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Ringkasan : Eksperimen rawatan haba penyepuhlindapan ke atas aloi
aluminium aero angkasa telah dijalankan pada ju/at suhu 200-250°C selama 20
minit hingga 22 jam. Proses ini telah mengakibatkan tumbesaran butiranlbijian
di dalam mikrostruktur aloi tersebut. Data bagi saiz butiran telah diplotkan
me/awan masa bagi beberapa suhu; dan plot graf ini telah dianalisis untuk
menunjukkan kesan masa dan suhu penyepuhlindapan ke atas saiz butiran.
Satu perbezaan di antara tumbesaran butiran normal dan abnormal telah
ditentukan untuk mengkaji mekanisma proses tumbesaran butiran. Kadar
tumbesaran butiran bagi butiran yang berlainan diameter juga dihitung pada
beberapa suhu yang berbeza, dan dianalisis dengan menggunakan graf untuk
menunjukkan ciri-ciri kinetic tumbesaran butiran a/oi aluminium aero angkasa.
Abstract : Annealing heat-treatments experiments in the temperature range of
200-250°C for durations in the range of 20 min - 22h for the aerospace aluminum
alloy have been conducted. The material processing resulted in grain growth in

the microstructure of the alloy. The grain size data have been plotted versus
time at various temperatures; and the graphical plots have been analysed to
establish the effects of annealing time and temperature on grain size. A distinction
between normal and abnormal grain growth has been made to study the
mechanism of the grain growth processes. The rates of grain growth at various
grain diameters have also been computed at various temperatures and graphically
analysed to establish the kinetic aspects of grain growth in the aerospace
aluminum alloy.
Keywords : 2024-T3 aluminum alloy, grain growth, kinetics, normal and
abnormal grain growth
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INTRODUCTION
The precipitation hardenable 2024 aluminum alloys are widely used in aircraft structures due
to their fairly good specific strength. The heat-treatable 2024-T3 aluminum alloy, reported in
this investigation, has an attractive feature that ductility does not significantly decrease during .
the strengthening heat treatment (Kacer et al., 2003 and DeGarmo et al., 2003). The objectives
of the research reported in this paper, are two-fold: ( 1) to study the effects of temperature and
ageing on the microstructure (particularly grain size) of the investigated aerospace aluminum
alloy, (2) to establish the kinetics of grain growth for the investigated alloy.
In an industrial thermo-mechanical processing operation, grain growth is strictly controlled by
controlling process parameters, such as temperature and annealing time. The control of grain
growth in metallic materials, is of great technological importance since many material properties
strongly depend on the grain size. The grain-growth process is driven by the reduction in
grain-boundary energy as the total number of grains is reduced. The extent of grain growth is
dependent to a large degree on the annealing temperature, annealing duration, the degree of
cold work, the use of certain additives in the metal, and the insoluble particles (precipitates)
(Higgins, 1983).
The kinetics of grain growth under isothermal annealing conditions are generally expressed
by a relationship of the type (Huda and Ralph 1990):

D-D 0

= kt"

(1)

where Dis the average grain diameter at any instant during grain growth, D0 is the pre-growth
grain diameter, t is the annealing time, n is a constant, called grain-growth exponent, and k is
rate constant. The rate constant k is dependent on annealing temperature, mass transport
process, specific grain boundary energy and the geometrical constant that depends on the
shape of the boundary (Shih et al., 2006 and Brook 1976). The maximum value of 0.5 for n is
only achieved for ultra-purity metals at temperatures approaching to their melting points. For
other materials, n is generally less than 0.4; e.g. for a super alloy n values in the range of 0.020.164 has recently been reported by one of the authors (Huda, 2004).
There are two types of grain growth: normal and abnormal. In the case of normal grain growth,
the driving force is the reduction of total grain boundary energy, the average grain size increases
uniformly without change in texture, the grain size distribution is all along mono-modal and
log-normal distribution (Fei. et al., 2005). When the normal grain growth stagnates due to
limited specimen thickness, or the presence of a dispersed phase, the abnormal grain growth
will take place (Beck and Sperry, 1949, Mullins, 1957, 1958). The abnormal grain growth
without a pinning force, the growth of a candidate grain of size RA possessing a mobility, MA,
greater than the mobility of the matrix, M, can be expressed by the relationship (Hillert, 1965):
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~
dt
where KA = aM/f,

= K

[-1- __1_]

A Re,

(2)

RA

y is the grain boundary energy per unit of area and a. is a geometric factor

approximately equal to one for three dimensional grains; Re, is the critical grain radius.

