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Microstructure and thermal stability of
melt-spun AI-Nd and Al-Ce alloy ribbons

G. WATERLOO*, H. JONES
Department of Engineering Materials, University of Sheffield, Sheffield S1 4DU, UK

Alloys of compositions Al-6Nd, Al-9Ce, Al-16Nd and Al-22Ce (wt%) were prepared by
chill-block melt-spinning at a surface speed of ~ 29 ms'into ribbons of thickness between
20 and 70 um. The melt-spun ribbons were heat treated for 2 h at 200, 300, 400 and 500 °C.
The as-spun and heat-treated ribbons were tested for microhardness and investigated by
optical and transmission electron microscopy and X-ray diffraction. Age hardening was not
observed for any of the alloys, indicating only a limited amount of extended solid solubility
as a result of the melt-spinning conditions used. Al-9Ce and Al-6Nd were found to be
relatively stable at a hardness of ~ 90 HK0.01 and 75-80 HKO0.01, respectively, unaffected by
heat treatment at up to 300 °C for 2 h, but heat treatment for 2 h at 400 or 500 °C caused
softening. Al-6Nd and Al-9Ce as-solidified ribbons comprised a cellular Zone B structure
with oAl cells (of size ~ 0.5 um) and intercellular orthorhombic aAl,;{Nd, Ce);. The hardness
of Al-16Nd as-spun was measured as 330 +20 HK0.01 unchanged by heat treatment at 200 °C
for 2 h, while heat treatment for 2 h at higher temperatures caused softening. As-spun
Al-16Nd consisted of Zone A only comprising aAl solid solution and orthorhombic o or
tetragonal BAl;;Nd; partly coherent with the matrix. Al-22Ce had a hardness of 330+20
HKO0.01 as-spun but softened on treatment for 2 h at 200°C. As-spun Al-22Ce consisted
partly of Zone A structure extending from the wheel side of the ribbon through half of the
thickness. The remaining part of the ribbon consisted of cellular Zone B (cell size ~ 0.2 um)
with intercellular aAl/aAl;,Ce; lamellar eutectic together with areas that were 100% lamellar

eutectic (interlamellar spacing 0.0940.02 um). All the as-spun microstructures showed
coarsening upon heat treatment at sufficiently high temperature. The resuiting
microstructure after treatment at 500 °C for 2 h consisted of a bimodal distribution of
aAly1(Nd, Ce); which formed as large particles on the grain boundaries and smaller ones in
the grain interiors. The corresponding microstructure was less coarse for Al-16Nd and

Al-22Ce.

1. Introduction
When dilute aluminium-based AI-RE (rare-carth)
alloys undergo rapid solidification, a combination of
characteristics suggests that these alloys should be
suitable for high-temperature applications. The high
solubility in the liquid state is conducive to extension
of solid solubility by rapid solidification and sub-
sequent heat treatment can give rise to dispersion
strengthening in these systems. The low equilibrium
solid solubility, together with low diffusivity of RE in
aluminium, impairs growth of the intermetallic phases
formed. The high melting point of these intermetallic
dispersoids is a further manifestation of their high
stability and suitability for enhancing high-temper-
ature properties.

Systematic investigation of rapidly solidified crys-
tailine AI-RE alloys was begun in the early 1980s by
Savage et al. [1-5] and continued by Eliezer et al.

[3-13]. They studied several Al-RE alloys with
10 wt% RE rapidly solidified by the pendant drop
melt extraction (PDME) technique. Properties such as
thermal stability, oxidation and corrosion behaviour,
were studied. Subsequently, in a systematic study of
glass-forming ability in chill-block melt-spun ribbons
of AI-RE alloys, 20 pm thick, ‘Inoue et al. [14-18]
found that crystalline aAl-based solid solutions for-
med at up to 7-9 at% RE were replaced by an
amorphous phase with up to 10-17 at% RE, above
which unidentified or equilibrium crystalline inter-
metallic phases began to appear.

