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Natural ageing behaviour of cast alumina
particle-reinforced 2618 aluminium alloy
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The effect of the presence of 10 and 15vol% alumina particles on the natural ageing
behaviour of cast 2618 aluminium alloy was investigated using microhardness
measurements and differential scanning calorimetry. It was found that the addition of

the alumina particles does not alter the ageing sequence of 2618 Al although certain aspects
of the precipitation reactions are changed. In particular, the relative quantities of the
various phases were changed by reinforcement addition. Increasing the alumina content
decreased the volume fractions of the Guinier—Preston-Bagaryatskii (GPB) | phases. Also,
the peak reaction temperature, (T,), for the GPBIl and S’ phases decreased with increasing

volume fraction of alumina.

1. Introduction
Aluminium alloys reinforced with SiC and alumina
(A1,O3) particles have emerged as the most used and
investigated discontinuous metal matrix composites
(MMCs). They are currently used in the small produc-
tion of bicycle parts [1] and are strongly being con-
sidered for futuristic automobile parts, such as con-
necting rods, pistons, and brake discs, as well as for
aircraft static structures [2,3], advanced composite
optical-system gimbals [3], and in microwave and
microelectronics packaging components [4]. Unlike
the continuous fibre-reinforced MMCs, the properties
of the matrix of a discontinuously reinforced MMC
influence the ultimate and yield strength values of the
composite. At present, most of the alloys employed as
matrices in this class of MMCs are age-hardenable
aluminium. Usually, the assumption is made that the
ageing characteristics of these alloys are unaffected by
the presence of the ceramic reinforcement, probably,
because the strengthening whiskers or particles, such
as SiC and alumina, are relatively inert phases, which
are not expected to alter greatly the overall chemistry
of the matrix alloy. However, sufficient evidence now
exists in the open literature which indicates that the
presence of the reinforcing whiskers or particles affects
precipitation reactions and precipitate morphology in
MMCs [5,6].

The addition of a reinforcing ceramic phase to
a metal alloy significantly increases the dislocation
density in the matrix upon cooling from the solution
heat-treatment temperature. The density of disloca-
tions is increased mainly due to a large difference in
the coefficients of thermal expansion of the ceramic
reinforcement and the matrix, which generates ther-
mal stresses usually large enough to deform the ductile
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matrix plastically. The dislocations which are created
at the matrix—reinforcement interface and also in the
matrix can affect the latter in two ways: (i) in a non-
age-hardenable alloy, they give rise to simple disloca-
tion strengthening [7], and (ii) in an age-hardenable
alloy, they can act as heterogencous nucleation sites
for the precipitates during ageing of a MMC [§]. As
such, dislocations can alter the precipitation kinetics
in the matrix of a MMC. In the present study, the
effect of alumina particles on the natural ageing be-
haviour of cast 2618 aluminium have been evaluated
by means of microhardness measurements and differ-
ential scanning calorimetry (DSC) techniques.

2. Experimental procedure

2.1. Materials

Alumina particle-reinforced 2618 aluminium com-
posites (10 and 15vol %) and unreinforced 2618 alu-
minium were received from Duralcan Aluminium
Company (San Diego), USA. The composites were
fabricated by a proprietary casting method. Unrein-
forced 2618 Al alloy, was used as a reference material.
The chemical compositions of the three materials are
shown in Table I.

The samples of the unreinforced and 10vol %
Al,05/2618 Al materials used for microhardness
measurements were cut from extruded rectangular
bars of these materials, measuring 20 mm x 20 mm X
Smm in size. For the 15vol% Al,O,;/2618 Al
composite, the samples were cut from cylindrical
bars, 12.8 mm in diameter. The DSC samples were cut
from cylindrical bars and measured approximately
5.6 in diameter. All samples were solution heat
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TABLE I Chemical compositions of test materials

Material Element®

Si Fe Cu Mn Mg Cr Ni Zn Ti ALO%
2618 Al 0.18 1.19 2.34 - 1.59 - 1.05 - 0.07 -
2618 + 10 0.17 1.15 2.15 0.01 1.69 0.002 1.08 0.02 0.07 9.3
2618 + 15 0.18 1.09 2.11 0.01 1.53 0.004 1.04 0.02 0.07 15.7

2Balance = Al

® Composition in vol %; the rest in wt %. 2618 Al = 2618 Al alloy; 2618 + 10 = 10vol % Al,0;/2618 Al composite; 2618 4 15 = 15 vol %

Al;03/2618 Al composite.

treated for 2h at 530 £ 2°C in a constant-temper-
ature air furnace, followed by quenching in laboratory
water and natural ageing at room temperature.

