irr~ar dendrites in the 
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1-..~ f d t be . . . ct " 6 
Al ma.t.Yi:-;:: 1 which have ueen oun o mrerccr.ne _ec. Fig. 2e sha-1s, 

hONever 1 that there is still a preferential orientation of t.l-J.e Si 

'l'ypical engineering stress-strain c:u._rves for sarrples gro..vn at· th:.::'GE: 

different rates are sho.m in Fig. 3 (the sections of the curves with 

strains up to 0.35% 1 which were recorded at a higher sensitivity, were 
'-· 

redrawn to fit into this plot) . The tensile data are sl..llffil.arized in 

Table 1. After calculating the ILeans and standard deviations for each 

1/4 . 
grc:w-b.'-1 rate 1 the stresses were plotted versus R for the sarre reasons 

as in Ref. 4.* 

The yield strength (YS), which was taken fran the 0.2% elongation 

offset point5 
1 versus R

1/ 4 is shown in Fig. 4. Two different regions 

can be seen. At gro..vth rates lc:::M'er than 5 an/h the yield strength 

mcreases linearly with R114 while at gra-!th rates higher than 5 an/h 

no significant increase of the yield strength is observed. 

Fig. 5 sho.vs the ultimate tensile strength (illS) versus R114• In 

the lav-er grONth rate reg·ian an increase of the urs with R1/ 4 can be 

observed similarly to the behavior of YS in Fig. 4 1 but at the higher 

gro.vt'l rates there is less tendellcy toward saturation over the range of 

gro.vth rates examined. 

DISCUSSIOi~ 

'lbe microstructures shONn in this work confirm earlier rePJrts1- 4 

that with increasing gro..vth rates there is a gradual structural change 

*It has been found that a Hall-Fetch type relationship exists in d..s. 
eutec+-..J.cs with A. 1 the interparticle spacing substitu~'1g for grain size d. 
It has also been found that in the Al-Si eutectic a ,\ R = constant relation­
ship is maintained. 'I'hus an

1
75>propriate variable to test the yield stress. 

for Hall-Petch be.havio::::- is R ':i: instead of d. A more detailed explanation 
is given in Ref. 4. 
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· o£ the eutectic Si -phase fran a roo-like (Fig. 2a) to a bra."lc..'led 

d2ndri tic (Fig. 2c) to a.1 irregular fo:r:m (Fig. 2e) . The gro..rth rates 

e.<1ployed here were nOt high enough to s.'l.CM the transition to the fibrous · 

be ~·· k 7 fonn of Si whic..~ has en OI lllterest to many wor ers • For p'll.tp)Ses of 

. f . . . l-) 1 ted CC!llpan.son the data o the prevJ.ous lllvestigators were p ot.. on to 

Figs. 4 and 5. It can be seen that the tensile data obtaL'1ed in this 

work are considerably higher than those reported earlier. Steen and 

1 Hel1awel1 report data for only t.,vo gro.vth rates. 'I'he material for their 

tensile test sarrples was gro.vn under different conditions (larger cii.nen-

sions) than that for their microstructural characterization. Thus t.~e 

possibility of gravth defects in their tensile specirre.ns which are 

con.duci ve to fracture at lew stresses cannot be excluded. 

The data reported by Sahoo and Smith 2- 3 shew that both yield and 

ulti.Ir.a.te strengths increase with the grcMth rate, but it is difficult 

to draw two srrooth curves vhlcl.1. have consistent tr~ aving to the 

scattering of the data. As with the data of Steen and Hella:.;ell, the 

data of these investigators indicate lCffler properties than obtained in 

the present work. 

As early as 1921 it \vas found that cracks propagate through the 

flaky form of Si 8 . Cracks spread easily because the cleavage plane of 

Si is { 111} , which often is the plane of faceted flakes in which the 

p<:rrallel twins are also { 111} • . Steen and Hellawell
1 

make this way o£ 

crack propagation responsible for the sensitivity of tensile spec.inens 

to surface defec'-t-S and scratches. '!his might account for the differenCES 

noted herein, because in this work the specinens were not OI"~Y w.ac.h.ined 

as in .Refs. 1-3, but were carefully polished l:::.efore testing, t..~us reducL-:g 
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surf are defects, and the results obt..Li.ned sho.v indeed a notia:=able 

increase in strength. Ful--ther proof that "b.~e tensile properties are very 

sensitive to L'1e surface treal::m2nt was found in preli..rninary tests. 

~Ia.terial taken fran the sane ingots as in this investigatio:1 was wachined 

9 
but not polished, and exhibited lOt.rer yield strength. 

A similar behavior of the strength as in Figs. 4 and 5, i.e. nona-

tonic increase at slew and no dra111atic change at high gravi:h rates has 
I 

recently b€e.."1 found for the d.s. Cd-Zn eutectic
10 -whlc.~ is of the regular 

type but has the sarre volurre fraction of the reinforcing phase as the 

Al-Si system. 

It can be assurred that at l~v grOtlth rates the alignrrent of the 

Si-phase de£s not contribute to higher strength. To support this, 

Gangulee and Gurlairi
11 

have found that the fracture probability increases 

with the Si particle size. At high grcwt.h rates the reason for the 

relatively small increase in strength is rrost likely the sane as in the 

case of the Cd-Zn eutectic, i.e. the misalignment of the reL.-llorcing 

phase. Only if the Si changes into the fibrous form can further increa.Se 

of strength be obtained. 