The present work is part of an ongoing evaluation
of the potential of crystalline AI-RE base alloys as
a possible basis of new high-strength thermally stable
light alloys. An earlier study reported on the micro-
structure and response to heat treatment of chill-block
melt-spun Al-rich Al-Y [19,20] and Al-La [19]
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TABLE I Nominal compositions of the alloy ingots, together with
analysed compositions (1% relative accuracy) and thickness ranges
of the melt-spun ribbons obtained

Alloy Alloy ingots ~ Melt-spun ribbons
designation

Nominal Analysed Thickness

composition  composition

Ce or Nd (wt %) (at%) (pm)
Al-9Ce 10 90+01 19+00 60410
Al-22Ce 20 224402 53+01 40+ 10
Al-6Nd 10 62+01 12400 50+10
Al-16Nd 20 159 +02 34+00 25+5

alloys. The present work reports corresponding results
for alloys of the Al-Nd and Al-Ce systems.

2. Experimental procedure

Alloy ingots each of 30 g of the nominal compositions
given in Table I were made from high-purity alumi-
nium (99.996%) and neodymium (99.99%) or cerium
(99.99%) by argon arc melting on a cooled copper
hearth. The resulting ingots were turned and remelted
four times to increase homogeneity. An amount of
4-5 g of each ingot was melt-spun under argon from
a quartz crucible on to a copper wheel with a diameter
of 022 m at a speed of 2500 r.p.m. giving a surface
speed of ~ 29 ms™ . Optical microscopy of the cross-
section of the ingots showed evidence of composi-
tional inhomogeneity. The composition of the melt-
spun ribbons was therefore analysed and is also given
in Table I together with the ranges of ribbon thickness
obtained.

Pieces of ribbon were wrapped in aluminium foil
and placed into silica tubes which were evacuated,
back-filled with argon and then scaled off. Heat treat-
ments were performed in muffle furnaces with the
sample temperature controlled to within + 3°C as
measured by chromel/alumel thermocouples. The
samples were heat treated isochronally for 2 h at 200,
300, 400 and 500 °C after which they were quenched in
cold water.

Sections of the ribbons were mounted edge-on in
cold-setting resin for optical microscopy and micro-
hardness testing. The microhardness testing was done
on a LECO M-400 microhardness machine using
a Knoop indentor (HK0.01/15s) in the centre of the
polished cross-section of the ribbon. On each of the
as-spun and heat-treated ribbons, 15 measurements
were carried out. For optical microscopy the polished
ribbon cross-sections were etched in 2.5M NaOH.
Ribbons were also mounted on glass slides using
a thin layer of glue, and X-ray diffraction was per-
formed on a Philips 1700 diffractometer with CoK,
radiation. Transmission electron microscopy (TEM)
was performed on a Philips 420 instrument at an
operating voltage of 120 kV and a Philips CM30 in-
strument operating at 300 kV. TEM thin foils were
prepared by electropolishing in a mixture of 25%
HNO; and 75% methanol, cooled with liquid nitro-
gen. Cell sizes of ‘the oAl matrix and interlamellar
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eutectic spacings were determined by the linear inter-
cept method.

3. Results
3.1. Optical microscopy of the ribbon
cross-sections
Optical microscopy of the etched cross-sections of
Al-9Ce and Al-6Nd as-spun ribbons showed only
Zone B [21] type microstructure consisting of just
resolvable microsegregated aAl cells or dendrites with
intercellular intermetallic phase. No significant differ-
ence between Al-9Ce and Al-6Nd could be detected.
Heat treatment at 300 4+ 3°C for 2h resulted in
coarsening via presumed break-up and spherodiz-
ation of the intercellular intermetallic phase. The
cross-sections of Al-22Ce ribbons showed both fea-
tureless Zone A [21] and microcellular Zone B struc-
ture. Zone A extended from the wheel-cooled surface
for a distance one-third to one-half the through-thick-
ness of the ribbon. The Zone A remained featureless
when etched after heat treatment at 200°C for 2 h.
Heat treatment for 2h at 300°C, or temperatures
above, produced coarsening as a result of which it was
no longer possible to differentiate between parts of the
ribbon that had been Zone A and those that had been
Zone B. Optical microscopy of sections of the
Al-16Nd ribbons were totally featureless after etch-
ing, indicating a Zone A structure through the whole
thickness of the ribbon. They remained optically fea-
tureless after heat treatment at 200°C for 2 h. Heat
treatment at 300 °C or above resulted in coarsening of
the structure, as for Al-22Ce.

