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A1-12.5 wt % Si ribbons prepared by melt 
spinning 
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Aluminium-silicon alloy with composition 12.5wt% Si was rapidly quenched from the melt at 
a cooling rate of about 106 Ks -1 using the melt-spinning technique. The resulting ribbons 
were investigated by resistivity measurements and X-ray diffraction. The resistivity of the 
20 tam thick ribbons was 26.6 pf~cm. This is 4.4 times its bulk resistivity value. The activation 
energy calculated from isothermal ageing was 1.14 __+ 0.1 eV. The limit of primary solid 
solubility is extended almost to the eutectic composition and the large supersaturation is 
relieved by thermal annealing. 

1. I n t r o d u c t i o n  
Since the splat-quenching experiments of Duwez et al. 
[1] there has been considerable interest in the forma- 
tion of metastable phases through rapid solidification. 
From studies on rapid solidification of some Al-metal 
alloys, supersaturated solid solutions, metastable 
crystalline phases and even amorphous phases have 
been reported [2-6]. Rapidly solidified AI-Si alloys of 
various compositions and thickness have been pre- 
pared by splat cooling [7 9] and by melt spinning 
[9 12]. 

These studies centred mainly on the variation of 
lattice parameter with the amount of silicon assumed 
to be present in solid solution. Some microstructure 
studies were also made. 

In the present work, long uniform ribbons of A1-Si 
eutectic alloy were prepared by melt spinning. The 
structure of the as-quenched and annealed ribbons 
was studied by X-ray diffraction. Also, isothermal 
resistivity measurements at ageing temperatures from 
100 to 187 °C have been made. 

2. Experimental procedure 
Aluminium silicon alloys with composition 12.5 wt % 
Si were prepared from 99.999 w t% pure A1 and 
99.99 wt % Si, and the alloy was cast into a copper 
mould to obtain rods 2.5cm long and 0.4cm in 
diameter. Specimens in the form of ribbons were 
prepared by a melt-spinning apparatus [13]. In this 
technique a stream of the molten alloy with a temper- 
ature of 750 °C was ejected by pressurized argon from 
a 0.35 mm diameter orifice on to a copper wheel 
rotating at 2950 r.p.m. Continuous uniform ribbons of 
thickness 20 gm were obtained. A cooling rate of 
about 106 K s- 1 was estimated from the time of stay 
of the ribbon on the wheel. 

Resistance changes at room temperature were fol- 
lowed by using a double Thomson bridge. The accur- 
acy was 0.05% with reproducibility better than 1%. 
Annealing was done by placing the foils in a low heat- 
capacity A1 container in the furnace for the specified 
time and then quenching in alcohol before the meas- 
urement. Each data point corresponds to an average 
of measurements on five specimens. X-ray examin- 
ation of the ribbons was conducted using filtered 
CoK~ radiation. Short lengths of the ribbon to be X- 
rayed were stuck on a glass slide parallel and close to 
each other using Vaseline. 

3. R e s u l t s  
3.1, Electrical resist ivity 
The resistivity depended on the thickness of the rib- 
bons produced. Ribbons having smaller thickness had 
higher resistivity values. Ageing of melt-spun ribbons 
at any temperature resulted in a decrease in the electri- 
cal resistivity. The decrease occurred for all thick- 
nesses. The rate of decrease of the electrical resistance 
ratio R(t)/R(O) with ageing time for A1-12.5 wt % Si 
varied with ribbon thickness, being smaller for thicker 
ribbons. 

Detailed ageing studies were done on ribbons with 
the least thickness obtained which possess the highest 
cooling rate. The state of these ribbons is expected 
to differ appreciably from the equilibrium state. So, 
ageing was done on the 20 gm thick ribbons. 

