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Surface roughness and mechanical properties
of melt-spun Al-Cu ribbons
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Al, Al-5.23, Al-13.46 and Al-33wt% Cu ribbons with different thicknesses, t, have been
prepared by chilled block melt spinning under different processing conditions. Surface
roughness, taken as peak to valley values, R;, measured on both the substrate and air sides of
the ribbon, shows great dependence on substrate velocity, v, ejection gas pressure, P, nozzle
height above the substrate, H, and a lesser dependence on substrate thermal conductivity, k,
and melt superheat, AT. The bulk density over all the zones shows an increase over
conventionally cast alloys of 7.4% for AI-33 wt% Cu and about 3% for aluminium.
Microhardness, H,,, measurements inside each of the three microstructure zones, which were
identified across the ribbon section, show variation with tas H, = Hyt™ "™, where the constant
H, depends on the microstructure zone and. m depends on the alloy composition. The zone at
the substrate side has the highest H, values and that at the air side has the lowest ones. The
number of bending cycles to fracture, which is taken as a measure of ductility, increased with

ribbon thickness and decreased with caopper content.

1. Introduction

Chilled block melt spinning can be used to produce
rapidly solidified ribbons [1-3]. The most common
technique for this process is that in which the molten
metal stream impinges on the outer rim of a rotating
wheel substrate and the centrifugal force acts to throw
the ribbon out of the chilled surface. The details of this
technique, which was originally developed by Bedall
[4] may be found elsewhere [3-7].

Several processing parameters are involved in
chilled block melt spinning, mainly the melting
crucible, chamber atmosphere, melt superheat, melt
ejection nozzle diameter, melt ejection pressure and
head, wheel substrate material and surface conditions,
as well as the wheel rotation speed [8-14].

The average cooling rates achieved in chilled block
melt spinning lie between 10% and 107 K s~! [9-11,
15-17]. Cooling rates up to 10° K s~?* result in the
production of microcrystalline ribbons and higher
rates result in amorphous ribbons. Both microcrystal-
line and amorphous ribbons, produced by the melt
spinning process possess highly improved properties
[8-11, 18-27]. If the microcrystalline ribbons are con-
sidered, a number of improvements in structure and
properties are obtained [13, 18, 28-31]. These include
refined grain size (0.5-10 pm) and second-phase par-
ticles, changing segregation with an ability to mini-
mize formation of the coarse- brittle intermetallic
segregation phase [30, 317, increasing solid solubility
range and the possibility of the formation of other
stable and metastable phases [18, 28].

In general, a remarkable improvement in the prop-
erties of alloys prepared by rapid solidification have
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been reported in the literature. These properties in-
clude different physical, electrical, magnetic, thermal
and mechanical ones [8-11, 14-17, 28-31].

The application of rapid solidification to aluminium
and its alloys, in particular, has been shown to im-
prove formability, ductility, fracture toughness, hard-
ness, fatigue strength, and stress corrosion life, in the
case of many commercial aluminiums and aluminium
alloys, [11, 18-27]. On the other hand, the ribbon
dimensions, i.e. thickness, width and length, have been
a subject for experimental studies and modelling
[8~17]. However, the surface roughness and topo-
graphy of the ribbon have only received little attention
[11, 14, 32, 33].

The purpose of this paper is to present some experi-
mental results obtained on the surface roughness of
both surfaces of the ribbon produced by chilled block
melt spinning, as well as results of hardness and
ductility measurements. The alloys considered are
commercial purity aluminium and Al-Cu alloys with
different copper contents. In previous papers, the
cooling rate calculations [17], ribbon dimensions [12]
and microstructure [13] of the same alloys have been
given.

2. Experimental procedure

The chilled block melt spinning technique was used to
prepare ribbons of aluminium and Al-Cu alloys with
5.23, 13.46 and 33wt % Cu, under an inert gas atmo-
sphere. The material used had an impurity content of
0.01% maximum. The wheel substrate diameter was
200 mm. Different processing conditions were used in
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Figure 1 Variation of ribbon surface roughness, R,, with substrate linear velocity, v: (——-) AS surface, (—) SS surface, P = 29 x 10* Nm™2,

2

AT = 50K, K =390 Wm®, H = 7mm, d = 1 mm. (&) Pure Al (99.99%), (O) Al-5.23wt % Cu, (C) Al-13.46 Wt % Cu, (®) Al-33 wt % Cu.

order. to produce ribbons with different microstruc-
tures and external features (thickness, width and
length) as well as different surface roughness. These
processing conditions include the variation of sub-
strate peripheral velocity, v, from 2-22ms™!, the
substrate thermal conductivity, &, to be 45, 90 and
3900 Wm~™2K~! by using different wheel materials
(steel, brass and copper, respectively), the melt pouring
superheat, AT, from 0-150 K, the gas pressure for the
melt ejection at the nozzle orifice, P, from 2.9 x 10*-
6.8 x 10* Pa, the nozzle height above the substrate, H,
from 5-20 mm while the nozzle orifice diameter was
kept constant to 1 mm. Care was always taken to
clean and then to polish the substrate surface between
each experiment in a similar way by using a standard
SiC paper of 1000 grid size.

