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Abstract: Aging behaviors of submicron Al 0;,/6061 composite were investigated by Vickers hardness
(HV) measurement and transmission electron microscope (TEM) observation. The results showed that there
was an idiographic microstructure and aging characteristic in the composite. Addition of fine Al,O; particulates
would strongly restrain the precipitation and reduce the thermal mismatch dislocation density due to the differ-
ence of coefficient of thermal expansion (CTE) between the matrix and the reinforcement.
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1 INTRODUCTION

It has been well established that metal ma-
trix composites( MMC) exhibited different aging
kinetics compared to the unreinforced alloys be-
cause of the addition of ceramic particles or
whiskers. An acceleration in the aging kinetics
has been frequently reported'! “*!, due to an in-
creased dislocation density caused by the mis-
match of coefficients of thermal expansion
(CTE) between the reinforcement and the ma-
trix. Meanwhile, it had also been found'> ) that
the initial stages of the precipitation sequence, i.
e., Guinier-Preston (GP) zones, can be re-
strained. The alteration in the precipitation ki-
netics was taken as an attribution to a reduction
in the supersaturated vacancy concentration re-
tained in the composite vis-a-vis that of the unre-
inforced matrix. However, the above results of
aging behaviors were normally used to applying 2
~ 30 pm particulates as reinforcements. Thus
the essential of aging kinetics of composites could
not be entirely revealed. In this work, fine

Al O particualtes were used. It was found that
the AL Os,/Al composite exhibited dramatically
different microstructures from the previous
work, which correspondingly resulted in a good
plastic  deformation and  high ultimate
strength!”’. The effect of fine Al,O3(0. 4 pm)
particulates on the aging behavior of the ALO;,/
6061 composite will be systematically evaluated

by Vickers hardness (HV) measurements and
TEM observation.

2 EXPERIMENTAL

The matrix alloy used was a 6061 aluminum
alloy, whose chemical composition (mass frac-
tion, %) is Cu0.43, Mg0.75, Mn0.22, Fe
0.36, Sil1.26, Zn<0.15, Ti<0.05, and Ni<
0.05, and the particulate reinforcements are fine
AlLO; with diameter 0. 4 pm. 20% ( volume
fraction) Al,03,/6061 and 30% (volume frac-
tion) Al,O;,/6061 composites, were prepared by
squeeze casting. The process of the unreinforced
matrix alloy followed the same route.
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The specimens used for Vickers hardness
measurement, 10 mm X 10 mm X 3 mm in size,
were cut by spark erosion machine from as-cast
ingot. Then solution treatment was conducted in
a salt bath furnace at 530 £2°C for 1 h. After
quenched in water, the specimens were aged at
145+£0.1C, 160+0.1C and 175+0.1C for
0 ~ 58 h, respectively. The microstructures of
the selected specimens of the unreinforced matrix
alloy and composites as a function of aging time
was characterized with TEM. Specimens were
prepared by conventional grinding and ion
milling at S kV and 1 mA. Bright-field electron
micrographs were taken under two-beam condi-
tions using {111} reflections.

3 RESULTS AND DISCUSSION

3.1 Hardness

Aging hardness curves of unreinforced al-
loy, 20% AL, O5,/6061 aged at 175 C and 30%
AL O;,/6061 aged at 145, 160 and 175C are
shown in Fig.1 and Fig. 2, respectively. It is
apparent that the addition of [ine Al,O; particu-
lates suppressed the precipitation of the compos-
ites. For the 20% AL, O;,/6061 composite, the
peak hardness occurred after 12 h rather than 5h
required by the control alloy. And the hardness
of the composite changed from 145 HV to 266
HV after aged for 12 h, the aging hardening rate
of the composite reached 56 %, much lower than
that of the control alloy (210% ). However, it
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Fig.1 Hardness of 20% ALO;,/6061

composite and its matrix aged at 175 C
as a function of aging time

can be found from Fig.2 that with the increase
of aging time, there is little change of age-hard-
ening curves for 30% ALO,,/6061 composite.
This means that the precipitation of the compos-
ites can be strongly suppressed by the addition of
fine Al,O, particulates.
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Fig.2 Aging hardness of 30 % AL, O;,/6061
composite aged at 145, 160 and 1757,
and its matrix at 175 C

3.2 Microstructure

Fig. 3 shows the SEM metallographic mi-
crostructures of the test composites. It can be
seen that the distribution of reinforcements is
generally uniform except the 20% ALO;,/6061
composite. In the 20% Al,05,/6061 composite,
there are particulate-rich and particulate-poor
zones about 30~ 60 pum in diameter. This case is
the result of particulate pushing effects during
solidification for lower reinforcement contents.
The microstructures of control alloy and compos-
ites under different aging conditions were ob-
served by TEM. The results show that, as for
the control alloy and the 20 % Al,O;p/6061 com-
posite the precipitates are mainly rod-like g8
phases at peak age, as shown in Figs.4(a) and
(b), respectively. But the precipitates and dislo-
cations could not obviously be observed in the
30%A1203p/ 6061 composite even aged for 58 h
at 175C.