The variation of electrical resistance ratio R(t)/R(O) 
with ageing time at ageing temperatures of 95, 
128, 142, 154, 162, 173 and 187°C for melt-spun A1- 
12.5 wt % Si, 20 I~m thick ribbons is shown in Fig. 1. A 
rapid decrease in R(t)/R(O) is followed by a slower one 
for ageing temperature above 128°C. At a lower 
temperature such as 128 °C, the decrease is slow all 
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Figure 1 Variation of relative resistance R(t)/R(O) with ageing time 
at different ageing temperatures for melt-spun A1-12.5 wt % Si, 
20 gm thick ribbons. 

over the curve as shown in Fig. 1. For ageing temper- 
atures lower than 128 °C, the resistivity remains un- 
changed for a certain period of time. A representative 
plot at 95 °C is shown in Fig. 1 indicating an incuba- 
tion period of 3 h. This incubation period increases 
with decreasing ageing temperature. 

The measured resistivity of as-cast rods having 
0.4 cm diameter and 2.5 cm length, and having the 
same composition as the ribbons, was 6.1 I.tO cm com- 
pared with 26.6 gf~ cm for the 20 lam thick as-spun 
ribbon. 

3. 1.1. Activation energy 
From the isothermal annealing data (Fig. 1) the ac- 
tivation energy E was calculated• The time t taken to 
reach a given value of a property P is given by 

E 
lnt  - + constant 

kT 

where k is the Boltzmann constant and T the absolute 
temperature. 

A plot of the logarithm of the time to reach different 
values of R(t)/R(O) = 0.8, 0.7, 0.6 and 0.5 versus the 
reciprocal of the ageing temperatures is shown in 
Fig. 2. From the slope of the curves activation ener- 
gies of 1.24, 1.11, 1.1 and 1.1 eV were obtained, 
corresponding to value of R(O/R(O) of 0.8, 0.7, 0.6 and 
0.5, respectively, with an average of 1.14 + 0.1 eV. 
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Figure 2 Determination of activation energy by plotting times to 
reach several values of R(O/R(O) versus the reciprocal of ageing 
temperature T for melt-spun A1-12.5 wt % Si, 20 gm thick ribbons: 
R(t)/R(O) = (©) 0.5, (A) 0.6, (O) 0.7, (A)  0.8. 

3.2. X - ray  d i f f rac t i on  
The X-ray diffraction patterns of the as-quenched 
A1 12.5 wt % Si ribbons (20 gm thick) for 20 from 20 
to 80 ° show the first three reflections from A1, but no 
Si lines were observed. 

However, the X-ray diffraction pattern of ribbons 
annealed for 5 h at 200 °C show the presence of the 
first three Si lines which were absent in the as- 
prepared ribbons. Table I shows the intensities of 
observed reflections compared with the reported 
values [14]. 

From Table I it can be seen that in the as-quenched 
ribbons the relative intensities of A1 lines do not 
conform with the published values, indicating some 
degree of preferred orientation. This can happen be- 
cause, on quenching the melt, the direction of heat 
gradient and the way the ribbon separates from the 
melt affect the orientation of the A1 crystals to a 
significant degree. The degree of preferred orientation 
decreases slightly after annealing. On the other hand, 
the relative intensities of the Si lines match the pub- 
lished values fairly well. This can be attributed to the 
fact that Si was present as a solid solution in A1 in the 
as-quenched ribbons. When the ribbons are subjected 
to heat, it may be that Si starts precipitating ran- 
domly. So, the newly formed crystallites do not have 
any reason to show preferred orientation. 

Although Si lines were absent in the as-prepaled 
ribbons, an estimate of about 2wt % Si could be 
lost, without being observed, in the background in 
the X-ray diffraction pattern. So an amount of about 
10wt % Si present as solid solution is estimated. 



T A B L E  1 Intensities of X-ray lines from as-prepared and 
annealed AI 12.5 wt % Si ribbons compared with reported values 
[14] 

d (nm) Assignment Relative intensity 
(hkl) 

Reported [14] Obseryeda 

Quenched Annealed 

AI lines 
0.2338 (1 1 1) 100 
0.2024 (2 0 0) 47 
0.1431 (220) 22 

Si lines 
0.3135 (1 I 1) 100 
0.19201 (220) 55 
0.16374 (3 1 1) 30 

100 I00 
26 33 

9 10 

100 
53 
33 

Filtered CoK~ radiation. 