EXPERIMENTATION
The heat-treatable 2024-T3 aluminum alloy, reported in this investigation, was acquired from
a local aerospace industry (RMAF). The starting material (SM) was in the form of an ALCLAD
sheet conforming to the 2024-T3 aluminum alloy. Nine (9) samples from the SM were sectioned;
8 samples were heat treated in a muffle furnace (LENTON FURNACE facilitated by a digital
temperature control system) at temperatures in the range of 200-250°C for durations in the
range of 20 min - 22h. The sample identification scheme, according to heat-treatment
parameters, is presented in Table 1.

Table 1. Sample identification according to heat-treatment
Sample Id#
Heat
Treatment

A-1

A-2

A-3

A-4

200°C

200°C 200°C 200°C

/20 min

I8h

/2 h

/22h

B-1

B-2

B-3

250°C 250°C 250°C
/20 min /2 h

I8h

8-4

c

250°C

As-received

/22h

material

Metallographic specimens for the as-received material (sample C) and the 9 heat-treated
samples (A-B) (Table 1) were prepared by grinding followed by metallographic polishing by
using high-alumina powder. Metallographic etching, for the aluminum alloy, was accomplished
by using Kroll's reagent. The microstructrural characterisation involved use of both optical as
well as electron microscope (PHILIPS SEM XL40) . The photomicrographs for the 9 specimens
were taken by use of an optical microscope linked with a computerised imaging system using
MSQ software. The average and maximum grain diameters were measured; and the rates of
grain growth for the samples (A-B) were computed at various temperatures and plotted versus
grain size.
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RESULTS AND DISCUSSION

Microscopy
The microstructures of the as-received material (sample C) obtained from scanning electron
microscopy (SEM) are shown in Figure 1(a,b). Figure 1(a) presents the SEM micrograph for
the aluminum alloy which clearly shows precipitation of second phase (0') phase in the aluminum
matrix; the use of electron probe (EPMA) enabled us to verify that the second-phase (0')
conforms with the intermetallic compound: CuAl 2 • This microstructural feature of the aluminum
alloy confirms that the material has been heat treated (solution treated, cold-worked and aged)
in accordance with the standard 2024-T3 aluminum alloy.

Figure 1(b). Optical micrograph of the
2024-T3 aluminium alloy

Figure 1(a). Scanning electron micrograph for as-received material showing (}'
precipitates

Figure 1(b) represents the optical micrograph of the as-received material (sample C) which
shows the grained microstructure of the aluminum alloy; this multiphase microstructure also
confirms that the material has been heat treated according to precipitation strengthening (T-3)
treatment for the aluminum alloy. The effects of grain-growth heat-treatments (isothermal
annealing) on the microstructures of the aluminum alloy are illustrated in Figures 2-3. Figure
2(a-d) shows the microstructure of samples A (1-4) annealed at 200°C for duration of time in
the range of 22 min - 22h (see Table 1).

Figure 2(b). Microstructure of sample A-2

Figure 2(a). Microstructure of sample A-1
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Figure 2(c). Microstructute of sample A-3

Figure 2(d). Microstructure of sample A-4

An interpretation of the microstructure of sample A-1 shown in Figure 2(a) indicates that the
short term annealing at a lower temperature (200°C) has resulted in coarsening of the 0
precipitate in the microstructure; (see Table 1). A comparison of the micrograph in Figure 2(a)
to that in Figure 2(b) indicates that there has been dissolution of 0 phase due to 2 hours
isothermal-annealing; this phase transformation may enhance rate of grain growth (Huda,
2004). However, the 0' precipitates are still observed in Fig. 2(b-d); the latter micrographs
show grain growth accompanying longer-duration annealing.
Figures 3(a-d) shows the microstructure of samples 8(1-4) annealed at 250°C for duration of
time in the range of 22 min - 22h (see Table 1). A look on the optical micrograph in Figure 3(b)
shows precipitation of second phase (0") due to isothermal annealing for 2 hours; the 0"
phase retains in the microstructure even for longer-durations of annealing (Fig 3(c-d) and
Table 1). The precipitation of 0" phase observed in the microstructures for samples B (B-2 to
B-4) indicates loss of strength due to higher temperature annealing (DeGarmo, 2003 and
Higgins, 1983).