The surface roughness for both substrate (SS) and
air (AS) sides of the ribbon was taken as the maximum
peak to valley height, R,. This was measured by using
a teleserve apparatus. Measurements were made along
ribbon width taking the average of several readings
representing different ribbon areas.

3. Results and discussion

3.1. Surface roughness

3.1.1. Influence of v

The variation of the average roughness, R,, with sub-
strate linear velocity, v, for both substrate side surface
(SS) and air side surfaces (AS) is indicated in Fig. 1 for
the different A1-Cu alloys studied. It is clear that R,
values for AS are always higher than SS in the same
ribbons. At the ribbon AS surface, R, increases sharply
on increasing v up to a value, depending on the alloy
composition, ranging between 4 ms ™! for pure alumi-
nium and 6 ms~! for Al-33 wt % Cu, where a max-
imum value of R, is obtained. On further increasing v,
R, decreases sharply to a minimum value depending
on the alloy composition, then increases again slightly,
or remains almost constant in some cases.
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At the ribbon SS surface, the effect ot v on R, is
weaker so that R, increases slightly to a maximum
value at a critical v similar to that for the AS surface. A
slight decrease in R, is then observed beyond the
critical v value. Similar measurements have not been
found in the literature to allow comparison. However,
Miyazawa and Choh [32], who worked on Pb-
17wt % Sb, have defined a theoretical summation for
the surface roughness on both SS and AS (R,,) which
equals the difference between the measured and the
calculated (weight/length x width) ribbon thicknesses.
These results are replotted with the present results in
Fig. 2. They show a decreasing R, with v, starting by a

Alloy composition d P AT H
(mm) (Nm™?) (K) (mm)
1 Al-pure (99.99%) 1 294 0 7
2 Al5.23wt% Cu 1 294 50 7
3 Al-13.46wt% Cu 1 294 50 7
4 Al-33wt%Cu 1 294 50 7
5 Pb-17.5wt % Sb [32] 062 039 150 5
6 Pb-17.5wt % Sb [32] 149 039 150 5
7 Pb-17.5wt % Sb [32} 204 039 150 5
5+ i‘
201
E 151 \ AN
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10F AS surface
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Figure 2 Influence of substrate linear velocity, v, on the summation
ribbon surface roughness, R,,, obtained by Miyazawa and Choh
[32] compared with R, from the present work.



sharp decrease at v = 5-6 ms™ ', then the decrease is
gradual up to 25 m s~ ! indicating a behaviour similar
to the present one when starting with the critical v
values. However, the absolute values of R, of
Miyazawa and Choh cannot be taken as a real surface
roughness index and they better denote an aver-
age deviation from the expected to the measured
thicknesses.

3.1.2. Influence of thermal variables, k and T
The influence of the substrate thermal conductivity, k,
changed on using different substrate materials (steel,
brass and copper) and the influence of melt superheat
was examined for the Al-5.23wt% Cu alloy. The
variation of surface roughness, R,, with k, for both SS
and AS surfaces, is not strong, as shown in Fig. 3. On
increasing the thermal conductivity, k, R, only slightly
increases up to k=100 Wm™!K™?, then remains
almost constant. The effect of melt superheat, 7, is
shown in Fig. 4. Behaviour opposite to the influence of
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Figure 3 Influence of substrate thermal conductivity, k, on ribbon
surface roughness, R;: (-—-) AS surface, (——) SS surface,
v=19ms™!, P=49x10*Nm~2, ATI'=S0K, H=7mm,
d =1 mm. (O) Al-5.23 wt % Cu.
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Figure 4 Variation of ribbon surface roughness, R,, with melt tem-
perature, T, or melt superheat, AT. (——-) AS surface, (——) SS
surface, v=15ms™ !, P=29x10*Nm~2, K =390Wm°,
H=7mm, d =1mm. (O} Al-523 wt % Cu.

k can be seen, where R, increases with decreasing 7' to
a critical value of 973 K, below which an almost
constant R, 1s obtained. By using either high superheat
or a substrate material with lower k, the impinging
melt puddle will have a longer dwell time in which to
spread while the surface tension is low, before com-
plete solidification and therefore a better surface with
lower R, is obtained.

