JOURNAL OF MATERIALS SCIENCE 20 (1985) 2861-2867

Constitution and age hardening of Al-Sc

alloys

N. BLAKE

Department of Metallurgical Engineering, Queen’s University, Kingston, Ontario,

Canada
M. A. HOPKINS

Department of Materials Engineering, Monash University, Clayton, Victoria, Australia

Aluminium-rich alloys from the Al-Sc system were examined to determine the form
of the equilibrium phase diagram and to obtain information on age hardening of
chill cast alloys. Samples containing up to 8.75wt% Sc were examined using ther-
mal analysis and optical microscopy. This work indicated a eutectic type of phase
diagram with a eutectic temperature of about 665° C and a eutectic composition of
about 0.6 wt% Sc. The scandium-rich primary phase was found to be ScAl; which
is fc ¢ with a lattice parameter of 0.4105 nm. Chill cast samples of a 1 wt% Sc alloy
were examined for their age hardening behaviour over the temperature range of 225
to 360° C. A maximum hardness of 77 VHN was obtained after ageing at 250° C for
3 days. This hardness was retained after ageing for a total of at least 12 days. The
hardening precipitates were ScAl; which were observed to form via a discontinuous
precipitation mechanism. The ScAl; precipitates were observed to have a parallel

orientation relationship with the matrix.

1. Introduction

The development of aluminium based age har-
denable alloys for high temperature is generally
limited by the non-equilibrium nature of the
precipitates involved [1]. At high temperatures
the precipitates, which may be coherent or semi-
coherent, tend to transform to their equilibrium
structure and lose coherency, which results in a
decrease in hardness. One possible way around
this problem is to use an alloying addition in
which the precipitate is either coherent or semi-
coherent in its equilibrium structure.

The most aluminium-rich compound in the
Al-Sc system is ScAl;, which has a face-centred
cubic structure and a lattice parameter close to
that of aluminium. The limited investigations of
the aluminium-rich Al-Sc alloys [2-4] indicate
that these alloys show promise for age har-
denability. The information regarding the phase
diagram for this area is limited and contradic-
tory [5]. The present work was initiated to check
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on the nature of the phase diagram and to deter-
mine the age hardening behaviour of an Al-Sc
alloy.

2. Experimental details

An Al-8.7wt % Sc master alloy was made up by
induction melting 99.99% aluminium and scan-
dium with a purity of 99.9% in a recrystallized
alumina crucible under an argon atomsphere.
A series of alloys containing up to 5wt % Sc
was melted using the master alloy and either
chill cast into a masssive copper mould or
allowed to solidify slowly. Thermal analysis was
carried out on these alloys to determine the
eutectic temperature using a Perkin-Elmer
DSC-2 at cooling and heating rates of 1.25
to 10°Cmin~". A series of slowly cooled cast
alloys was examined using optical and scanning
electron metallography, to determine the mor-
phology of the primary phase. The structure and
the lattice parameter of the primary ScAl,
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particles was determined using a Philips X-ray
diffractometer.

An Al-1wt % Sc chill cast alloy was chosen
for the investigation of age hardenability in this
system. Samples of the alloy in the cast state
were aged in oil baths at temperatures up to
360° C for times up to 450 h. Also a cast sample
was cold rolled with 96% reduction and aged at
250° C for times of 3 and 100 h, and then over-
aged at 360° C for 18 h.

The microhardness of these samples was
determined using a 500g load. Thin foils for
observation in the transmission electron micro-
scope were prepared by electrothinning in a 40%
acetic acid, 30% phosphoric acid, 20% nitric
acid and 10% water solution. The foils were
examined in either a JEOL 100C, Philips EM300
or EM420 electron microscope.

3. Results and discussion

3.1. Constitution

Thermal analysis in the heating mode indicated
a thermal arrest at 655 + 3° C which is about
5° C below the melting point of pure aluminium.
This indicates a eutectic type of phase diagram
which confirms the results of Drits et al. [2] who
obtained a eutectic temperature of 655 + 2°C.
This is contrary to the work of Naumkin ef al. [3]
which indicated a peritectic reaction at 665°C.
The other rare earths, i.e. yttrium, lanthanum,
form eutectic systems with aluminium in con-
trast to the nearby transition elements (titanium,
zirconium, hafnium) which form peritectic sys-
tems. However, the eutectic temperature at
665° C for scandium is higher than the other rare

earth elements at about 640° C. Microstructural
investigation of the slowly cooled alloy showed
primary ScAl; particles in alloys with greater
than 0.75wt % Sc and none in a 0.6 wt % Sc
alloy. From these observations the eutectic com-
position can be estimated to be approximately
0.6 wt % Sc which is in agreement with the work
by Drits et al. [2].