From the X-ray diffraction patterns of as-quenched 
and annealed ribbons a shift of 0.05 ° was observed 
for the (220) A1 line. This indicates a change of 
0.00022 nm in the lattice constant of A1. 

Calculations [15] based on the observed line in- 
tensities given in Table I give a value of 10 at % Si. 

To determine the amount of Si retained in solid 
solution from the X-ray line shift Vegard's law can be 
used. However, there is a difficulty in using Vegard's 
law, namely the difference in crystal structure of the 
diamond Si and the f.c.c. A1. This difficulty was partly 
solved [16] by assigning an effective value of 
0.3731 nm to the lattice parameter of an imaginary 
cubic Si. This implies a change in the lattice constant 
o r a l  by 3.18 x 10 4 nm per 1 at % Si in solid solution. 

The observed shift gives a value of 0.63 at % as an 
estimate of the amount of Si in solid solution. This 
quantity is exceedingly low. It is inconsistent with the 
absence of all Si lines in the X-ray diffraction pattern 
of the as-quenched ribbons. 

An alternative to determine the amount of Si pre- 
sent in solid solution from the X-ray line shift is to 
extrapolate Equation 1 of Bendijk et al. [12]. This 
relation gives the change in lattice parameter as 1.74 
x 10 -4 nm per 1 at % Si in solid solution. According 
to this relation an estimate of 1.3 at % Si in solid 
solution is obtained. This value is still too low. 

The reason may be due to extrapolation of the 
relation to the high solubility values usually obtained 
in melt quenching, as compared to the very low solid 
solubilities (maximum 0.93%) used in obtaining this 
relation. 

Finally, use is made of studies [7-12] of the varia- 
tion of lattice parameter with the assumed amount of 
Si present in solid solution. Itagaki et al. [7] prepared 
A1-Si alloys by splat quenching with a cooling rate of 
107-108 K s 1. They obtained a lattice parameter shift 
of 1.16 x 10 -4 nm per 1 at % Si. Shingu et aI. [8], with 
a splat-cooling rate of 10s-107 K s-1, obtained a shift 
of 1.72 x 10 -4 nm per 1 at % Si. The splat cooling 
result of Kobayashi et  al. [8, 9] gives 1.77 x 10 -4 nm 
per 1 at % Si at a cooling rate of 104-105 K s- 1. 

The shifts obtained from melt-spun ribbons are 
much smaller than those obtained from splat-cooled 

foils. Bose and Kumar [11] prepared ribbons of thick- 
ness varying between 100 and 150l~m by melt 
spinning. Their results give a shift of 3.7 x 10-5 nm per 
at % Si. Bendijk et al. [12] prepared non-uniform 
ribbons ranging in thickness from 0.1 to 150 pm by 
melt spinning. They obtained a shift of 3 x 10 -s  nm 
per 1 a t %  Si. 

From the splat-cooling results of others [7 10], the 
amount of Si estimated to be in solid solution ac- 
cording to our measured shift is 1.9 [7], 1,3 [8] and 
1.2at% [9, 10]. However, the melt-spinning results 
give 5.9 and 7.3 at % Si according to Bose and Kumar 
[11] and Bendijk et  al. [12], respectively. Although 
the melt-spinning results give a better estimation than 
that from splat cooling, the former estimation is still 
lOW. 

4. Discussion 
The high observed resistivity value of 26.6 I-tf~ cm for 
the 20 gm thick ribbon cannot be explained by the 
mere presence of excess vacancies occurring on rapid 
solidification during melt quenching. This is because 
the vacancy resistivity is known to be low (of the order 
of 1 laf~ cm per 1 at % vacancies). However, it is pos- 
sible that this supersaturation of vacancies helps 
initiation of a state of disorder on rapid cooling. 
Another possible contribution is the presence of a high 
amount (~ 10wt %) of Si in solid solution as deduced 
from X-ray diffraction analysis. The resistivity per 
wt % Si in solid solution has not been determined, but 
if it is assumed to be at least equal to that of vacan- 
cies, then an appreciable fraction of the observed 
quenched-in resistivity can be accounted for. 