3.2. Microhardness

The Knoop microhardness is given as a function of
heat-treatment temperature in Table II and Fig. 1.
Al-9Ce and Al-6Nd were unchanged at ~ 90 HK0.01
and ~ 70-80 HKO0.01, respectively, by heat treatment
at 200 or 300 °C for 2 h, but hardness was decreased to
~ 60 HK0.01 by heat treatment at 500 °C for 2 h. For
Al-16Nd, microhardness was as high as ~ 330
HKO0.01 as-spun and was unchanged by treatment at
200°C for 2 h, but hardness was decreased by treat-
ment at 300 and 400°C reaching ~90 HKO0.01 as
a result of treatment at 500 °C for 2 h. Al-22Ce also
showed a similar high hardness in the as-spun condi-
tion, but was softened to ~ 280 HK0.01 by treatment
for 2 h at 200°C. It continued to soften and reached
~ 100 HKO0.01 as a result of treatment at 500 °C for
2h. The microhardness increased with increasing
alloy content (at %) except for Al-16Nd and Al-22Ce
of which AI-16Nd possessed the higher hardness.

3.3. X-ray diffraction

XRD traces from Al-9Ce and Al-22Ce as-spun and
after heat treatment at 500°C for 2h are given in
Fig. 2a and b, respectively. These identify the phases
present in Al-9Ce and Al-22Ce as-spun to be oAl and
o-[227 or B-[23] Al,Ces. Because of peak broaden-
ing it was not possible to distinguish from the data



TABLE I1 Knoop microhardness with standard deviation meas-
ured on ribbon cross-sections (10 g load, 15s dwell time), both
as-spun and after heat treatment at 200-500°C for 2h

Knoop microhardness (kg mm )

Alloy As-spun  200°C/2h 300°C/2h 400°C/2h 500°C/2h
Al-9Ce 91+7 91 %2 87+ 3 67+ 5 58 +3
Al-22Ce 328 +£20 284 4+16 232+9 139+6 10147
Al-6Nd 7443 7843 79+3 66 + 3 50 43
Al-16Nd 331 422 330+17 21047 92 +8 87+ 5
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Figure I Knoop microhardness (HK0.01/15s) as a function of
temperature of 2 h heat treatment for melt-spun (H) Al-9Ce, ()
Al-22Ce, (A) Al-6Nd and (A) Al-16Nd.

between the tetragonal high-temperature B and
orthorhombic low-temperature o modifications of
Al {Ce; for the as-spun condition. Fig. 2a,b, however,
identify the phases present after 2 h at 500 °C as oAl
and oAl;{Ce;. Similar XRD identified the phases
present in AI-6Nd and Al-16Nd as aAl and a-[24] or
B-[25] Al;{Nd; for the as-spun condition and «Al
plus the orthorhombic low-temperature modification
aAl; {Nd; after 2 h at 500°C.

The oAl lattice parameters of the Al-6Nd and
Al-9Ce ribbons both as-spun and after 2 h at 500°C
are compared in Table III with the value for pure
annealed oAl [26]. These results indicate that neo-
dymium and cerium in solid solution as-spun gave rise
to a small increase in lattice parameter which is re-
duced somewhat by treatment for 2h at 500°C.
Strong texture/preferred growth orientation and peak
broadening prevented accurate measurements of the
lattice parameters of Al-22Ce and Al-16Nd. Al-9Ce
and Al-6Nd showed no sign of a preferred growth
orientation.

3.4. Transmission electron microscopy

TEM investigations of as-spun Al-6Nd ribbons con-
firmed the Zone B structure indicated by optical
microscopy with oAl cells (size 0.5 + 0.1 um) and in-
tercellular Al {Nd; of thickness approximately 50 nm.
This Al;;Nd; was determined by electron diffraction
to be the orthorhombic o-modification. Fig. 3a shows
a TEM bright-field (BF) micrograph of the structure
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Figure 2 XRD traces for A1-Ce alloy ribbons as-spun and after heat
treatment at 500°C for 2 h: (a) Al-9Ce, (b) Al-22Ce. (x) Al;,Ce;
{0/B), (O) a-Al;Ces (031).