3.2. Morphology and structure of
primary ScAl,

The primary particles of ScAl, in the slowly
cooled alloys were highly faceted and had basi-
cally a cubic morphology, Fig. 1. In detail, the
morphology was observed to be similar to a
series of cubes radiating out and growing from
the corners of a central cube. The highly faceted
morphology indicates that ScAl; has a high «-
factor as proposed by Jackson [6]. Jackson’s
analysis predicts that the atomic planes with a
high density will be the slowest growing and
therefore form facets. Thus, for a face-centred
cubic structure the facet forming tendency
should decrease in the order (111) > (100) >
(110). However, the ScAl; with a cubic mor-
phology would indicate (1 00) type facets. High-
ly faceted morphologies have also been observed
in other trialuminide compounds, i.e. TiAl,,
ZrAl,, HfAl,, which have an ordered tetragonal
structure [7].

The structure of extracted particles of primary
ScAl; was determined by X-ray diffraction and
found to be face-centred cubic with a lattice
parameter of 0.4105 nm. This was also confirmed
by transmission electron microscopy of the

Figure 1 (a) Optical micrograph of primary ScAl, particle in slowly cooled master alloy. (b) Scanning electron micrograph

of extracted ScAl, particle in slowly cooled master alloy.
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Figure 2 (a) Dark-field transmission electron
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master alloy which showed the L1, type structure,
Fig. 2. This (00 1) orientation diffraction pattern
shows the superlattice spots due to the ordered
nature of the L1, structure.

3.3. Age hardening

A chill cast 1wt % Sc alloy was aged at tem-
peratures between 225 and 360° C and the micro-
hardness/ageing curves are presented in Fig. 3.
The as-cast alloy had a microhardness of
43 VHN. The time taken to reach maximum
hardness decreased with increasing temperature.

micrograph of ScAl, particle in slowly cooled
master alloy. (b) (00 1) orientation diffraction
pattern from ScAl, particle.

The maximum hardness obtained was 77 VHN
after 3 days at 250° C and this hardness level was
retained for a total of 12 days ageing when the
test was terminated. Within the time limits of the
tests only samples aged at 310 and 360°C showed
a decrease of hardness with overageing. This
indicates that the precipitates are fairly stable as
would be expected from the fact that they are in
their equilibrium state.

The age hardening process was followed using
transmission electron microscopy for an alloy
aged at 250° C. Samples were examined in the
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Figure 3 Ageing time/microhardness curves for an as-cast Al-1wt % Sc alloy.

as-cast state, and aged for 3 or 100 h. One sample
which had been aged for 100 h was then delib-
erately overaged by heating at 360° C for 18h.

In the as-cast state, the structure consisted of
fairly large grains of the aluminium matrix,
some of which contain a limited number of rod-
shaped precipitates of ScAl;. These precipitates
may have been formed during the cooling after
chill casting or on ageing at room temperature.

In the samples aged for 3 and 100h a large

Figure 4 Transmission electron micrograph of ScAl; pre-
cipitates after ageing for 3h at 250°C.
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number of rod-shaped, dendritic or spherical
precipitates were evident, Fig. 4. The rod-
shaped and dendritic precipitates were predomi-
nant and had a width of <30nm and a separa-
tion of 0.2 to 0.1 um. Tt was difficult to discern a
quantitative difference in the number of pre-
cipitates between the 3 and 100 h samples. The
precipitates were arranged in fan-shaped or
cellular arrays and often the edge of this array
was associated with a grain boundary. The

Figure 5 SADP from precipitates and matrix which shows
parallel orientation relationship. (01 1) orientation.



Figure 6 Dark-field transmission electron micrograph of
ScAl, precipitates in an aged alloy. From superlattice diffrac-
tion spot.

precipitates were only evident in the microscope
at certain tilts and superlattice spots could often
be observed on the diffraction pattern in these
orientations. The precipitates were observed to
have a parallel orientation relationship with the
matrix, Fig. 5. Close examination showed a
variety of structures in the precipitates, such as
the spherical or branched dendritic nature of
some precipitates, Fig. 6, or the rod-shaped pre-
cipitates which appeared to be broken up into
short segments, Fig. 7. This latter observation is
probably due to some form of contrast effect.
These precipitates were exactly analogous to
those found in aged chill cast Al-Zr [8-11] and
Al-Hf [12] alloys. The mechanism of precipita-
tion of the rod and dendritic structures in these

Figure 7 Bright-field transmission electron micrograph
showing rod-shaped precipitates.