On thermal ageing the annealing-out of quenched- 
in vacancies provides the atomic mobility for the 
redistribution process. Si starts precipitating from the 
matrix, resulting in the formation of relaxed structures 
which give rise to lower resistivity values. The decrease 
in resistivity occurs in two stages. A fast stage is 
followed by a slower one. The acceleration of an- 
nealing in the first fast stage may be due to excess 
quenched-in vacancies. In the early stages of an- 
nealing, Si precipitation is accelerated by moving 
vacancies which have a large number of jumps before 
annihilation to sinks whose number is small at the 
start. On prolonged ageing the number of vacancy 
sinks increases and the number of vacancy jumps 
decreases, thus slowing down the reaction. 

The activation energy has been determined by 
Itagaki et al. [7] and Cheverier et al. [17]. Itagaki et al. 

[7] made some kinetic measurements to establish the 
activation energy of silicon precipitation. Because of 
the irregular shape of the splat-cooled foils, they said 
that they excluded resistometric techniques. From 
the isothermal variation of lattice parameter of Al- 
l1 at % Si, they obtained for the activation energy 
values ranging from 0.61 to 0.87 eV. Chevrier et al. 

[17] estimated an activation energy of 1.0 eV from a 
differential calorimeter scan of A1 20 at % Si prepared 
by melt spinning. 

The average activation energy of 1.14 eV extracted 
from the present isothermal ageing curves is close to 
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the reported value of 1.3 eV for diffusion of Si in A1 [18]. 
So, it is probable that single equilibrium vacancies are 
responsible for giving the Si or A1 atoms the required 
mobility for redistribution. The lower value reported 
by Itagaki et al. [-7] may be partly related to the 
expected difference in structure of rapidly quenched 
alloys prepared by different methods. 

Before ending this part of the discussion, it is worth 
mentioning that under the same conditions of pre- 
paration, it was found by Bastawros et al. 1-19] that for 
A1-Cu with eutectic composition (33.3 wt % Cu), only 
4 wt % Cu was retained in A1 as a solid solution after 
melt quenching. The as-quenched AI-Cu ribbons had 
a resistivity of 16.6 gf~ cm. On ageing, the resistivity 
decreased to 9.3 laf~ cm with an activation energy of 
0.5 eV. 

Concerning the determination of the amount of Si 
present in solid solution for A1-Si alloys containing 
more than 1 at % Si from the X-ray line shift, mis- 
leading results may be obtained. This is due to the 
considerable discrepancies in the reported variation of 
the lattice parameter with the assumed amount of Si 
present in solid solution. Assuming that the data 
reported by the various authors are correct, then the 
discrepancies can be attributed to one or more of the 
following sources. 

First, the various authors did not mention that they 
determined the amount of Si actually present in the 
alloy after rapid solidification. Instead, they assumed 
that it possessed the nominal composition. 

Second, it is expected that the concentration of 
quenched-in excess vacancies increases with the in- 
crease in cooling rate. Furthermore, Kirin et al. [20] 
observed a decrease of lattice parameter with the 
increase in concentration of vacancies. These two 
statements may explain the larger decrease in lattice 
parameter with Si content for splat-cooled alloys as 
compared to their melt-spun counterparts. 

Third, the rapidly solidified solid solution may have 
the nominal composition but this composition does 
not have a single value. This effect has been observed 
by Cahn et aI. [21] in their study of splat-quenched 
AI-Cu alloys. Using a Guinier camera, they found 
from the line profile solid solutions of a range of 
compositions higher and lower than the nominal 
value. So, the centre of gravity of the line as reported 
from the diffractometer measurements will depend 
on the cooling rate. This may resolve the reported 
discrepancies. 

5. Conclusion 
1. For AI-Si with eutectic composition prepared by 

melt spinning, a cooling rate of about 106 K s- 1 was 
enough for most of the Si to be retained as a solid 
solution in A1 after melt quenching. The 20 gm thick 
ribbons had a high resistivity which decreased from a 
value of 26.6 g~ cm for the as-quenched ribbons to a 

value of 8.1 laf~ cm after thermal ageing, approaching 
the bulk resistivity of 6.1 laf~ cm. 