TABLE IIT Lattice parameter of aAl at 25°C in Al-6Nd and
Al-9Ce ribbons as-spun and after heat treatment at 500 °C for 2 h,
compared with the value for pure annealed aluminium

Alloy Condition Lattice parameter (nm)
Pure aluminium Annealed 0.40496 + 0.00001 [26]
Al-6Nd As-spun 0.40506 + 0.00002
Al-6Nd 500°C/2 h 0.40502 + 0.00002
Al-9Ce As-spun 0.40504 + 0.00004
Al-9Ce 500°C/2 h 0.40501 + 0.00002

and Fig. 3b shows electron diffraction patterns of
oAl Nd; [311] and [310] zone axes. The micro-
structure of AI-9Ce was very similar with oAl cell size
0.7 + 0.1 pm. The intercellular intermetallic was also
determined to be the orthorhombic low-temperature
modification, «Al;;Ce;. After heat treatment at
500°C for 2 h, both alloys showed a bimodal distribu-
tion of aAl, (X5 (X = Ce or Nd) precipitates with large
(~0.5 um) precipitates at the oAl grain boundaries
and smaller (0.02-0.2 pm) omnes inside the grains.
A TEM BF micrograph of Al-6Nd shows this in Fig. 4.

The as-spun Al-22Ce ribbons featured Zone A on
the chill side and Zone B in the remainder of the
section. Zone A is shown in Fig. 5a. The grains are
“star” shaped with small orientation differences within
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Figure 3 (a) TEM BF micrograph of Zone B in as-spun Al-6Nd
showing cellular oAl cells with intercellular aAl; {Nd;; (b) electron
diffraction patterns of oAl;;Nds [311] and [310] zone axes.

-

Figure 4 TEM BF micrograph of Al-6Nd ribbon heat treated at
500°C for 2 h showing a coarsened structure with large aAl; {Nd;
particles on the grain boundaries and smaller ones within the grain
interiors.

one grain and a grain size of ~ 1.5-3 um. Fig. 5b
shows an electron diffraction pattern from one of the
grains in Fig. 5a. The strong reflections are from the
oAl {100) zone axis. The remaining, more complex,
part of the diffraction pattern arises from Al;;Ce,
including double scattering. Fig. 5c shows a dark-field
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Figure 5 (a) TEM BF micrograph of as-spun Al-22Ce showing
Zone A structure with “star” shaped grains; (b) electron diffraction
pattern from one of the grains showing oAl {1 00> zone axis; (c) DF
micrograph of the diffuse reflection in the extinct {110} oAl show-
ing intermetallic precipitates.

(DF) micrograph using the diffuse reflection at the
{110} aAl position which is extinct for aluminium.
Consequently, the bright particles in Fig. 5¢ must be
intermetallic particles. Zone B has an oAl cell
size ~0.20 + 0.05 um with a substantial fraction of
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Figure 6 TEM BF micrograph of Al-22Ce as-spun showing cellular
Zone B structure with intercellular eutectic of wAl and aAl;;Ce;.

intercellular eutectic as shown in Fig. 6. Some areas
comprised 100% lamellar eutectic -of oAl and
oAl; Ces as shown in Fig. 7a. The interlamellar spac-
ing was 0.09 £ 0.02 um. Fig. 7b shows electron diffrac-
tion patterns identifying the intermetallic phase
as aoAl;Ces. Fig. 7¢ shows an electron diffraction
pattern of the eutectic structure where the orien-
tation relationship <0013 Al||[010]xAl;;Ce; and
{200} A1]| (002) aAl;;Ces has been determined.