Figure 8 ScAl, precipitates arranged in a fan-shaped pattern.

aluminium transition metal alloys is one of dis-
continuous precipitation where the super-
saturated solid solution decomposes into pre-
cipitate and matrix behind an advancing grain
boundary. In the Al-Zr and Al-Hf alloys a
metastable L1, structure precipitate forms init-
ially, but on further ageing this breaks down to
the equilibrium tetragonal structure. In these
alloys also the metastable trialuminide precipi-
tates have a lattice parameter very close to that
of aluminium and have a paraliel orientation
relationship with the matrix.

Many of the features observed in these alloys
were also found in the Al-Sc aged alloys. The
rod-shaped and dendritic precipitates often
seemed to branch out and form a fan-shaped
pattern, Fig. 8. Protrusion of the precipitates at
the grain boundaries often generated an uneven
boundary, Fig. 9. This indicates that the

Figure 9 ScAl, precipitates protruding into an advancing
grain boundary.
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Figure 10 ScAl; precipitates in a single grain which have
grown towards each other.

precipitates were providing some of the driving
force for the migration of the boundary. The
structure shown in Fig. 10, indicates the growth
of some precipitates towards each other in a
single grain. This can be explained as the result
of a segment of the original grain boundary
moving in the opposite direction to the adjacent
segments and the precipitates then fanning out
behind this segment and meeting each other at a
180° angle, Fig. 11 [10].

The sample which had been deliberately
overaged showed a decrease in hardness of
13 VHN from the maximum condition. The uni-
formity of the precipitate structure appeared to
have been degraded and some grain growth had
occurred.

The cold rolled alloys showed a faster age
hardening response with an increase in hardness
from 58 VHN in the cold rolled state to 81 VAN
after ageing for 3 h at 250° C. The 100 h specimen
showed a degree of hardness to 63 VHN and

GRAIN T | GRANT

——
[

GRAN
BOUNDARY

~ o
—aof

D
(o} (b)

TR SqU

Figure 12 Transmission electron micrograph of cold rolled
Al-1wt % Sc alloy.

this dropped to 57 VHN after the final overage-
ing treatment. The structure associated with this
treatment showed a dislocation network in the
cold rolled state with no precipitates present,
Fig. 12. After 3h ageing the structure had
recrystallized and some precipitates had formed,
but not in the fan-shaped arrays as found in the
as-cast alloys. The precipitates were equiaxed or
elongated and were often situated within the
grains or at the grain boundaries, which they
pinned, Fig. 13. Dark-field images often showed
a number of precipitate particles at the same
orientation within a single grain. The grain size
in this ageing state was between 0.4 and 0.7 um.
An increase in grain size to approximately
1.0 um occurred after ageing for 100h, but the
precipitates remained the same size. On overage-
ing, the grain size increased to 1.5 um and larger.
Less of the smaller sized precipitates were also
observed, Fig. 14.

After cold rolling the precipitation was not via
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Figure 11 Schematic diagram of the development of the precipitate arrangement in Fig. 10. (After Nes and Billdal [10].)

2866



A ]

0.lym
e, WO
v - -
Figure 13 Transmission electron micrograph of ScAl, pre-
cipitates in a cold rolled alloy aged for 3h at 250° C.

the discontinuous mechanism as in the as-cast
alloy. The ScAl; precipitates were effective at
pinning the grain boundaries and thus main-
tained a fine grain size. The dislocation networks
resulting from cold deformation provided a
more favourable site for nucleation and growth
of the ScAl; precipitates.

4. Conclusions

1. The aluminium-rich end of the Al-Sc sys-
tem has a eutectic reaction at 655°C at
0.6 wt % Sc between a-Al and ScAl,.

Figure 14 Transmission electron micrograph of the structure
of an overaged cold rolled alloy.

2. ScAl; has an L1, type structure with a
lattice parameter of 0.4105nm. This phase
grows with a faceted solid/liquid interface and
has basically a complex cubic morphology.

3. Chill cast Al-1wt% Sc alloys are age
hardenable with the super-saturated aluminium
matrix decomposing to aluminium with ScAl,
precipitates via a discontinuous precipitation
mechanism.

4. The ageing of a cold rolled chill cast
Al-1wt % Sc alloy at 250°C results in pre-
cipitation of ScAl, particles both within the
grains and at grain boundaries.
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