2. The presence of the high excess resistivity is 
attributed partly to disorder and to the presence of 
supersaturation of Si in solid solution caused by the 
high melt quenching rate. On thermal ageing, the 
quenched-in vacancies provide the atomic mobility for 
reordering and Si precipitation. The resulting struc- 
ture possesses low resistivity. 

3. Estimation of the amount of Si retained in solid 
solution from X-ray line shifts is not recommended 
since it might lead to inaccurate values. It is expected 
that calculations based on line intensities will give 
more realistic values. 

References 
I. P. DUWEZ, R. H. WILLENS and W. KLEMENT, J. Appl. 

Phys. 31 (1960) 1136. 
2. P. FURRER and H. WARLIMONT, Mater. Sci. Enq. 28 

(1977) 127. 

3. T. R. ANANTHARAMANN, P. RAMACHANDRARAO, 
C. SURYANARAYANA, S. LELE and K. CHATTO- 
PADHYAY, Trans. India Inst. Met. 30 (1977) 423. 

4. H. JONES, Aluminium (Dusseldorf) 54 (1978) 274. 
5. H.A. DAVIES and J. B. HULL, Scripta Metall. 6 (1972) 24l. 
6. ldem, J. Mater. Sci. Lett. 11 (1976) 2149. 
7. M. ITAGAKI, B. C. GIESSEN and N. J. GRANT, Trans. 

ASM 61 (1968) 330. 
8. P.H. SHINGU, K. F. KOBAYASHI, K. SHIMOMURA and 

R. J. OZAKI. J. Jpn Inst. Met. 37 (1973) 433. 
9. K.F.  KOBAYASHI, M. KUMIKAWA and P. H. SHINGU, 

ibid. 49 (1985) 59. 

10. ldem, paper presented at International Conference, 
"Aluminium Alloys, their Physical and Mechanical Proper- 
ties", University of Virginia, Charlottesville, June 1986, edited 
by E. A. Starke and T. H. Sanders (Engineering Materials 
Advisory Services Ltd, Warley 1986) pp. 263 77. 

11. S.K.  BOSE and R. KUMAR. J. Mater. Sci. 8 (1973) 1795. 
12. A. BENDIJK, R. DELHEZ, L. KATGERMAN, T. H. H. 

De KEIJSER, E. J. MITTEMEIYER and N. M. 
VANDERPERS, ibid. 15 (1980) 2803. 

13. A.M. BASTAWROS, KHAIRI I. GRAIS and M. Z. SAID. 
Egypt. J. Solids 14 (1991) 107. 

14. W. D. F. McGLUNE. T. M. MAGUIRE, M. A. HOLO- 
MANY, M. E. M. ROSE, B. POST and S. WERSSMANN 
(eds), "Powder Diffraction File, Inorganic Alphabetical Index, 
Chemical and Minerals Name" (International Center for 
Diffraction Data, 1984). 

15. M.Z .  SAID, PhD thesis, submitted to Faculty of Science, 
Tanta University, Egypt 1991. 

16. W. B. PEARSON, "The Crystal Chemistry and Physics of 
Metals and Alloys" (Wiley Interscience, New York, 1972) 
p.135. 

17. J. CHEVRIER, D. PAVUNA, G. FOURCAUDOT and 
F'. CYROT-LACK M ANN, Solid State Commun. 55 (1985) 431. 

18. L.F. MONDOLFO,  "Aluminium Alloys: Structure and Pro- 
perties", Part 2 (Butterworths, London, 1976) p. 372. 

19. A.M. BASTAWROS, H. M. EL-LABANY and M. Z. SAID, 
Indian J. Pure Appl. Phys. 29 (1991) 22. 

20. A. KIRIN, A. TONEJC "and A. BONEFACIC, Scripta 
Metall. 3 (1969) 943. 

21. R .W.  CAHN, K. D. KRISHNANAND, M. LARIDJANI, 
M. GREENHOLZ and R. HILL, Mater. Sci. Eng. 23 (1976) 
83. 

Received 9 July 1991 
and accepted 30 July 1992 

1146 