3.1.3. Influence of P and H

As shown in Fig. 5, a strong effect of the ejection gas
pressure, P, on R, for both SS and AS surfaces, is
observed for Al-2.23 and Al-13.46 wt % Cu ribbons.
Generally, R, increases to a maximum on increasing P
to a critical value of 4 x 10* and 5 x 10* Pa for Al-5.23
and Al-13.46 wt % Cu, respectively. Beyond the crit-
ical value, R, decreases.

The theoretical summations of surface roughness,
R, calculated by Miyazawa and Choh [32] for both
SS and AS surfaces for Pb-17 wt % ribbons are re-
plotted together with the present results as shown in
Fig. 6. For the range of P from 2 x 10*-5 x 10* Pa,
which is common in both works, both Al-Cu and
Pb-Sb alloys show nearly similar behaviour and the
R, values range between 3 and 8 pm for both alloys.

Fig. 7 shows the variation of R, with H. For the SS
surface. R, increases to a maximum value of 5 um on
increasing H to a critical value of H = 12 mm, after
which R, decreases gradually. For the AS surface, R,
seems to have maximum of 10 um at H = 6 mm,
beyond which it decreases gradually.

The effect of P and H on SS surface roughness is
similar. First R, increases with increasing P or H,
probably due to the melt impact and rebound
occurring on the wheel surface, which increase with
the stream velocity. At the same time, increasing P or
H improves the wetting pattern [34], hence fewer air
pockets are formed. This factor becomes more effect-
ive beyond the critical pressure or head and R, of the
SS surface with increasing P or H.

The roughness of the AS surface follows the same
behaviour as the SS surface, but with higher values,

P (104 Nm )
2 3 4 5 6 7
T T T T T i
10}
9 =
8 i
— 7 I~
S
<O
4 i
I
2+
1
0
0.2 03 04 05 06 0.7 0.8
P kg cm?)

Figure 5 Variation of ribbon surface roughness, R,, with gjection
gas pressure, P. (——-) AS surface, ( } SS surface. (O)
Al-5.23 wt % Cu, ((0) Al-13.46 wt % Cu.v = 19ms ™!, AT = 50 K,
K=390Wm®, H=7mm,d =1 mm.
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Altoy composition d v T H

(mm) (ms™Y) (K) (mm)
1 Al-523 wt% Cu 1 21 50 7
2 Al-13.46 wt % Cu 1 21 50 7
3 Pb-175wt%Sb [32] 149 13 150 5
4 1.1 13 150 5
5 0.62 13 150 5

) ! I 1 L
0 02 04 06 08 10 12 14 16 18

P (104 Nm2)

0 | ! |

Figure 6 Variation of summation ribbon surface roughness, R,
with ejection gas pressure, P, obtained by Miyazawa and Choh [32]
compared with R,, that of the present work. Curves 1 and 2 are the
roughness curves of the ribbon AS surface.
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Figure 7 Influence of nozzle-substrate distance, H, on ribbon
surface roughness, R,. (——-) AS surface, ( ). SS surface. (A)
Pure Al (99.99%), v =63ms 1, P=29x10*Nm 2, AT =50K,
K=390Wm° d=1mm.

because the roughness of a solidifying free surface is
always more than a surface in contact with a metal
substrate.

3.1.4. Microscopic observations of surface
~ roughness ‘

SEM was used for the observations of both SS and AS
surfaces at different magnifications in order to exam-
ine the surface roughness forms appearing. At the SS,
air pockets are observed at x 100. These air pockets
exhibit a heterogeneous distribution, as shown in
Fig. 8. On increasing the substrate linear velocity, v,
both the size and area of the air pockets were reduced,
resulting in a better surface roughness at the SS

5826

tcr“;‘-

- T Nae

Figure 8 Scanning electron micrographs showing air pockets on the
ribbon SS surface. (a) The heterogeneous distribution of the air
pockets on ribbon substrate-side surface, x 30. (b) Shape of the air
pockets, x 100. (c) Air pockets on ribbon substrate-side surface
showing its random shape, x 300.

surface. This is correlated with R, measurements in
Fig. 1, so that the present results seem to be in
agreement with Huang and Fiedler [33] who reported
that the roughness of the ribbon substrate surface is
due to the air pockets which are trapped during the
process. They indicated that the air-pocket distribu-
tion and size are functions of the substrate material
and of the substrate linear velocity. The same authors
found that the use of matte substrate wheel surface (i.e.
increasing its roughness) and increasing of the wetting
characteristic of the alloy on the used substrate surface
(mainly the wetting angle), reduce the number of



Figure 9 Scanning electron micrograph showing dendrite protru-
sion inside air-pockets at the SS surface. x 3000.

pockets obtained and ensure heterogenecous air-
pocket distribution.