Moreover, the interface between particulate
and matrix was very clear. No interfacial reac-
tants were found by TEM, as seen in Fig. 5.1t is
well known that the addition of particulates can
give rise to high dislocation density in the matrix
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Fig.3 SEM metallographic microstructures of
20% Al (),,/6081 composites
(a)—¢,=20%; (b)—g.=30%

due 1o thermal mismatch of CTE. But this result
was based on the fact that the size of particulates
is more than 3 pm. When the particulate is ex-

tremely fine, the case is changed. Assuming that
the particulates arrange in cube in matrix, the
central distance (1) between both particulates
can be written as

A= d/(6p,/x)"? (1)
where d is the average diameter of particu-
lates, and g, is the volume fraction of particu-
lates. When ¢,=30% and 4 =0.4pm, A will
be 0.5 um. Then the shortest and longest dis-
tance between the surface of two particulates are
0.1pm and 0.3 pm, respectively. After solution
and quenching, thermal mismatch strain and
stress would occur in the matrix. The mismatch
strain (€) can be estimated by Eq. (2) as fol-
lows:

€ = Ae « AT (2)
where Ae is a CTE difference between particu-
late and matrix; AT is a temperature change
cooling down [rom solution temperature to room
temperature. For the present work, the solution
treatment temperature is 530 'C, room tempera-
ture is 20 C, and the CTE of Al,(; particulate
and aluminum are 8.6 X 10 */K and 23. 6 X
107 ¢/KU | respectively. Applying those data
to Eq. (2), € is equal 10 7.65% 1077, So the
magnitude of mismatch strain («) along the ax-
es of particulate can be given by

p=c€-ef2 (3)
e is the shortest distance between the
surface of two particulates. According to the da-
ta obtained in the present work, g is about 0.38
nm. It could be considered that such small

where

Fig.4 TEM images of B precipitates in(a) 6061 alloy aged at 175C for 5h and
(b) 20% Al (,/6061 composite aged at 175 T for 12 h (particulate-poor zones)
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Fig.5 TEM microstructure of 30 % Al,0,,/6061
composite aged at 175 C for 58 h

mismatch strain could be completely depleted by
lattice distortion so that the dislocation caused by
thermal mismatch can not be formed in the
vicinity among the f{ine particulates with submi-
cron diameter,

Sannino and Rack!'"), who investigated the
precipitation behavior of PM2009 Al-2%SiC
particulate composites, [ound that the larger in-
terfacial area in the finer particulate-reinforced
composites should provide an increased number
of vacancy sinks. The latter would reduce the
vacancy supersaturation, and then, partly sup-
press the nucleation of GP zones, in return, the
level of precipitation hardening due to GP zones.
At an equivalent volume percentage of the rein-
forcernent, the total reinforcement/matrix sur-
face area will increase sharply with decreasing
particulate size when its size is less than 1
um!"'! According to Salvo e al!'?!, the precipi-
tates in unreinforced 6061 Al alloy mainly nucle-
ate on vacancy loops. In 6061/10%SiC,(15 um)
composites, both vacancy loops and dislocation
nodes are possible. For 20% reinforcement, pre-
cipitate nucleates preferentially on dislocation
nodes owing lo the lack of quenched-in vacan-
cies. But for the 30% Al,O5,/6061 composite,
lower dislocation density and the lack of
quenched-in vacancies result in the suppressed
aging kinetics. So, it is possible to conclude that
one of the most important reasons that the

strong suppression of the aging precipitation of
GP zones is the lack of the sites for precipitate
nucleation.

-

4 CONCLUSIONS

(1) The precipitation of 30% Al,0s,/6061
composite is strongly restrained for the addition
of submicron scale particulates. For the 20%
AL 0,,/6061 composite, " phases can precipi-
tate in the particulate-free zones, but peak aging
time is still delayed compared to 6061 Al alloy.

(2) When the reinforcement size is very
fine and smaller than 1 gm in diameter, the
guenching vacancies in the matrix would be ab-
sorbed by a large amount of particulate/matrix
interface. And then, the vacancy saturation in
the matrix becomes very low. On the other
hand, the small thermal mismatch strain caused
by CTE between the fine particulates and matrix
would result in low thermal mismatch dislocation
densily.
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