Al-16Nd ribbons comprised only the Zone A struc-
ture which was very similar to the structure of Zone
A in Al-22Ce ribbons. Fig. 8a shows a low-magnifica-
tion BF micrograph of Zone A grains. Fig. 8b shows
the electron diffraction pattern from one of these
grains. The strong reflections are from the aAl {110}
zone axis. The weaker, diffuse reflections fit well with
d-values from oAl {Nd; but the corresponding angles
do not fit. Consequently, it is not possible to identify
this pattern as one of the zone axes of aAly;Nd;.
Fig. 8c shows a high-resolution (HRTEM) micro-
graph taken with the objective aperture using the
weak intermetallic reflections: A series of DF micro-
graphs from the weak intermetallic reflections marked
1, 2 and 3 in Fig. 8b show different bright particles
indicating that the reflections in Fig. 8b come from
different particles. An example is given in Fig. 8d
which is the DF micrograph from reflection 3. The DF
micrographs from reflections 1 and 3 show particles of
size ~ 1-10 nm while DF of reflection 2 show only the
smaller sized particles ~ Inm or less. Reflection 2 is
more diffuse than 1 and 3 which could arise from the
distribution of very small particles.

TEM studies of Al-22Ce ribbons heat treated at
200°C for 2h did not show significant changes in
structure, but coarsening occurred on treatment at
300°C or above. Fig. 9 shows a TEM BF micrograph
of ribbon after heat treatment at 500 °C for 2 h. Sim-
ilarly, for Al-16Nd the Zone A structure survived heat
treatment for 2 h at 200 °C. Heat treatment at higher
temperature produced coarsening as for Al-22Ce re-
sulting after 2 h at 500 °C in a microstructure similar
to that in Fig. 9 for Al-22Ce. The coarsened precipi-
tates were identified as oAl Nd;.

. L

N [010] : -Al,,Ce,

S

Figure 7 {(a) TEM BF micrograph of Al-22Ce as-spun showing
a lamellar eutectic of aAl and aAl;;Ce;; (b) electron diffraction
patterns of oAl;;Ce; [010] and [110] zone axes; (c) electron
diffraction pattern of eutectic (001> aAl| [010] aAl,Ces zone
axis.

4. Discussion

4.1. Constitution as-spun

Rapid solidification by chill-block melt-spinning
of AlI-6Nd, Al-16Nd, Al--9Ce and Al-22Ce (wt %) at
a surface speed of ~29 ms™ ! produced the equilibrium
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Figure 8 (a) TEM BF micrograph of AlI-16Nd as-spun showing “star” shaped Zone A grains; (b} electron diffraction pattern from one of the
grains, oAl (110) zone axis; (¢) HRTEM micrograph showing lattice fringes and Moiré patterns from the same zone axis; (d) DF

micrographs from the weak intermetallic reflection 3.

phases oAl and Al; X5 (X = Nd or Ce). The small
increase in oAl lattice parameter of 0.00008 +
0.00004 nm for Al-9 wt% Ce (1.9 at% Ce) compared
with that for pure aluminium in Table 111 is similar to
that recorded by Ning et al. [27] for splat-quenched
Al-0.2 and 0.5 at% Ce, 50 + 10 um thick. Their con-
clusion was that no more than 0.2 at % Ce or 0.3 at %
Nd was retained in solid solution in oAl for their
conditions, which is consistent with our findings. With
the exception of Al-FEu, Ning et al. found a
nearly linear increase in extended oAl solid solubility
limit with increase in atomic number along the RE
series, starting at 0.15 at% for lanthanum and reach-
ing a maximum of 0.75 at % for erbium, reflecting the
continuous decrease in atomic radius of the RE addi-
tion from 0.208 nm for lanthanum to 0.194 nm for
erbium compared with 0.158 nm for aluminium. The
strong texture and peak broadening which prevented
accurate measurement of the lattice parameter of oAl
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in as-spun Al-16Nd and Al-22Ce were not re-
ported by Dill et al. [19] for otherwise comparable
as-spun Al-182wt% Y and Al-184 wt% La. The
line broadening for our samples could possibly be
associated with larger compositional variations within
the oAl in the “star” shaped grains than were present-
ed for Al-18Y or Al-18La. The conclusion from our
work that o or B Al{1X; (X = Ce or Nd) formed as the
second phase in the as-spun condition is in line with
the earlier findings [19, 207 for Al-Y and Al-La. As
for Al-La, Al;{Xj; is the equilibrium second phase for
Al-rich alloys of the Al-Ce [28] and Al-Nd [29, 30]
systems, as appears to be the case for all Al-RE
systems from Al-La through to Al-Eu, beyond which
some form of AI;RE becomes the equilibrium second
phase [31]. Our firm identification that the Al;;Ce;
present in intercellular and eutectic regions of Zone
B in Al-22Ce is the orthorhombic low-temperature
o-modification contrasts with the finding [20] that the