The microhardness samples were metallurgically
polished using 6 um grade diamond paste. Vickers
hardness measurements were then carried out on the
polished samples using a Buehler Microhardness tes-
ter (Micromet II) with a 50 g direct load applied for
15 s. The small load was chosen in order to produce
indentations small enough to occur only in the
matrix and away from the particles in the plane of
measurement. At least 11 approximately equally
spaced microhardness measurements were made for
each specimen to ensure representative results. The
presence of any subsurface particles and voids was
identified by the excessively high and low_hardness
values, respectively.

DSC analyses of solution heat-treated samples were
carried out using a Mettler TA 4000 thermal analyser
with a plug-in Mettler DSC-20 cell. At least, two DSC
runs were conducted in order to ensure reproducibil-
ity. All DSC runs began at 30 °C and ended at 530°C
with a constant heating rate of 10 °C min~!. The built-
in evaluation algorithms were used for calculation of
all specific heat results. In order to correct for the
additional heat flow arising from the difference in
weight of sample pan and reference pan, and also to
compensate for any asymmetry in the measuring sys-
tem, a preliminary blank experiment was performed
with commercially pure aluminium and thus the heat
flow used in specific heat evaluations was the differ-
ence between the measured and blank values. The
specific heat data were normalized for unit mass of the
metal matrix in order to remove the contributions of
alumina particles to heat flow.

3. Results and discussion

3.1. Microhardness

Fig. 1 shows the variation of matrix microhardness as
a function of ageing time for both unreinforced and
reinforced 2618 aluminium alloys aged at room tem-
perature for up to 500 h. The natural ageing response
of the three materials shows a similar trend: the hard-
ness increases initially with increasing ageing time up
to an initial maximum after which it decreases briefly
with further ageing time, and then increases mono-
tonically with further ageing. Thus the overall ageing
sequence in unreinforced 2618 aluminium is not
changed by the addition of alumina particles.
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Figure 1 Microhardness as a function of ageing time at room tem-
perature. (e) 2618 Al, (M) 2618 + 10, (A) 2618 + 15.

However, a few features of Fig. 1 are noteworthy.
First, the as-quenched matrix microhardness increases
with increasing alumina content. Secondly, the attain-
ment of the initial maxima in the hardness values
occurs earlier in the composites, relative to the unrein-
forced metal matrix, suggesting that some aspects of
the natural ageing kinetics of 2618 aluminium alloy
are altered or enhanced by the presence of the alumina
particles. Thirdly, the microhardness values of the
composite matrices start out higher than that of the
unreinforced alloy and remain higher up to the end of
the 500h test period.

Although the details of the precipitation sequence of
Al-Cu-Mg alloys, to which 2618 aluminium alloy
belongs, are yet to be fully understood, the sequence of
phase transformations during ageing of the super-
saturated solid solutions most often [9—11] follow the
sequence

SSS — GPBI — GPBII(S") > §' — S(ALLCuMg) (1)

where SSS = supersaturated solid solution, GPB =
Guinier—Preston—Bagaryatskii zones, S” and §
phases are intermediate phases between the super-
saturated solid solution and the equilibrium S phase.
In these alloys, it has been reported that natural age-
ing occurs by the growth of the GPB zones [9], which



are copper/magnesium-rich clusters in the matrix.
The hardness curves shown in Fig. 1 do not display
any overageing behaviour within the time period tes-
ted. Therefore, it can reasonably be assumed that the
majority of precipitates are of the coherent and
semicoherent types. The coherent precipitates (GPB
zones) cause, initially, an increase in hardness as a re-
sult of the distortion of the aluminium alloy matrix
lattice which sets up large strain fields in the vicinity of
the precipitates which, consequently, impede the
movement of dislocations. This soon attains a max-
imum. At this stage, some of the GPBI zones change
their morphology [12] via a complex reversion pro-
cess. It is possible that such a transformation causes
some momentary decrease in hardness and hence the
observed hardness trough which is more pronounced
at high alumina content. Subsequently, with the ap-
pearance and growth of GPBII precipitates, there is
a further increase in hardness due to increased internal
stresses. With further ageing, these precipitates grow
in size and gradually lose their degree of coherency
with the matrix and, consequently, the rate of increase
in hardness slows down.

