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a b s t r a c t

The properties of nanostructured A357 ribbons produced by melt spinning were investigated using field
emission gun scanning electron microscope, X-ray diffraction pattern, differential scanning calorime-
try and microhardness testing in comparison with those fabricated by direct-chill (DC) casting. The
solidification time and cooling rate of 46 �m thick melt-spun ribbon were estimated to be 9.13 × 10−6 s
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and 1.17 × 107 K s−1, respectively. The results show that the nanostructure of A357 ribbons exhibits the
enhanced solid-solubility of Si in Al matrix to 2.00 wt.% and the existence of ultra-fine and homogenous
dendritic structure having a dendrite arm spacing of about 200 nm. The nano-sized spherical eutectic Si
crystals having a size of 50 nm were also observed. All these structural factors increase the microhardness
of the ribbon which is twice as high as that of DC casting.
anostructure

. Introduction

For the fabrication of metallic alloys, rapid solidification process
hows a marked enhancement of mechanical properties over the
onventionally processed alloys of the same composition through
he extension of solid solubility limit, the refinement of microstruc-
ure and the dispersion of secondary phases [1,2]. Furthermore, it
s possible to produce metastable materials such as quasi-crystals,
ano-crystals and amorphous alloys by cooling metallic melts
t cooling rates exceeding 104 K s−1 [3–5]. Rapid solidification is
articularly attractive for aluminum alloys because the limited
quilibrium solid solubility of some alloying elements in the alu-
inum lattice can be extended during the rapid solidification

rocess [6]. Due to the unique properties of Al–Si alloys and their
ide applications in aerospace, automotive and electrical applica-

ions, much work has been performed to study the effect of rapid
olidification on the microstructure and properties of this family of
luminum alloys.

Amongst various rapid solidification methods, besides gas
tomization [2,5] and spray deposition [7], melt spinning has
xtensively been used. Karaköse and Keskin [8] studied the effect
f solidification rate on the microstructure and microhardness
f melt-spun Al–8Si–1Sb ribbon. Their results show that a solid

olubility extension of 3.83 at.% Si in Al matrix and a fine and
omogeneous distribution of phases are determined for the ribbon
ith a hardness of about 2.7 times than that of the conventionally
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cast alloy. Salehi et al. [9,10] reported the existence of ultra-fine
and homogenous dendritic structure in the melt-spun A413.1 and
Al6061 ribbons causing a hardness increase by twice as much
as that of the direct-chill (DC) cast ones. The fine equiaxed cells
grains with sizes in the range of 0.4–0.7 �m were observed in
melt-spun A359 ribbon, and the improvement in hardness and ten-
sile properties are related to supersaturated �-Al solid solution
and the structural refinement [11]. The microstructure of a rapidly
solidified Al–12 wt.% Si ribbon shows a featureless zone along the
wheel-side of the ribbon besides a cellular structure and 0.5 wt.%
Sb addition refines the microstructure whereas 1.0 wt.% Sb addition
lead to the formation of coarse Si particles [12,13].

In addition, as far as we know in the melt-spun A357 alloy
ribbon, little detailed information about the microstructure and
properties is available in the present literature, even though there
were some investigations on the melt-spun Al–Si alloy ribbons.
In this investigation, therefore, the nanostructure and properties
of melt-spun A357 ribbons were studied and compared with the
conventional DC cast ingot.

2. Experimental procedures

In this study, the feedstock A357 alloy was produced by DC casting with a com-
position as given in Table 1. And then, the feedstock A357 alloy was melt-spun
to ribbons using single roller melt-spinning as shown in Fig. 1. The polished cop-
per wheel had a diameter of 28 cm. The rotating speed was 20 m s−1. The resultant
ribbons were typically about 5 mm wide and 46 �m thick.
The melt-spun A357 ribbons were characterized by using field emission gun
scanning electron microscopy (FEGSEM), X-ray diffraction pattern (XRD) and dif-
ferential scanning calorimetry (DSC). FEGSEM investigations were carried using
SUPRA55-ZEISS operated by InLens detector at a voltage of 15 kV. The surface of
the as-quenched ribbons was observed directly by FEGSEM. The XRD measurements

dx.doi.org/10.1016/j.jallcom.2011.04.082
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Table 2
The values of initial conditions and the physical parameters of materials for calcu-
lating the cooling rate and solidification time in Eqs. (1) and (2).