Figure 9 TEM BF micrograph of the Al-22Ce ribbon heat treated
at 500 °C/2 h showing a coarsened structure of aAl; ; Ce; particles in
an oAl matrix.

comparable intercellular phase in as-spun Al-10Y was
the tetragonal B-modification.

4.2. Microstructure as-spun

Optical microscopy of ribbon cross-sections after
etching showed that Al-6Nd and Al-9Ce consisted of
Zone B only. Savage and Froes [1], Eliezer et al. [4]
and Fass and Eliezer [11] reported both Zone A and
Zone B in PDME ribbons of Al-10.7 wt% Nd [1],
Al-10.7 wt% Nd and Al-9.8 wt% Ce [4] and Al-
10.3 wt% Ce [11] which are comparable alloys. The
part of Zone B for Al-10.7 wt% Nd [8] investigated
by TEM was reported to consist of grains (size
2-3 um) with spherical precipitates inside (size
~0.2 um) and precipitate-free zones at the grain
boundaries. This is different from the cellular structure
found here. Zone A of PDME Al-10.7 wt % Nd and
A1-9.8 wt % Ce was investigated by TEM [4]. A cellu-
lar structure with cell size 0.5-2.5 pm and intercellular
eutectic was reported. This is consistent with the Zone
B structure found in our work.

Increasing the alloying content to Al-16 wt% Nd
and Al-22 wt% Ce gave rise to complete or partial
change from Zone B to Zone A structure. TEM invest-
igations confirmed the results from optical micro-
scopy for Al-16Nd showing only Zone A with “star”
shaped oAl grains with small intermetallic precipi-
tates. For A1-22Ce optical microscopy indicated both
Zone A and Zone B structures. TEM showed the same
Zone A structure as for A1-16Nd and Zone B consist-
ing of oAl dendrites plus interdendritic aAl/aAl;Ce;
eutectic. In addition there were regions comprising
lamellar aAl/aAl; Ces eutectic alone. Change from
Zone B to Zone A structures with increasing alloying
content was also reported by Dill et al. [19] for Al-Y
and Al-La alloys. The Zone A structure can be char-
acterized as a microsegregation-free or microcellular-

extended solid solution. In general, the critical growth
velocity or undercooling necessary for producing
a microsegregation-free or microcellular solid solution
can decrease at sufficiently high alloying content {32,
33] fully consistent with our observations.

Microstructural scale parameters such as cell size
and eutectic interphase spacing as-spun can be used to
estimate applicable cooling rates and solidification
front velocities. The relevant cell-size measurements
for Zone B in A1-6Nd, A1-9Ce and Al-22Ce are given
in Table IV together with measured eutectic spacing
for the eutectic areas in Al-22Ce. Cooling rates, T,
corresponding to the Zone B cell sizes are 1 x 10° and
4x10°Ks™ ! for AI-6Nd and A1-9Ce, respectively,
and 2 x 107 K s ™! for-Al-22Ce. Assuming that newto-
nian conditions applied, then [34]

Fo— h(T - TA) (1)
cpz

where h is the heat transfer coefficient, T the sample
temperature, T, the ambient temperature, ¢ the speci-
fic heat, p the density and z the thickness of the
sample, from which

h = cpzTT —Ta) (2)