The results found hem are supported by hardness data. Chadwid<:. 

states12 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 .teen errployed. " The fiVl hardness data 

cbtained earlier 4 were superirrposed on the YS and the urs. The super-

position was dane through multiplication of the hardne~s nurrbers by 

constant factors 0 . 13 for the Y:.:> and 0. 3 for the Ul'S , respc.."Cti vely. k:. 
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can c'= seen in Fig. 4 the correlation L-et1.·7een YS and hardness is excellent. 

Figure 5 sha.vs that in the lo.ver grCNrt:.h rate region the hardness is higher 

U1un the fJI'S. 'lhis J.s in agreerrent with higher canpression than tensile 

data2 • It also supports the finding that in case of tension the crack 

propagation is made easier with an increasing size of Si particles11. 

CCNCUJSICNS 

1. Increasing grcwth rates chan9e the rrorphology in the directionally 

solidified Al-Si eutectic fran rod-like to brancheq dehdri tic to irregular 

flakes. 

2. YS ar.d UTS increase monotonically with increasing grcwth rates, R, 

but at rates R greater than approximately 5 c.:rt1/h saturation is reached 

in YS, •dhile tl1.e urs continues to rise with a monotonic decreasing slope. 

3. F..ardness data correlate excellently with YS, thus proving that in this 

system hard,.'l.ess is a valuable rreasure to obtain rrechanical property data 

where dimensions of the test material limit tensile :rreasurerrents. 

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



l. 

2. 

3. 

Steen, 

Sahoo, 

Sahoo, 

H. 

M. 

M. 

-8-

REFERENCES 

A. H. and He11awe11, A. I Acta. Iv:.et. 20, 1972, p. 

and Smith, R. w . . / Met. Sci., 2_, 1975, p . 217. 

and Smith, R. ft.] • I Canact. Met. Q.lS, 1976, p. l. 

4. Justi, S. and Bragg, R. H., Met. Trans. 7A, 1976, p. 1954. 

363. 

5. 1\rrerican National Standard Z 168.23-1971, A'Terican National Stardards 

Institute. 

6. Day, N. G. a..'1d He1la\vell, Proc. Pcy. Soc. A., 1968, Vol. 305, p. 473. 

7. Srni th, R. W. , "The Solidification of Metals", Iro..11 and Steel 

Ir..stitute Pub. No. 110, 1968, p. 226. 

8. Pacz, A., U.S. Patent 1,387,900 (1921). 

9. Morrcw, D. , "Mechanical Pro.pe ..... ...-Q.es of Directionally Solidified Al-Si 

E:utectic", M. S. Thesis, UCB.LBL Re.r:ort No. 6063, Lawrence Berkaley 

La.borato.ry, 1977. 

10. Sahoo, M., Porter, R. A. and Smith, R. W., J. Hat. Sci. 11, 

1976, p. 1680. 

11. Gangulee, A. and Gurla.-"Ld, J., Trans. AilYIE 229, 1967, p. 271. 

12. Chadwick., G. A., Acta. Met. 24, 1976, p. 1137. 



·~ 

TABLE 1: Roan Te..TTl)?erature Tensile Properties of DirectionaJ.ly Solidified .Al..:si Eut.ec'::ic 

ultirnate U.Tliforrn 
gradient gra-rth rate 0.2% off-set y~eld strength ten5ile stl.,-e::g'""Jl - +-. e.Longawon 

0 
an/h. kg/m:n"" C/an kg/nnl % 

80.6 0.1 6.4 8.6 2.6 
5.2 7.6 1.0 
4.9 8.7 1.7 

78.0 0.25 5.5 9.4 4.0 
5.6 10.6 4.5 
6.3 9.2 2.2 

74.8 1.0 6.6 11.9 3.9 
5.9 13.4 5.7 
6.0 13.0 5.7 

79.1 2.4 7.0 13.0 
7.2 14.0 3.5 
6.3 14.1 5.0 I 

...0 
I 

6.8 14.8 r .-, 

88.5 4.6 J. I 

7.3 15.1 5.0 
7.5 15.8 8.0 --

78.0 4.9 7.0 15.4 5.1 
7.8 15.4 5.5 
7.3 15.7 7.5 

78.0 9.7 7.9 15.8 8.6 
7.1 16.9 8.1 
7.9 16.2 7.0 

--
101.5 23.2 7.9 17.9 8.9 

7.2 17.6 G.O 
7.6 17.4 6.6 

50.2 47.0 8.3 17.0 6.7 
7.8 17.7 l 1 ~ 

~- ....... ..J... 

7.0 18.7 9.8 
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Fig. 1: l'osilion o[ Lu.1s.d~ spcc.i.Jren j~'l. d.s. AL-t'-L
2
cu in<Jot. 

F'ig. 2: Optical micrographs of d.s . .ZU-Al
2
0l eutectic. 

Fig. 3: Typical engineering stress-st..rili1 curves (three different 
gro.vth rates). 

Fig. 4 : Yield strength YS vs. gro.vth rate r.l/ 4 . 

Fig. 5: Ul t:L'Tia.te tensile strength u:rs vs. gravth rate Rl/ 4 • 
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