Careful SEM examinations at x 3000, Fig. 9, show
dendrite protrusion inside the air pockets which can
be considered as a secondary surface roughness. An-
other source of roughness is formed in the case of a
copper substrate, where some microscopic pieces of
the cast ribbon are found to be stuck on the SS side of
the ribbon. This tendency of the aluminium melt to
stick to the copper substrate is expected. This defect
could be eliminated by using a chromium-coated cop-
per substrate or a copper—1% chromium substrate to
reduce the sticking of aluminium on its surface [33].

Microscopic observation of the AS surface of the
ribbon at low magnifications up to x 100 reveals the
main roughness waves on that surface, Fig. 10, which
are wider in the case of ribbons made of pure alumi-
nium. These roughness waves are due to the high
surface tension” of the aluminium alloys and can be
minimized by casting in vacuum or an inert gas
atmosphere [35]. Another possibility for minimizing
this defect is by modifying the aluminium alloy wet-
ting characteristic through changing its chemical com-
position [33]. The better surface quality for the
Al-13 wt % Cu over the Al-5.7wt % Cu ribbons ob-
served in this work, is due to this reason.

3.2. Physical properties

3.2.1. Density

Fig. 11 shows the density values, p, of rapidly solidi-
fied, melt-spun (RSP) ribbons for different thicknesses,
t, as well as the density of conventionally cast (CC)
alloys (rods 12 mm diameter cast in a graphite mould).
The results indicate that the density of RSP is higher
than that of the CC specimens for all alloy composi-
tions under consideration. This increase in density
reaches 7.4% for Al-33 wt % Cu and about 3% for
pure aluminium.

The improvement in the density of RSP ribbons
over CC ones could be as a result of the minimization
of porosity and/or the formation of other phases. For
the Al, Al-5.23 wt % Cu and Al-13.46 wt % Cu alloys,
the RSP densities reach 2.7, 2.8 and 2.92kgm™3,

o
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Figure 10 Scanning electron micrographs showing the main surface
roughness waves obtained on the ribbon AS surface. (a) x 30,
(b) x70.

respectively, which are similar to the theoretically
estimated ones. In this case, the improvement in dens-
ity is only due to the absence of porosity in the RSP
ribbons. In the case of Al-33 wt % Cu alloy, the RSP
density reaches 3.72kgm™3, in comparison with a
theoretically estimated value of 3.46 kgm ™3, indicat-
ing an improvement due to both minimized porosity
and the presence of other phases. The possible phases
formed in these specimens [ 13], in addition to alumi-
nium and CuAl, are CuAl, Cu,Al,, Cu,Al, and
Cu,AL

3.3. Mechanical properties
3.3.1. Microhardness
The Vicker’s microhardness was measured using a
2 um pyramid and a load ranging between 2.5 and
250 kgf depending on the alloy composition and rib-
bon thickness. Fig. 12 shows the microhardness values
for each of the three microstructural zones which were
identified across the ribbon thickness, as well as the
bulk microhardness of the ribbon. The microstruc-
tural zones have been described in a previous paper
[13]. The hardness of the CC alloys is indicated in the
figure for comparison.

Microhardness values generally increase for thin
ribbons due to the increase in cooling rate resulting in
a finer microstructure. For each alloy a family of
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Figure 11 The effect of increasing ribbon average thickness, ¢, on alloy density, p. (A) Pure Al (99.99%), (O) Al-5.23 wt% Cu, (O)
Al-13.46 wt % Cu, (@) Al-33 wt % Cu; nominal densities for the conventionally cast alloys represented, respectively, by (———), (— —), (3¢%)

and (X—X).

el

s Zone3—f=
500 |- o Zone?