The higher hardness observed in the reinforced 2618
aluminium and the apparently enhanced ageing re-
sponse can be associated with the enhanced disloca-
tion substructure and quenched-in vacancy loops for-
med during cooling from the solution treatment tem-
perature. The matrix of the composite has a larger
portion of strained regions and hence density of dislo-
cations. The dislocation networks result in increased
internal stresses and, hence, higher hardness of the
composite matrix relative to that of the unreinforced
matrix. Further, there is a possibility of additional
strength coming from the transition phases (e.g. S')
during natural ageing, especially in the composite
materials, because it has been shown that S’ phase
nucleates preferentially upon dislocation loops and
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Figure 2 DSC thermograms of the reference alloy and the com-
posites in the as-quenched condition. (———)2618 Al, (----- Y2618 + 10,
(—-—) 2618 + 15.

helices, and quenched-in vacancy loops during
quenching [10, 13].

The apparent acceleration of the natural ageing
process in the composites can be explained also in
terms of the difference between the thermal conductiv-
ities of the alumina particles and the matrix (Al,O5:
C,=765Jkg 'K™'; x=360Wm 'K™' versus
aluminium: C,=903Jkg 'K™! x«=237Wm™*
K1, all at 300°C [147]). This can produce significant
microscopic thermal gradients within the composite
materials during quenching from the solution heat-
treatment temperature. The matrix in the immediate
vicinity of the alumina particles will be at a higher
temperature than the alloy matrix away from the
reinforcement—matrix interface. Consequently, solute
atoms will migrate to these interfaces of higher solubil-
ity, their diffusion being assisted by the increased
thermal activation in these regions. Because there are
more strained regions in the composites than in the
unreinforced matrix, the distance through which the
solute atoms will traverse to reach favourable nuclea-
tion sites will be reduced [15]. The distorted regions
will also tend to promote strain-induced solid-state
diffusion of solute atoms and vacancies to the rein-
forcement—matrix interface in an attempt to reduce or
annihilate the misfit strains in the lattice.

3.2. Differential scanning calorimetry
3.2.1. As-quenched condition
Fig. 2 shows the differential specific heat versus tem-
perature curves for unreinforced 2618 AL, 10vol %
A1,0,/2618 Al, and 15vol % Al,03/2618 Al in the
as-quenched condition. The principal features of the
DSC thermograms shown in Fig. 2 have been labelled
A-E. It is evident that the three materials show the
same general characteristic reaction regions which can
be identified [5,16] as: '
(i) an exothermic precipitation reaction (A) be-
tween 60 and 130 °C;

(i) an endothermic dissolution reaction (B) be-
tween 130 and 260 °C;

(iii) a doublet exothermic precipitation reaction (C)
between 260 and 315°C;

(iv) an endothermic dissolution reaction (D) be-
tween 315 and 410°C; and

(v) an exothermic precipitation reaction (E) be-
tween 410 and 530 °C.

These temperature intervals are based on the un-
reinforced matrix alloy alone and are only approxim-
ate, because it is very difficult to identify the exact
transition points both manually and with the help of an
integration package supplied with the thermal analyser.
Hence, the overall precipitation sequence of 2618 alloy
is not changed by the addition of Al,O; particles but
certain aspects of the reactions are different.

A number of studies have shown that zone forma-
tion in Al-Cu—Mg alloys takes place at room temper-
ature in the as-quenched condition [5,10,11,17, 18].
Cho [19] has reported that the rate of GPB zone
formation in an Al-2.0 wt % Cu—1.1wt % Mg alloy is
maximum between 70 and 120 °C, while Papazian [5]
has documented that the formation of GPB zones
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TABLE II Peak reaction temperature of DSC thermograms for samples tested in the as-quenched condition

Material Peak A (°C) Peak B (°C)
(GPB formation) (GPB dissolution)

2618 Al 88.0 - 238.0

2618 + 10 91.0 233.0

2618 + 15 91.0 2300

Peak C (°C) Peak D (°C) )
(8'/6" formation) (S'/¢ dissolution)
301.0 3420
287.0 335.0
287.0 327.0

TABLE III Summary of reaction enthalpies associated with each peak in Fig. 2

Material Reaction enthalpies®

Peak A (formation)

Peak B (dissolution)

Peak C (formation)

Peak D (dissolution)

AHgp, (Jg71) AHgp (Jg71) AHge (Jg™%) AHpp (Tg™h)
2618 Al 7.5 8.2 49 7.8
2618 + 10 5.3 10.1 35 6.2
2618 4+ 15 53 10.5 32 6.0

2 Based on the average of three integrations.

occurs between 25 and 150°C for P/M 2124 alumi-
nium and 20vol% SiC,,/2124 aluminium composite.
Peak A is well within these two limits. Hence, this first
exothermic peak, A, is attributed to the formation of
GPB zones. The curves in Fig. 2 show that the area
under the GPB formation peaks (A) for the three
materials is different, being smaller for the composites
than for the unreinforced matrix. As can be seen, it
decreases with alumina particle content. Further, a
closer examination shows that the reaction peaks are
higher for the composites than for the unreinforced
matrix. A summary of all the peak reaction temper-
atures for the three materials is shown in Table II, for
peaks A-D.