Figure 3(a). Microstructure of sample 8-1

Figure 3(b). Microstructure of sample 8-2
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Figure 3{d). Microstructure of sample 8-4

Figure 3(c). Microstructure of sample 8-3

Data Analysis
The results of grain size measurements for the annealed samples (Table 1) are presented in
Table 2, which shows the data for the average grain size as well as the maximum grain diameters
for the annealed alloys. A comparison of grain-size data for sample A-1 to that of sample A-2
indicates that there has been a restriction of grain growth during isothermal annealing at
200°C in the range of 20 min - 2 h. This material behavior is in accordance with recent literature
(Tavares et. al., 2006).
Table 2. The average grain diameters for various annealed alloys
Sample Id#

Average grain diameter, D (mm)

Maximum grain dia, D,,,.,, (mm)

A-1

22

91.6

A-2

22.3

98

A-3

24.0

100

A-4

26.1

120

8-1

23

100

8-2

24.3

92

8-3

26.3

92

8-4

28.8
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c

19.6 (D 0

=19.6)

The effects of annealing time and temperature on grain size is illustrated in the graphical plot
in Figure 4, which shows the variation of average grain diameters with annealing time at
200°C (473K) and at 250°C (523K). An analysis of the curves shown in Figure 4 leads us to
conclude that the grain size increases with increasing annealing time and temperatures for
the investigated aluminum alloy. This material behaviour is in agreement with the literature
(Higgins, 1983). The initial horizontal portion in the lower curve (T=473K) of Figure 4 shows
that the grain-growth process is highly restricted ; this material behaviour has been explained
in terms of microstructural analysis in the preceding paragraph.
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Figure 4. Variation of average grain diameters with annealing time at 200 °C (473K)
and at 250 °C (523K)
Now we make a distinction between normal and abnormal grain growth by considering both
average as well as maximum grain diameters for various annealing practices for the heat
treated samples A-8(1-4) (see Table 1). The variations in average and maximum grain siz.es
with annealing time are graphically illustrated in Figure 5(a,b).
The interpretations of microstructures in Figures 2-3(a-d) show that the degree of abnormality
increases with increasing annealing times; this microstructural analysis is supported by the
curves in Figure 5(a,b). For instance, the maximum grain diameter for longest duration of
annealing, is 120 µm whereas the average grain diameter for the duration is 26.1 µm. A look at
the micrograph in Figure 3(b-c) shows duplex-type microstructure with minimum difference
between the average and maximum grain diameters (Table 2 and Figure 5(b)); this
microstructural feature indicates somewhat normal grain growth in the duplex-type
microstructure. The analysis of the data leads us to a conclusion that the degree of abnormality
of grain growth increases with increasing annealing times during isothermal annealing; however
the degree of abnormality of grain growth is restricted in the presence of second phase (duplex
microstructure). The conclusion that the degree of abnormality is restricted in presence of
duplex microstructure is not contrary to the work reported by Beck and Sperry (1949), and
Mullins (1957, 1958) since the researchers have reported the effect of dispersed phase (which
may be non-coherent phase) on the restriction of grain growth.
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Figure 5(a). Effects of time on average and maximum grain diameters at 200 °C
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Figure 5(b). Effect of time on average and maximum grain diameters at 250 °C

In order to study the effects of grain size on the rate of grain growth, it is appropriate to show
variation of grain-growth rate with increasing grain diameter at various temperatures; the latter
trends are shown in the graphical plots .in Figure 6(a,b).
An analysis of curve in Figure 6(b) indicate a general trend of decreasing rate of grain growth
with increasing grain size; this microstructural behavior is in agreement with literature (Higgins,
1983; and Huda, and Ralph, 1990). However, there is dramatic kinetic trend in Figure 6(a);
which is explained as follows. The curve in Figure 6(a) shows an increase in the rate of grain
growth from 0.003 to 0.0047 micron min-1 as the grain diameter increases from 22 to
22.3 µm; this dramatic kinetic trend is logically thought to be due to second-phase particlemechanism accompanying the grain growth process. The annealing treatment A-2 (Table 1)
has resulted in the dissolution of 0 phase in the microstructure (see Fig 2(b)), which has
caused removal of second-phase pinning forces thereby resulting in dramatic increase in the
rate of grain growth. Gladman (1988) and Huda (2004) have also reported similar microstructural
features involving phase transformations accompanying grain growth in metallic materials.
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Figure 6(b). Dependence of rate of grain
growth on grain size at 250 °C

Figure 6{a). Dependence of rate of grain
growth on grain size at 200 °C
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CONCLUSION
The objectives of the research were achieved by establishing the relationship between the
annealing temperature and time on the microstructure I grain size. In addition, the kinetic
behaviour of grain growth has also been established for the investigated alloy. The following
conclusion can be drawn for the grain growth in the aerospace aluminum alloy:
1.

The grain size increases with annealing time and temperature. The grains grow rapidly at
first and then more slowly.

2.

The rate of grain growth decreases with increasing grain diameters (grain size); however,
the rate of grain growth increases with grain size during a critical phase transformation
stage i.e. just after the second-phase particles dissolution stage.

3.

Both normal as well as abnormal grain growth occurs during annealing (from 200°C to
250°C) of the investigated aluminum alloy.

4.

The degree of abnormality of grain growth increases with increasing annealing times
during isothermal annealing; however the degree of abnormality of grain growth is
suppressed in the presence of second phase.
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