o Zonel —=
400|- « Bulk Substrate side
300 -
250 |-
00~ AL1346 wi%hCu [ 52221

S —————

150 =

150 Lo
z Al-5.23 wt %Cu.{ 0

£100- 2l
2 __ a » 22
hy 73

R

50~
15 i | ] | | ] |
50 100 150 200 250 300 400 500
tlum)
Figure 12 Influence of ribbon average thickness, t, on ribbon microhardness, H, in each microstructural zone. (———) Conventionally cast

alloy, measured hardness.

parallel straight lines is obtained following the rela-
tionship

H, = Hyt™ )

where H,, is the zone microhardness, H, is a constant
dependent on the zone and the cooling rate in each
zone, t is the average ribbon thickness (um) and m is
an exponent depending on the alloy composition
(amount and type of precipitates). Table I summarizes
the values of H, and m for each zone.
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A comparison of the hardness of RSP and CC alloys
indicates that using RSP, the hardness increased
by 51.6% for Al-33 wt % Cu, 22% for Al-13.46 wt %
Cu, 21% for Al-5.23 wt% Cu and 12.2% for Al
Katgerman et al. [36] have found an increase in
hardness of 27% for wrought aluminium alloy by
using RSP. In the present results the increase in
hardness of pure aluminium is the least compared with
other Al-Cu alloys. This is because the change in
hardness for aluminium is due to the finer grain size



TABLE T Values of constants H, and m, in H, = Hqt ™™ for the
different alloys

Alloy composition Zone H, (VHN) m

Al, pure (99.99%) Z1 327.68 — 041
z2 300.37
Z3 280.87

Al-5.23wt % Cu Z1 340.17 —0.213
z2 316.91
Z3 293.65

Al-13.46 wt % Cu Z1 307.62 — 0.081
Z2 288.11
3 277.61

while in other alloys, it is due to the reduction in size of
precipitates mainly CuAl, hard phase and to the
presence of metastable phases in addition to this
fineness of microstructural features.

The comparison between the hardness of different
microstructure zones indicates that the hardness in
zone 1 in contact with the substrate wheel is the
highest followed by that of the central one, zone 2, and
that on the air side, zone 3. Actually, these zones may
be distinguished as three different morphological
zones across the ribbon thickness: zone 1, with a fine
equiaxed or “featureless” structure; zone 2 with a
columnar structure extending up to two-thirds of the
ribbon thickness; and zone 3 with coarse equiaxed
grains at the air side.

In general, the fine structure in zone 1, has fine
copper-rich precipitates. Zone 3 contains larger grains
with a lower density of copper-rich precipitates, while
zone 2 is intermediate [13]. In ribbon thicknesses up
to 90 pm, some metastable phases were identified with
precipitates at the grain boundary and inside the
matrix. They are richer in copper as the thickness
decreases (increasing cooling rate). The structure size
and the fine precipitates size, amount and distribution
are responsible for the differences in hardness
obtained.

3.3.2. Ductility

Owing to the difficulty in conducting reliable tensile
tests on thin ribbons, a reversed bending test (180°)
was used and the number of bending cycles to fracture,
N,, was taken as a measure of ribbon ductility. A
bending test was previously used for ribbons to deter-
mine whether they were brittle or ductile [37]. The
results in Fig. 13 indicate that N, decreases with
increasing copper content in the alloy and with in-
creasing ribbon thickness. The first result is reason-
able, because an increase in copper content reduces
the ductility of Al-Cu alloys. The increase in ductility
with reduction of ribbon thickness indicates that the
structure (very fine structure and precipitates) ob-
tained should be more ductile than the coarser struc-
ture. Plotting these results as a function of hardness
and ribbon thickness in Fig. 14 indicates that the
increase in hardness is accompanied by a decrease in
ductility, Ny, as would be expected, and that the
thinner ribbons acquire an increase in both hardness
and ductility, ie. that the fine precipitate and/or

20

Ny, (bending cycles)

S

NMp=0.11

i P P
0 5 10 15 20 25 30 35
Copper content (wt %)

Figure 13 Influence of alloy copper content on the number of
reversed bending cycles to fracture, N, for different ribbon average
thicknesses, £: (——) 60 pm, (—--) 120 um, (—-—) 500 pm.

30

20

Ny (bending cycles)

0 100 200 300
Hy (VHN)

Figure 14 Influence of ribbon bulk Vicker's microhardness, H,, and
ribbon average thickness, f, on the number of reversed bending
cycles to fracture, N,. (A) Pure Al (99.99%), (O) Al-5.23 wt % Cu,
(0) Al-13.46 wt% Cu, (@) Al-33wt % Cu.

metastable phase present in thin ribbons of 60 pm are
not harmful but rather advantageous for the mechan-
ical properties.
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