Parameter Materials

Al–7Si alloy Copper roller

Initial temperature, T0 (◦C) 800 (T10) 25 (T20)
Thermal conductivity, � (W/(m ◦C)) 168 (�1) 398 (�2)
Specific heat capacity, c (J/(kg ◦C)) 984 (C1) 386 (C2)
Density, � (kg/m3) 2690 (�1) 8930 (�2)

Coefficients of thermal storage, b =
√

�c�

(W
√

S/(m2 ◦C))

21087.7 (b1) 37039.1 (b2)

Coefficient in Fourier’s equation (W m2/J)
˛ = �/c,�

0.00006347 –

Latent heat of aluminum crystallization, L1

(kJ/kg)
396.67 –

Latent heat of silicon crystallization, L2

(kJ/kg)
1790.02 –

Temperature of the ribbon-roller interface,
(◦C) Ti = (b1T10 + b2T20)/(b1 + b2)

306.16 –

et al. [16] and assuming nil effect of other alloying elements, a solid
solubility of Si in Al matrix of about 2.00 wt.% can be obtained. Con-
sidering that the equilibrium solid solubility of Si in Al at room

(b)
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Fig. 1. Schematic of melt-spinning process.

ere carried out in an X’Pert PRO MPD diffractometer using Cu K�1 radiation in a 2�
ange from 20◦ to 90◦ . The thermal analysis was performed using a Q1000 differen-
ial scanning calorimeter with a scanning rate of 5 ◦C min−1 under an Ar protection
n a temperature range of 500–700 ◦C. The microhardness was used to characterize
he mechanical property and measured using an HXP-1000M microhardness tester
ith the applied load of 10 g. Six measurements were performed on one ribbon and

he average was reported as the microhardness value.

. Results and discussion

.1. Cooling rate and solidification time

The cooling rate and solidification time at the surface of ribbons
an be estimated using the following equations proposed by Xu et
l. [14]:

∂T1

∂t

]
x

= − b2(T20 − T10)x
2(b1 + b2)t

√
�˛1t

exp

[
−
(

x

2
√

˛1t

)2
]

(1)

s =
{√

�x�1[(1 − w)L1 + wL2 + c1(T10 − Te)]
2b2(Ti − T20)

}2

(2)

he definition and values of the parameters for the investigated
lloy are listed in Table 2 with an assumption that the alloying
lements have no effect on the physical properties of Al–7Si. The
olidification time and cooling rate were estimated according to
qs. (1) and (2) to be 9.13 × 10−6 s and −1.17 × 107 K s−1, respec-
ively.

In order to simplify the calculation process, the following four
ssumptions are considered [14]. In particular, (1) the latent heat of
rystallization is neglected; (2) there is no gap between the melt-
pun ribbon and the cooling copper roller, and then the thermal
esistance is neglected. These assumptions may be the reason that
he cooling rate estimated using Eqs. (1) and (2) is higher than one
f the earlier studies [14]. However, It is also found that the cooling
ate of a melt-spun ribbon is between 106 and 107 K s−1 according

o the references [15–17]. For example, for 30 �m thick melt-spun
ibbon of Al–10.5 wt.% Si, the cooling rate was higher than 107 K s−1

15]. The cooling rates are between 106 and 107 K s−1 for Al–Si
lloys by melt-spinning [16]. The cooling rate was estimated to be

able 1
hemical compositions of A357 alloy investigated (wt.%).

Alloys Si Mg Fe Ti Sr (ppm) Cu, Mn Al

A357 6.84 0.60 0.10 0.11 0.0011 <0.01 Balance
Eutectic temperature, Te (◦C) 577 –
Distance normal to the roller surface, x (m) 4.6 × 10−5 –

4.58 × 107 K s−1 for 20–40 �m thick melt-spun Al–20 wt.% Si alloy
ribbon [17]. The cooling rate was estimated to be about 107 K s−1 for
36 �m thick melt-spun Al–Si alloy ribbon [9]. Therefore, the esti-
mated cooling rate and solidification time by Eqs. (1) and (2) are
valid for the melt-spinning.