An exothermic or endothermic reaction depicts
a peak at the temperature at which the reaction is
proceeding at its most rapid rate [15,17, 18] and this
temperature is related to the size and stability of the
precipitate, and also to the overall reaction kinetics
[17,18]. In particular, the speed with which a precipi-
tation or dissolution reaction takes place is measured
by shifts in the temperature peaks. Hence, it is evident
that there are two differences between the 2618 control
matrix and the matrix of the composites: (i) a decrease
of the volume fraction of the GPB zones due to the
presence of alumina particles [5], and (ii) a shift in the
peak temperatures. This upward shift is interpreted to
mean that there are not enough magnesium atoms in
the matrix of the composites to enhance precipitation
of the GPB zones, although there is a larger density of
dislocations in the latter matrix.

The first endothermic reaction, B, based on the
above reasoning, is due to the dissolution of GPB
zones. The area under the GPB dissolution peak B is
larger than the area under the GPB formation peak
A for all three materials. This is interpreted to mean
that some GPB zones have been precipitated out
during quenching from the solution heat-treatment
temperature [20]. This, therefore, explains partly why
less Mg atoms are available in the composite matrices
during the GPB formation reactions.
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Further, a visual examination shows that the reac-
tion enthalpy values, AHy, of the GPB dissolution are
different for the three materials. A quantitative estima-
tion of this quantity was carried out by means of
partial integration of the area under peak B for each
material, using the integration software of the thermal
analyser. The values are shown in Table ITL. It is clear
that the fraction of GPB dissolved is larger for the
composites than for the unreinforced metal matrix.
The reaction temperature peaks, T, are decreased in
the composite materials as compared to that observed
in the unreinforced alloy. The results indicate that the
GPB dissolution reactions in the composites are ex-
pedited by the presence of the alumina particles.
Papazian [5] has reported a similar trend for 2124
aluminium reinforced with SiC whiskers but at-
tributed the phenomenon to the powder metallurgy
(P/M) route by which the composites were produced.

The heat capacity of alumina is lower than that of
aluminium. Therefore, it would take a smaller amount
of thermal energy to heat the alumina particles to
a temperature sufficiently high to facilitate the dissolu-
tion of GPB zones. As such, because the majority of

- the GPB zones is expected to be situated very close to

the alumina—matrix interface, they would tend to heat
up and revert faster than those formed in the unrein-
forced matrix. This phenomenon can produce a shift
of the GPB zone dissolution reaction peak to lower
temperatures in the composites.

Based on the work of Adler and DeLasi [18], the
second exothermic reaction (doublet), labelled C, be-
tween 260 and 315°C is due to the formation of
precipitate phases. The first peak is attributed to
S’ formation, while the second peak is ascribed to an
early formation of the S phase from the S’ precipitates.
Another possibility 1s that the first peak is due to
simultaneous formation of §" and S phases from pre-
existing S’, while the second peak is due to the growth
of the S phase only [18]. Nevertheless, the existence of
the doublet is a strong indication of the formation of
two different phases, the confirmation of which can



only be obtained by means of transmission electron
microscopy (TEM) or X-ray diffraction (XRD) tech-
niques. Fig. 2 and Table II show that the formation
of the S’ phase occurs at lower temperatures in the
composites relative to the unreinforced matrix. Thus,
the presence of the alumina particles expedited this
reaction.

The second endothermic reaction (D) between 315
and 405 °C is attributed to the dissolution of transition
(S") phases. As in the case of the S’ formation reaction,
it occurs at lower temperatures in the composite ma-
terials than in the unreinforced matrix, indicating that
these materials would age faster than their unreinfor-
ced counterparts under identical thermal conditions.
The third exothermic reaction (E) between 405 and
510°C is attributed to the formation of the equilib-
rium S phase, although a separate peak was not ob-
served by Papazian [5] or by Jena et al. [20]. The
latter investigators have attributed the absence of this
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peak to the fact that S’ is only a slightly strained
version of S which, with increase in temperature, grad-
ually relaxes to become the strain-free S phase. Thom-
pson [16], however, reported the existence of such
a peak in Al-4.6% Cu alloy tested under the same
as-quenched condition.