Taking ¢ as 900 Jkg!K ™! and p as 2.7 Mgm™> for
aluminium [35], and T — T as 600 K gives operative
h-values of 0.1-2 Wmm 2K ™! very typical of chill-
surface rapid-solidification processes [34]. Using
ARY? =12 ym3/?s~ 12 from measurements by Street
et al. [36] for the aAl/Al;{Ce, cutectic, where A is
eutectic spacing and R is growth velocity, gives
R =20+ 10mms~! for the values of A in Table IV.
Again assuming that newtonian conditions apply

i G

where T is the solidification temperature and L is the
latent heat of solidification, from which

h=LpR/(Tg — Ta) )

Taking L as 330kJkg™! and p as 2.7 Mgm™? for
aluminium [35] and Tr — T as 600 K gives h ~ 0.03 +
0.015 Wmm 2K !, somewhat smaller than from the
corresponding oAl cell-size measurements.

4.3. Effects of heat treatment on
microstructure

Both Zone A and Zone B regions showed no indica-
tion of microstructural change as a result of 2 h expo-
sure to 200°C, while increased spheroidization and
coarsening evidently occurred in 2h freatments at
300, 400 and 500°C. This is broadly in line with the
behaviour of comparable Al-Y and Al-La samples
[19], with the difference that the transformation of
Al; X5 into Al3X found for Al-20Y did not occur for
Al=+Ce or AI-Nd {or in Al-La) because Al X3 is the
stable second phase in these systems. It is also notable
that the coarsened Al (X5 obtained in Al-6 and 16Nd
and in Al-9 and 22Ce after 2 h at 500°C was again
the orthorhombic a-modification found also in the
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as-spun condition for Zone B in Al-6Nd, Al-9Ce and
Al-22Ce. This identification was based mainly on the
relative positions of the (101) and (03 1) lines in the
XRD traces. The d-spacing for 03 1 is a unique feature
of the orthorhombic modification of Al;;X5.

4.4. Microhardness results

The microhardness in the as-spun ribbons increased
with increasing alloying content. Fig. 10a—e show
HKO0.01 versus atomic per cent rare-earth from the
present work combined with the earlier results of Dill
et al. [19] for Al-La and Al-Y, both as-spun and after
2 h treatments at 200, 300, 400 and 500 °C. The pres-
ent results are generally consistent with the earlier
data except for the hardness of Zone A in Al-16Nd
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Figure 10 Knoop hardness versus alloy concentration (at %) for
melt-spun AI-RE alloys after 2h treatments at 200-500°C: (a)
as-spun, (b) 200 °C, (c) 300 °C, (d) 400°C, (e) 500 °C, temperature of
treatment. (@, O) Al-Y [19]; (#, <) Al-La [19]; (W, O) Al-Ce, (A,
A) Al-Nd (present work). (O, &, L, A) Zone A, (@, ¢, B, A) Zone B.

(3.4 at% Nd) which is as much as 100 HKO0.01 harder
as-spun than would be consistent with the other
measurements. Otherwise results can be fitted to

H=H, + bC, )

where Hy ~ 30 kgmm ™2 and bis 65 + 7 kgmm ™2 per
at% as-spun or after treatment for 2h at 200°C,
decreasing to 49 + 5, 19 + 3 and 14 + 1 kgmm ™2 as
a result of treatment for 2 h at 300, 400 or 500 °C.

Age hardening was not observed in any of the
present alloys consistent with little extension of oAl
solid solubility. The microhardness of Al-6Nd and
Al-9Ce ribbon cross-sections was found to be un-
changed at ~ 75-80 HK0.01 and ~ 90 HKO.01, re-
spectively, by 2 h heat treatments at 200 or 300 °C but
hardness was decreased by treatments at 400 and
500°C. This is generally consistent with the hardness
data reported by Savage and Froes [1] . for
Al-10.7 wt % Nd after 1 h heat treatment in the same
temperature interval. For Al-9.8 wt% Ce [4] age
hardening with a peak hardness in Zone A of 110
HKO0.005 after 1 h at 350°C was reported. No such
age-hardening effect was observed in the present
study.