3.2. XRD and DSC studies

Fig. 2 shows the XRD patterns of the ingot A357 and the melt-
spun ribbons. The XRD pattern of the ingot A357 alloy was present
in the peaks of �-Al and Si (Fig. 2a). As illustrated in Fig. 2b, the
peaks of primary Si phase totally disappear in the melt-spun ribbon.
In other words, the rapid solidification results in an increase in the
solubility Si in Al matrix. Moreover, the absence of peaks related
to a iron-bearing phase in Fig. 2 may be attributed to the detection
limitation of XRD which is typically about 5 vol.% [9].

In addition, it can also seen from Fig. 2 that the measured Al
(1 1 1), (2 0 0), (2 1 0) and (2 2 0) peak shifts offer a lattice param-
eter of about 0.404567 nm. Using the linear relationship between
the lattice parameter and the atomic fraction of Si given by Bendjik
melt-spun

R
e

2 theta(degrees)

9080706050403020

Fig. 2. XRD pattern of samples from DC cast and from the wheel surface of the
produced ribbons.
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Fig. 3. DSC of melt-spun ribbons and conventional cast sample.

emperature is about 0.05 wt.% [19], the present solid solubility
2.00 wt.%) is much high. As the relationship between the lattice
arameter and Si content was just applied for the determination of
etastable silicon solid solubility [16], the calculated extension of

i solid solubility is less than the measured value. In addition, it is
lso found that this extension is lower than those reported in Refs.
12,20] probably because of the lower solidification rate caused by
he thicker ribbon (≈46 �m) in this study compared to the reported
ibbons (<30 �m)[12,20].

The grain size d was determined using the following equation
21]:

= K�

ˇ cos �
(3)

here the shape factor K is 0.89, the wavelength � for Cu K�1 is
.540598 Å, and the half peak broadening ˇ = (ˇ′ − 0.05). The real
alf peak broadening ˇ′ and the diffraction angle 2� were measured

n Fig. 2. In ˇ = (ˇ′ − 0.05), 0.05 represent the mean value of the
RD instrument error. Thus, the grain size of about 92.0 nm was
btained in this study.

The formation of nanograins is because of the extremely high
ooling rate (about 107 K s−1). It is well known that constitutional
ndercooling will result in the solute pileup ahead of the solidifica-
ion interface. On one hand, solute agents, such as Fe, could act as
eterogeneous nucleation sites during the rapid solidification of Al
lloys. On the other hand, the solute pileup can be much more pro-
ounced in the case of drastically rapid solidification during melt
pinning. Consequently, when the concentration of solute atoms
ecomes sufficiently high, they may aggregate into small clusters
o further enhance the heterogeneous nucleation [22]. Besides, the
ame mechanism can be dominant in the transformation, precipi-
ation or recrystallization process [23]. Therefore, the formation of
anograins at room temperature is possible.

Another approach to confirm the effect of rapid solidification
n the solubility of Si in Al matrix for ribbons produced by melt
pinning is the DSC technique. Fig. 3 shows the DSC curve of the
elt-spun A357 alloy. It is seen from Fig. 3 that two exothermic

eaks shifted to lower temperatures as seen in Table 3. The results
mply that �-Al and eutectic Si retained in the super saturated pre-
ipitate more readily, and thus they had a higher driving force for
recipitation. The 3b peak in the DSC curve in Fig. 3 suggests the

recipitation of the Fe-rich �-phase (Al8FeMg3Si6). The 3b peak

s stronger than the 3a peak for the melt-spun ribbon. The results
how that the iron-bearing phase in the melt-spun A357 alloy com-
rises mostly the script-type �-phase.
Fig. 4. Microstructure of samples from ingot and the wheel surface of the produced
ribbons (a) DC and (b–d) different magnification of melt-spun.
3.3. Microstructure

Fig. 4 shows the optical micrograph of the ingot and the SEM
micrograph of the melt-spun A357 ribbons. The ultra-fine and
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Table 3
Solidification reactions observed in A357 alloys.