3.2.2. Room-temperature ageing

The DSC thermograms of aged samples of the matrix
alloy and the composites are shown in Fig. 3. The
samples were aged at room temperature for up to 30
days. The peak reaction temperatures, (T,), for the
various phases formed in the three materials are
shown in Table IV. The DSC curves indicate that the
three materials show the same general reactions.
As expected, the volume fraction of the GPB zones
formed diminishes with increasing ageing time.
After 87 h, the GPB zone formation reactions have
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Figure 3 DSC thermograms of the reference alloy and the composites after natural ageing for (a) 18 h; (b) 87 h; (¢) 174 h; and (d) 30 d. (———)

2618 Al (----- ) 2618 4+ 10, (—-—) 2618 + 15.
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TABLE IV Peak reaction temperatures, T,, of DSC thermo-
grams for samples aged naturally

Material  Ageing Peaks
time
(h) ACQ) B*(°C) B(°C) C(°C) D(O)

2618 Al 18 95.0 N/O* 2400 3000 3450
2618 +10 18 95.0 N/O 2325 2825 3350

2618 +15 18 97.5 N/O 2300  265.0° 3350
2618 Al 87 - 1650 2450 2980 341

2618 +10 87 - N/M® 2390 2820 337

2618 +15 87 - N/M 2370 2720° 337

2618 Al 174 - 1500 2400 2700 3400
2618 +10 174 - 177.0 2330 2660 3390
2618 +15 174 - 181.0 2350 2660 3340
2618 Al 720 - 1525 237.0 2775 3450
2618 + 10 720 - 1725 2300 2650 3325
2618 +15 720 - 1725 2300 2700 3300

#N/O = not observable.
P N/M = observed but not measurable.
¢ First peak of the exothermic doublet.

practically ceased in all three materials. However,
a new GPB dissolution reaction peak, B*, has become
identifiable in the unreinforced alloy, while after 174 h
it has become very distinct in the unreinforced alloy
and also the composites. The GPB dissolution peak
B* was not readily identifiable in the as-quenched
condition. Also, it can be observed that peak B* ap-
pears at higher temperatures in the composite mater-
ials than in the unreinforced matrix for up to the 30 d
ageing period. It is believed that some of the GPB
zones have stabilized and, therefore, they dissolve at
higher temperatures in the temperature range of peak B.

The appearance of peak B* indicates that in 2618
aluminium alloy two types of zones are formed or
dissolved after quenching and ageing for a long time at
room temperature. This deduction may be rationaliz-
ed by the fact that the area under the first GPB
dissolution peak, B*, is evidently much smaller than
that of the GPB zone formation peak, A, at the initial
stage of the natural ageing process. Thus, it does not
represent the totality of the GPB zone dissolution
reactions. The implication is that either all of the GPB
zones do not dissolve in the temperature range of
B* or another type of zone is formed after a long time
of natural ageing. In other words, GPBI zones appar-
ently do not dissolve to form GPBII only because the
two-step dissolution peaks are indicative of the pres-
ence of another phase. Jena et al. [20] have associated
the appearance of a peak similar to peak B with the
dissolution of GPB zone-dislocation complexes.
These complexes were related to the S” phase which
has been reported only by a few investigators [10,
21,22]. Alekseev et al. [10] have recently reported that
S phases precipitate in the form of thin rods of about
1-2 nm diameter each, uniformly distributed in the
matrix alloy, and are accompanied by specific diffrac-
tion and thermal effects which distinguish them from
other precipitates. If GPBII and'S” phases were dis-
tinct phases, the preceding discussion suggests that the
decomposition sequence of AI-Cu-Mg alloys would
better be described as

SSS — GPBI - GPBII - S” —» S’ — S @)
3150 \

rather than the sequence shown in Equation 1. Other-
wise, peak B* is attributed to a different phase, pos-
sibly 6, which is known to occur in Al-Cu alloys or
aluminium alloys with low magnesium content. Fi-
nally, the reaction temperature peaks, T, listed in
Table IV show once again that the natural ageing
response of the composite materials is enhanced rela-
tive to that of the unreinforced alloy.

4. Conclusions

1. The addition of alumina particles does not alter
the ageing sequence of 2618 aluminium alloy as dem-
onstrated by the microhardness and DSC results.
However, certain aspects of the precipitation reactions
are changed due to the presence of the particles.

2. The addition of the alumina particles is found to
change the relative quantities of the various phases, in
particular, with a decrease in the volume fraction of
the GPBI zones.

3. The hardness values of the composite materials
are larger than those of the unreinforced alloy during
natural ageing, thus suggesting that the strengthening
of the composites is influenced by dislocations gener-
ated as a result of quenching from the solution heat-
treatment temperature.
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