Although our Al-16Nd and Al-22Ce did not show
any age hardening effect, Dill er al. [19] found a
small age-hardening effect for Al-18.2wt% Y and



TABLE IV Zone B aAl cell size, A, and aAl/aAl, ,Ce; eutectic interphase spacing, A, from transmission electron micrographs together with
corresponding values of cooling rate, T, front velocity, R, and heat transfer coefficient, h

Alloy y) z T= h A R® h
(pm) {um) (K1) (Wmm™2K™') (um) (mms™") (Wmm™K™)
Al-6Nd 05 +0.1 40 + 10 1x10° 0.2 - - -
Al-9Ce 0.7 £ 0.1 50 + 10 4% 10° 0.1 - - -
Al-22Ce 0.2 +0.05 25+5 2x 107 2.0 0.09 + 0.02 20 0.03

T determined from AT/ = 50 pm (K s 71)/3 [21] typical of aluminium alloys with corresponding h from Equation 2.
b R determined from ARY? =12 um%%s~ 2 from measurements from [36] for oAl/aAl;,;Ce; eutectic with corresponding h from

Equation 4.

Al-18.4 wt%1La. The hardness in our as-spun ribbons
was 330 4+ 20 HKO0.01 for Al-16Nd and 330 + 20
HKO0.01 for Al-22Ce. These values are comparable to
the hardness value (310 &+ 20 HKO0.01) reported by
Dill et al. [19] for Zone A in Al-184 wt% La. For
Al-22Ce there was a mixture of Zones A and B pres-
ent and the ribbons were too narrow for measure-
ments to be made in the separate zones. For Al-16Nd
ribbons which consisted of only Zone A the hardness
was stable on treatment at 200 °C for 2 h then rapidly
decreased to a final value of 87 £+ 5 HKO0.01 on treat-
ment at 500 °C for 2 h. Al-22Ce decreased in hardness
to 101 + 7 HKO0.01 on treatment at 500 °C for 2 h.

5. Conclusions

1. Chili-block melt-spinning of AI-6Nd, Al-16Nd,
Al-9Ce and Al-22Ce (wt%) alloys at a speed of
29ms~! produced the equilibrium phases, aAl and
Al X5 (X = Ce or Nd). The intermetallic phase was
identified as low-temperature orthorhombic oAl ;X5
for AI-6Nd and Al-9Ce and for Zone B of Al-22Ce.
For Zone A in Al-16Nd and Al-22Ce it was not
possible to distinguish between the tetragonal high-
temperature modification and the orthorhombic low-
temperature modification of the Al;X5.

2. The microstructure of the as-spun ribbons
changed from a fully Zone B structure to a fully Zone
A structure when the content of neodymium was in-
creased from 6 wt% to 16 wt%. For Al-Ce, increas-
ing the cerium content from 9 wt% to 22 wt% gave
a partial change from fully Zone B to Zone A, plus
Zone B and a few fully lamellar eutectic areas. The
lamellar eutectic consisted of Al and aAl; {Ces with
an orientation relationship <{001>aAl|[010]
aAl;;Ce; and {200} aAl|[(002) oAl ,Ces.

3. No evidence for any substantial extension of the
solid solubility of neodymium and cerium in oAl was
found and age hardening was not observed in any of
the melt-spun ribbons as a result of 2 h heat treat-
ments in the range 200-500°C.

4. The Knoop microhardness as-spun increased
with increasing alloying content. The as-spun ribbons
which had a Zone A structure showed the highest
hardness. The hardness of Al-16Nd was 330 + 20
HXKO0.01, this value being unchanged by treatment at
200°C for 2 h. Heat treatments at higher temperatures
(300-500°C for 2 h) caused a decrease in hardness.
The hardness of AI-6Nd and Al-9Ce ribbons was
unchanged at 75-80 HK0.01 and 90 HKO0.01, respec-

tively, by treatments for 2h at 200 or 300°C and
showed a decrease on heat treatment at higher tem-
peratures.

5. TEM investigation of the ribbons heat treated at
500°C for 2 h showed a coarsened bimodal distribu-
tion of intermetallic particles for all the alloys. The
intermetallic phases were identified by XRD to be the
orthorhombic low-temperature a-variant of Al;;X3
{X = Ce or Nd) for all the alloys investigated.
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