Reaction No. Reactions [18] Suggested start temperature [16]/◦C Start to peak temperature in this study/◦C

DC Spin

1 L → (�)Al dendrites 611–614 620–626 615–621
2 L → (�)Al + Si 577 585–588 579–580
3a L → (�)Al + Si + Al5FeSi 575
3b L + Al5FeSi → (�)Al + Si + Al8FeMg3Si6 567
4 L → (�)Al + Si + Mg2Si 555

Table 4
Hardness value of melt-spun ribbons and conventional cast sample.

A357 alloy Hardness (Vickers) (kg mm−2) Average value
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Melt-spun 130 156 141 137 140 143 141.2 ± 7.8
Ingot 77 76 69 65 79 80 74.3 ± 5.5

omogenous dendritic structure is a typical characteristic for the
elt-spun ribbons as shown in Fig. 4d. With respect to dendrite arm

pacing, its average measured from the SEM micrograph is about
00 nm, while the value of the conventional DC cast alloy is about
7 �m. The eutectic Si crystals are extremely fine in a nano-sized
cale of about 50 nm. This is resulted from the rapid solidification
y melt spinning.

Meantime, the dendrite arm spacing of the melt-spun rib-
on is about 210 nm according to the relationship between the
endrite arm spacing and the cooling rate under the rapid solid-

fication condition for Al alloys [24,25]. Therefore, the result at an
xtremely high cooling rate is consistent with those reported by
ther researchers [24,25].

Considering a diffusion path equal to the dendrite arm spacing
�), the time (t) for homogenizing will be [26]:

2 = Dt (4)

here D is the diffusivity of the element to be homogenized in the
l matrix. As Si is the major alloying element in the present alloy,
can be considered as the diffusivity of Si in Al. Consequently, the

atio of the homogenizing time of the melt-spun ribbon (tms) to the
C cast one (tDC) will be:

tms

tDC
= �2

ms

�2
DC

(5)

here �ms and �DC are the dendrite arm spacings of the melt-spun
nd DC cast samples, respectively. Substituting the values of �ms

about 200 nm) and �DC (about 17 �m) into Eq. (5), the value of
ms/tDC is about 0.000138, which means that the time for homoge-
izing a melt-spun nanostructure is about 7000 times shorter than
hat for the DC cast sample. This can save the homogenizing treat-

ent for the melt-spun ribbon.

.4. Microhardness

The Vickers microhardness of the melt-spun and DC cast sam-
les is summarized in Table 4. It is clear that the microhardness of
he nanostructured melt-spun ribbon is twice as much as that of the
C cast one. It is also found that the microhardness of the melt-spun
357 is similar to the reported value of the melt-spun Al–7.6 wt.%
i alloy (146 kg mm−2) [27] and lower than that of the melt-spun
l–12 wt.% Si (224 kg mm−2) [9] and Al–20 wt.% Si (182 kg mm−2)

20]. The high microhardness of the melt-spun alloy compared to

ts DC ingot could be attributed to the presence of the nanostruc-
ure as well as super saturated Si in Al matrix. The lower hardness
n this study than the reported ones [9,20] could be resulted from
ower Si content in Al–Si alloys.

[
[

568–570 –
566–567 566–568

– –

4. Conclusions

(1) The solidification time and cooling rate of 46 �m thick melt-
spun A357 alloy ribbon were estimated to be 9.13 × 10−6 s and
1.17 × 107 K s−1, respectively.

(2) The rapid solidification in this study has a significant influence
on the phase of A357 alloy extending the solid solubility of Si in
Al matrix to 2.00 wt.%. In comparison with the DC alloy, primary
Si was not observed in the melt-spun ribbon. DSC results further
confirm this conclusion and the iron-bearing phase in melt-
spun ribbon comprises mostly the script-type �-phases.

(3) The ultra-fine and homogenous dendritic structure was
observed in the melt-spun ribbon. The dendrite arm spacing
reduced to about 200 nm compared to about 17 �m in the DC
cast alloy. The nano-sized spherical eutectic Si having a size of
50 nm was formed by melt spinning and the grain size of the
melt-spun ribbon was about 92 nm.

(4) The microhardness of the melt-spun A357 alloy is twice as high
as that of the DC cast ingot.
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